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THE ORIGIN AND EVOLUTION 
OF THE TOXICOFERA REPTILE 

VENOM SYSTEM

B .  G .  FRY,  K .  S UN AG AR,  N .  R .  CA SE WELL ,  E .  KOCHVA,  K .  ROEL A N T S ,  
H.  SCHEIB ,  W.  W Ü S TER,  N .  VIDAL ,  B .  YOUNG,  F.  B URBRINK ,  R .  A .  PYRON, 

F.  J .  VONK ,  A ND  T.  N .  W.  JACK S ON

1.1 INTRODUCTION

Insight gained into the evolutionary history of the venom system of toxicoferan reptiles 
(Serpentes [snakes] plus Anguimorpha [anguimorph lizards] and Iguania [iguanian lizards]) 
in recent years has generated considerable controversy regarding the accepted definition of 
“venom” and what constitutes a venomous animal. Although this may seem little more than 
a semantic debate, it is of crucial importance that toxinological researchers apply consistent 
terminology in order to avoid confusion and to facilitate the efficient formulation of research 
questions into the evolution, ecology, and medical application of venom and its constituent 
toxins. The definition of “venom” utilized in the present text is as follows: “A secretion pro-
duced in specialized cells in one animal, delivered to a target animal through the infliction of 
a wound and that disrupts endophysiological or biochemical processes in the receiving animal 
to facilitate feeding, defense or competition by/of the producing animal” (Fry et  al. 2009a, 
2012a).

This definition applies to a large number of animal taxa and not solely to toxicoferan 
reptiles. It incorporates criteria that allow the distinction between “venoms” and “poisons.” 
The definition of “poison” is taxonomically more inclusive (such as “poisonous” plants), but 
when it is being used to describe an animal, it refers to a defensive secretion passively deliv-
ered (e.g., by epithelial absorption) to a potential predator. Conversely, the above-mentioned 
definition of “venom” rejects the criteria of “rapid prey death” and danger to humans as 
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being necessary for the designation of an animal as “venomous.” In many cases (such as 
parasitoid wasps), venom may be used to subdue, but not kill, intended prey, or it may be 
used exclusively in defense (such as in bees and most venomous fishes). The criterion of 
danger to humans has little relevance to the evolution of venom, and it is arguable that the 
historical anthropocentric bias in toxinological research has hindered our understanding of 
this phenomenon. It is important to note further that “venom” is a functional definition, and 
the presence of toxins or toxin genes alone is not sufficient evidence for the classification of 
an animal as “venomous”; there must also be evidence of a mechanism for creating a wound 
in order to facilitate the delivery of toxins to either prey (for feeding), apparent predators (for 
defense), or conspecifics (such as for territorial competition). However, differentiated teeth 
are not required for delivery, just so long as a wound is created.

Some authors have argued that it must be “proven” through controlled prey-handling 
experiments that an animal requires venom to subdue prey before a “venomous” classifi-
cation is granted (Kardong 2012; Weinstein, Keyler, and White 2012). While such experi-
ments are interesting and informative and should continue to be conducted, if they were 
required for classification, then the vast majority (probably more than 95%) of all spe-
cies currently classified as venomous (including the families Elapidae [elapid snakes] and 
Viperidae [viperid snakes]) would no longer qualify as such since the majority of even these 
front-fanged lineages have not been subjected to such stringent testing. Here we rely on 
inductive reasoning:  if an animal possesses specialized toxin-secreting tissue associated 
with a specialized venom-delivery apparatus (such as modified dentition or limbs), then 
this is considered strong evidence that the animal is venomous. If the specialized tissue 
and delivery apparatus are homologous with those of other, related venomous animals (as 
in the venom glands and fangs of caenophidian or advanced snakes, then the evidence is 
further strengthened, and the classification of the animal as venomous is reasonable (Fry 
et al. 2012a).

Venoms are key evolutionary innovations in the Kingdom Animalia and have evolved 
independently in multiple taxa (see color plate 1). Deeply grooved and even hollow teeth, 
strongly suggestive of venom systems, have even been observed in archosauriform dinosaur 
fossils (Gong et al. 2010; Mitchell, Heckert, and Sues 2010). Venoms allow predators such as 
snakes, with their lack of limbs, to feed on a far wider range of prey items than may otherwise 
be possible. Venom can also facilitate effective defense for otherwise vulnerable animals. The 
level of convergence among venomous lineages in toxin recruitment and functional evolution 
is striking and is particularly notable in the targeting of the hemostatic and neurological sys-
tems (see color plate 2).

1.2 VeNOm sYsTem ORIGIN aND eVOLUTION

1.2.1 pLesIOTYpIC TOxICOFeRa RepTILe VeNOm sYsTems

Reptile venoms perform concerted, multifaceted attacks on a victim’s physiology and are capa-
ble of acting on any area of the body perfused by the blood. All variables of the venom system 
have diverged independently, from biochemical variation and specialization of the venoms 
themselves to variations in the anatomy of the glands and dentition that constitute the delivery 
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system. Because of the paucity of the squamate fossil record, resulting in part from the poor 
fossilization of soft tissue, the origin and subsequent diversification of the system must largely 
be inferred from the study of extant species. Early investigation concentrated on morphologi-
cal characters such as dentition, glands, and musculature associated with the venom-delivery 
system (Johnson 1956; Kardong 1980; Jackson 2003). In addition, the field of toxinology shows 
a large anthropocentric bias, as taxa that are broadly recognized as posing a medical hazard, 
such as snakes, have received most attention. Yet of the approximately 2,850 species of cae-
nophidian snakes, only the approximately 680 front-fanged species are widely recognized as 
“venomous.” It is worth noting that the majority of even these species remained uninvestigated 
until recently (many continue to be completely neglected) and were considered venomous only 
because of the similarity of their venom systems to those of species that were known to be 
dangerous to humans. The toxic oral secretions of the non-front-fanged caenophidian (NFFC) 
snakes were almost entirely ignored until the past decade or so (Hill and Mackessy 2000; Vidal 
2002; Fry et al. 2003a; Fry et al. 2003c; Huang and Mackessy 2004; Fry et al. 2006; Mackessy 
et al. 2006; Pawlak et al. 2006; Pahari, Mackessy, and Kini 2007; Fry et al. 2008; Pawlak et al. 
2009; Weldon and Mackessy 2010; Fry et al. 2012b; Heyborne and Mackessy 2013). Similarly, 
despite having a state of fame transcending herpetology, the venom system of helodermatid 
lizards remained poorly investigated, with even the number of venom gland compartments 
not resolved until recently (Fry et al. 2010a; Fry et al. 2010b). The toxic oral secretions of other 
lizards and their potential to be functionally venomous had received no research attention 
until the last few years (Fry et al. 2006; Fry et al. 2009b; Fry et al. 2010b; Koludarov et al. 2012).

The development of molecular systematics provided the phylogenetic framework neces-
sary for a reconstruction of the evolutionary history of the glands and fangs and thus helped 
to resolve a number of fundamental questions regarding snake and lizard evolution. The first 
two phylogenetic studies using multiple nuclear genes and broad taxonomic coverage of squa-
mate (amphisbaenians, lizards and snakes) higher-level relationships were in stark contrast 
to phylogenetic hypotheses based on morphology (Townsend et al. 2004; Vidal and Hedges 
2004). Both studies identified a clade composed of snakes, anguimorph lizards, iguanian liz-
ards, Amphisbaenia, Lacertidae, and Teiidae, but the interrelationships among these major 
lineages remained unresolved. Subsequent analysis of nine nuclear genes provided strong sup-
port for a clade composed of:  (i)  snakes, (ii) iguanian lizards, and (iii) anguimorph lizards 
(Vidal and Hedges 2005; Fry et al. 2006) This arrangement was given the name Toxicofera 
due to the shared characteristic of oral glands with distinct protein secreting regions, with the 
heightened expression of toxin-related genes. Later genetic studies corroborated the clade of 
toxicoferan reptiles (Vidal and Hedges 2009; Wiens et al. 2012; Pyron, Burbrink, and Wiens 
2013). In contrast, phylogenetic studies relying only on morphological data disagreed with 
molecular data and continued to support the traditional groupings of Scleroglossa and Iguania 
(Gauthier et al. 2012).

In light of estimated divergence times, the origin of the toxicoferan venom system 
occurred approximately 170 million years ago (Vidal and Hedges 2005; Fry et al. 2006; Vidal 
and Hedges 2009). The relative relationships within the toxicoferan reptile clade, however, 
remain to be elucidated. While the analyses of nuclear gene sequences support a sister-clade 
relationship between anguimorph and iguanian lizards (to the exclusion of snakes), analyses of 
small-interspersed nuclear elements (SINEs) instead seem to favor the clustering of snakes and 
anguimorph lizards (Piskurek, Austin, and Okada 2006). Thus, we consider the arrangement 
of the three lineages as an unresolved trichotomy (see color plate 3). However, phylogenetic 
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analyses of CRiSP proteins (see  chapter 10.3 and  figures 10.1 and 10.2) identify a clade com-
posed of all lizard toxins and a separate clade composed of snake toxins. This arrangement 
lends supports to a closer relationship between anguimorph and iguanian lizards relative to 
snakes.

Nontoxicoferan reptiles have labial glands that do not have segregated protein and mucus 
production and histological staining overwhelmingly reflects mucus secretion. In contrast, 
histological analyses of oral glands in various representatives of snakes, anguimorph lizards 
and iguanian lizards demonstrated that enlarged glands with newly derived discrete regions 
for protein and mucus production already existed in the last common ancestor of all toxi-
coferan reptiles (Fry et  al. 2006; Fry et  al. 2013). The inferred ancestral toxicoferan venom 
system consisted of thin, simple seromucous glands in both the mandibular and maxillary 
regions (Fry et  al. 2006; Fry et  al. 2013). These glands differed sharply from those of non-
toxicoferan lizards in not only being larger and more structured but also staining strongly for 
protein production in the broader part of the lobule, while the mucus-secreting region near 
the teeth is thinner and narrower (Fry et al. 2006; Fry et al. 2013). These same histological 
studies showed that the broadest part of the teardrop-shaped lobules is where protein produc-
tion occurs, thus amplifying protein production. Thus even if similar proteins are expressed 
compared to nontoxicoferan reptiles, the relative production would be considerably higher. All 
toxicoferan lineages were shown to be characterized by having such glands. They were at the 
thinnest and least developed in the iguanian lizards. The apparent lack of specialization of the 
venom system among early diverging iguanian lineages is likely because most of their extant 
descendants are insectivorous or herbivorous. However, toxin genes continue to be expressed 
by the oral glands of these lizards (Fry et  al. 2006; Fry et  al. 2013), and some species that 
feed on vertebrates have larger glands with a higher relative proportion of protein-secreting 
cells, suggesting a role in predation (Fry et al. 2006; Fry et al. 2013). By contrast, in the snakes 
and anguimorph lizards, the venom system has been extensively refined (Fry et al. 2003c; Fry 
and Wüster 2004; Fry et al. 2006; Fry et al. 2009b; Fry et al. 2010a; Fry et al. 2010b; Fry et al. 
2013) (see color plates 4, 5, and 6). Since their last common ancestor, the venom systems in 
these two groups have undergone major structural and anatomical divergence. The maxil-
lary venom glands underwent extensive diversification in snakes, while the mandibular glands 
were diversified in anguimorph lizards. Differences are notable in the types of secretory epi-
thelia (serous, seromucous, and mucous) and their locations (gland, duct, transition area) and 
in the number and physical orientation of gland compartments and the relative encapsulation 
of the glands and the muscles attached to them.

1.2.2 DIVeRsIFICaTION OF The aNGUImORph 

LIZaRD VeNOm sYsTem

The inferred plesiomorphic anguimorph lizard venom system is represented by the limbless 
lizard Pseudopus apodus (formerly Ophisaurus apodus), which has the seromucous mandibu-
lar glands present in all anguimorph lizards but also uniquely possesses maxillary seromucous 
glands (Fry et al. 2010b) (see color plate 3). This plesiomorphic state entails the presence of 
mixed glands with a ventral serous portion and a dorsal mucous region, which together are 
encapsulated by a single thin membrane. Even at this stage, they are larger and more complex 
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relative to the variations within iguanian lizards, even the vertebrate-feeding species. Each 
gland on either side of the jaws is compartmentalized along the anterioposterior axis, with 
one compartment per tooth and a separate duct for each compartment that leads to the base 
of the tooth. Within compartments, extensive intralumen drainage channeling is evident, but 
the major lumen is unstructured. This unstructured, seromucous arrangement is retained in 
the more robust mandibular venom glands of the Anguidae (anguids), as is the arrangement 
of one compartment per tooth. However, in all anguimorphs examined to date other than 
P. apodus, the maxillary gland is entirely lost (see color plates 3 and 4). Such an enlargement 
of the mandibular gland and more refined structure result in a dramatically greater number 
of protein-producing cells, including the evolution of intercellular lumens, which would retain 
secretion as a liquid in these new hollow spaces within the gland compartments.

In contrast to the relatively simple and unstructured glands of the other anguimorph liz-
ards, the Heloderma and varanoid (Lanthanotus/Varanus) mandibular venom glands have 
independently undergone complete segregation of the protein- and mucus-secreting regions 
into distinct gland regions, and the entire gland is encapsulated by thick membranes (Fry et al. 
2006; Fry et al. 2009b; Fry et al. 2010b; Koludarov et al. 2012; Fry et al. 2013) (see color plates 3 
and 4). In both cases, the significantly enlarged protein-secreting serous glands have extensive 
intercellular lumens, leading to well-structured central lumens. The relative size of the glands 
varies proportionally with head size. Heloderma species have the largest glands proportional 
to head size, even accounting for the large, broad heads relative to the size of the bodies. In 
these segregated glands, numerous mucous lobules are located dorsally and are distinct from 
the protein glands. Convergent fusion of posterior compartments in these two lineages has 
increased lumen storage space so that in both Heloderma and Varanus only six compartments 
remain.

The glands of varanid lizards and Lanthanotidae (lanthanotid lizards) are similar in almost 
all respects but may differ in the number of compartments. Lanthanotus species may have as 
few as three compartments, but additional investigation is required, as previous studies have 
been limited to the examination of poorly preserved museum specimens. The physical archi-
tecture differs between the helodermatids and the lanthanotids/varanids (see color plates 4 
and 5). While the compartments of Heloderma glands have a more layered arrangement than 
those of varanids/lanthanotids, the glands of the latter are thinner and more tubular. In both 
clades, extensive intralumen drainage channels feed into highly structured lumens. The ducts 
of helodermatid glands terminate at the base of the thin, deeply grooved teeth, while those of 
the lanthanotid/varanid glands terminate between the large, bladelike teeth.

Consistent with the anguimorph venom-delivery system being less sophisticated than the 
high-pressure injection mechanism of the front-fanged snakes, a bite by most anguimorph 
lizards typically poses only trivial direct medical risks to humans, with the symptoms largely 
confined to localized pain and swelling, accompanied occasionally by persistent bleeding from 
the wounds. Recently, however, a death resulting from varanid lizard envenomation has been 
documented (Vikrant and Verma 2014). In the case of large varanids, the primary danger to 
humans is posed by the physical damage that may be caused by the large teeth. The potential 
danger for injury is greatest in the clade of large species with serrated teeth (Varanus komo-
doensis, V. salvadorii, and V. varius). Conversely, the effects of envenomation by heloderma-
tid species has been better documented and shown to be clinically complex, with symptoms 
including extreme pain, acute local swelling, nausea, fever, faintness, myocardial infarction, 
tachycardia, hypotension, and inhibition of blood coagulation (Bogert and del Campo 1956; 
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Bouabboud and Kardassakis 1988; Hooker and Caravati 1994; Miller 1995; Strimple et al. 1997; 
Cantrell 2003).

1.2.3 DIVeRsIFICaTION OF The sNaKe VeNOm sYsTem

The mandibular and maxillary glands within the “primitive” Henophidia snakes highlight the 
dynamic evolution and diversification within toxicoferan reptiles and snakes in particular. 
For example, the large mandibular and maxillary glands of the early-diverged Cylindrophis 
ruffus (Cylindrophiidae family) are seromucous, with a dominance of protein-secreting cells, 
significant drainage and evident lumen space (Fry et al. 2013). In contrast, the glands of the 
more recently diverged lineages characterized by secondarily evolved powerful constriction 
(the families Boidae [boid snakes] and Pythonidae [pythonid snakes]) possess mandibular and 
maxillary glands that histologically stain as predominantly (but not exclusively) mucoidal (Fry 
et al. 2013; see color plate 3 and 6). The differences in gland structures and types between cyl-
indrophiids and boids/pythonids parallel the differences in their predatory ecology: C. ruffus 
is representative of the presumably plesiomorphic snake condition and is a weak ‘ “constrictor” ’ 
that feeds on prey typically not wider than its head (eels, caecilians, other reptiles); while boid 
and pythonid snakes are powerful constrictors of massive prey items.

Thus, alternative selective pressures operate on the oral glands of these snakes: C. ruffus 
would benefit from chemical assistance in prey capture while the boid and pythonid snakes 
easily dispatch their prey using powerful constriction but need mucus to lubricate the fur of 
mammalian or the feathers of avian prey items. It is noteworthy that while Aspidites melano-
cephalus is unusual among pythonid snakes in that it feeds primarily on reptiles (slender prey 
items not dissimilar to those preyed on by C. ruffus), it is probable that its oral secretions are of 
little to no use in prey capture, as this species relies on constriction to subjugate prey. Despite 
this, however, it may be problematic for human bite victims as a result of its capacity to produce 
false positives in the medical diagnosis of snake envenomation.

A test of oral secretions from a wide range of Australian snakes demonstrated a curi-
ous cross-reactivity between oral secretions of the pythonid snake A.  melanocephalus and 
the venom of the elapid snake Notechis scutatus in the Australian snake venom detection kit 
(sVDK) (Jelinek et al. 2004). Consistent with this false-positive reaction, it has been demon-
strated that toxin genes are not only transcribed in the oral glands of A. melanocephalus but 
also continue to be translated and secreted as relics of the venom system that the boids/pytho-
nids have presumably down-regulated (Fry et al. 2013).

In addition to the mandibular and maxillary glands discussed above, snakes are distin-
guished from the toxicoferan lizards in having additional protein-secreting glands called rictal 
glands. Until recently (Fry et al. 2013), rictal glands have received little attention except for 
a few detailed anatomical studies and some general investigations (Gabe and Saint Girons 
1969; Kochva 1978; Saint Girons 1988; Saint Girons 1989; Wollberg, Kochva, and Underwood 
1998). McDowell carried out a detailed study of the corner of the mouth of a large number of 
caenophidian snakes and described the rictal glands and muscles of the area together with a 
reinterpretation of the homology of the involved structures (McDowell 1986). Investigations 
have also been undertaken on the circumlabial oral glands of a series of Henophidia such as 
C. ruffus and A. melanocephalus, including the glands of the rictal region (Underwood 2002; 
Fry et  al. 2013). C.  ruffus has well-developed maxillary and mandibular glands along with 
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superior and inferior rictal glands, all of which have protein-secreting cells as the dominant 
type. The lobules of the maxillary and mandibular glands are mixed with serous regions lead-
ing to mucous tubules that open into the oral cavity via short ducts along the margin of the 
lips. The C. ruffus superior and inferior rictal glands consist of branched serous tubules open-
ing into mucous tubules that lead into wide mucous ducts opening directly into the corner 
of the mouth. The well-developed and protein-secreting rictal glands of C. ruffus suggest an 
adaptive role in the life of these serpents (Fry et al. 2013). Of particular note is the expression of 
the same toxin transcripts in maxillary, mandibular, and rictal glands. These data support not 
only the hypothesized shared evolutionary history of the mandibular and maxillary glands but 
also that the rictal glands may be derived from the same system (Fry et al. 2006; Fry et al. 2013). 
Supporting a potential role in predation, secretions from the rictal glands of Eryx conicus and 
six species of Uropeltidae snakes were shown to be toxic to birds (Phisalix and Caius 1918).

Similar to the mandibular gland segregation observed in Heloderma and Lanthanothus/
Varanus, the maxillary gland in early caenophidian snakes evolved to become segregated 
into distinct, encapsulated protein-secreting and mucus glands. The significantly enlarged 
protein-secreting glands (see color plate 1) allowed increased production of venom, and thereby 
underpinned the extraordinary diversification of the caenophidian snakes in the Cenozoic 
era (Vidal 2002; Fry et al. 2003a; Fry and Wüster 2004; Fry et al. 2006; Vidal et al. 2007; Fry 
et al. 2008; Vidal and Hedges 2009; Pyron and Burbrink 2012). All variables have been signifi-
cantly modified in the evolution of the venom system as a whole, including gland morphology, 
musculature, skull morphology, dentition, venom composition, and toxin biochemistry and 
functionality (see color plates 3, 5, 6, and 7). Because of the diversity in dentition and glands 
among the caenophidian snakes, these morphological characters have been studied extensively 
and guided much of the early phylogenetic groupings of the front-fanged snakes into elapid 
and viperid snakes, with the family Colubridae (colubrid snakes) initially being a taxonomical 
garbage can for the remaining non-front-fanged caenophidian snakes.

Since the end of the nineteenth century, many authors have tried to establish transforma-
tion series between the four recognized snake dentition types: aglyphous (nondifferentiated 
dentition or enlarged without grooving), opisthoglyphous (enlarged, grooved rear fang for 
venom delivery), proteroglyphous (hollow front fangs on minimally kinetic maxilla), and sole-
noglyphous (hollow front fangs on kinetic maxilla). The most commonly cited series was a 
progressive evolution of the dentition from aglyph to opisthoglyph to proteroglyph and then 
to solenoglyph. Although the solenoglyph type displayed was commonly believed to be the 
most sophisticated and therefore the most derived system, both a common origin (Cope 1900; 
Bogert 1943; Marx and Rabb 1972)  and an independent evolution of the proteroglyph and 
solenoglyph systems (Boulenger 1893; Anthony 1955; Kardong 1980; Kardong 1982) had been 
inferred at various times during the study of these animals. Recent molecular phylogenetic 
studies (Vidal et al. 2000; Vidal 2002; Vidal and Hedges 2002; Kelly, Barker, and Villet 2003; 
Vidal and David 2004; Lawson et al. 2005; Vidal and Hedges 2005; Vidal et al. 2007; Vidal et al. 
2008; Vidal and Hedges 2009; Vidal et al. 2009; Vidal, Dewynter, and Gower 2010; Burbrink 
and Crother 2011; Pyron et al. 2011; Pyron and Burbrink 2012; Pyron, Burbrink, and Wiens 
2013) revealed that the non-front-fanged caenophidian snakes are not a single, basal monophy-
letic group as previously supposed but represent numerous independently evolved groups (see 
color plate 3). It was further revealed that hollow front fangs evolved on at least three separate 
occasions (see color plate 3). All elapid snakes are characterized by proteroglyphy, while all 
viperid snakes are characterized by solenoglyphy. In contrast, the Atractaspis–Homoroselaps 
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clade within the Atractaspidinae subfamily of the Lamprophiidae family contains both protero-
glyphs (Homoroselaps species) and solenoglyphs (Atractaspis species). Despite the close genetic 
affinity of Atractaspis and Homoroselaps their venom glands differ sharply in morphology.

Visualization of the tooth-forming epithelium in snake embryos using the Sonic hedgehog 
(Shh) gene as developmental marker revealed that all front fangs develop from the posterior 
end of the upper jaw, with the morphogenesis of rear fangs using the same genes (Vonk et al. 
2008) (see color plate 7). In front-fanged snakes, the anterior part of the upper jaw lacks Shh 
expression, and ontogenetic allometry displaces the fang from its posterior developmental ori-
gin to its adult front position, consistent with a plesiomorphic posterior position of the front 
fang. In non-front-fanged caenophidian snakes, the fangs develop from an independent poste-
rior dental lamina and retain their posterior position. In light of these findings, a major evolu-
tionary transition underlying the massive radiation of caenophidian snakes was identified: the 
posterior subregion of the tooth-forming epithelium became developmentally uncoupled from 
the remaining dentition early in snake evolution. This allowed the posterior teeth to evolve 
independently and in close association with the venom gland and to become highly modified 
in different lineages.

The evolutionary decoupling of the venom system from remaining tooth development 
has given rise to an impressive diversity of maxillary dentition (Fry et al. 2008; Vonk et al. 
2008; Young et al. 2011) (see color plates 5 and 7). The teeth are extremely variable, showing 
either: (i), a smooth surface, (ii) a surface with a shallow groove, (iii) a deep groove present 
on less than half the length of the tooth, (iv) a deep groove running the entire length of the 
tooth, and (v) a fully enclosed venom canal, as present in proteroglyphous and solenoglyphous 
caenophidian snakes (Young and Kardong 1991; Young and Kardong 1996; Jackson 2003; Fry 
et al. 2008; Young et al. 2011). Evolutionary “tinkering” has produced the impressive diversity 
of dentition among extant species, and the terms “aglyph” and “opisthoglyph” are meaningless 
in a phylogenetic context, as snakes with these dentition types do not represent monophyletic 
groups (Vidal 2002; Vidal and Hedges 2002; Fry et  al. 2008). The plesiomorphic condition 
consists of unspecialized and undifferentiated solid teeth lacking grooves (Fry et  al. 2008). 
In modern species in which the posterior teeth are not grooved (aglyphous) or enlarged in 
relation to other teeth, the presence of ridges on their anterior and posterior surfaces distin-
guishes them from the anterior teeth (Fry et al. 2008). Multiple lineages have independently 
evolved enlarged rear teeth (opisthodont) and in these clades the introduction of venom into 
a bite wound is often facilitated by open channels or grooves along the lateral or anterolateral 
surfaces of the fangs (opisthoglyphous) (Vidal 2002; Fry et al. 2008; Young et al. 2011). As such 
enlargement and grooving has occurred convergently on numerous occasions, it must be noted 
that opisthoglyphous snakes are not a natural group and thus this is not a useful taxonomical 
character.

Previously, the name “Duvernoy’s gland” was given to the venom glands of non-front-fanged 
caenophidian snakes that lack compressor muscles and associated hollow fangs (Taub 1967). 
However, the distinction between “venom glands” in front-fanged snakes and “Duvernoy’s 
glands” in non-front-fanged caenophidian snakes is arbitrary and is not supported by evolu-
tionary or developmental research. All reptile venom gland types are derived from the dental 
glands and develop from a common primordium at the posterior end of the dental lamina 
(Kochva 1963a; Kochva 1963b; Kochva and Gans 1965; Kochva 1978; Wollberg, Kochva, 
and Underwood 1998; Vonk et al. 2008; Fry et al. 2012a; Fry et al. 2013). Thus, although the 
venom glands of caenophidian snakes exhibit variation in all aspects including structure and 
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topography, with countless variants scattered across the phylogenetic tree (Fry et  al. 2008; 
see color plates 3 and 6), they are all homologous in a developmental and anatomical sense. 
Consequently, in light of the phylogenetic knowledge described above, the term “Duvernoy’s 
gland” has been abandoned, and the term “venom gland” is equally applicable to the 
toxin-secreting maxillary glands of all caenophidian snakes (Fry et al. 2003a; Fry and Wüster 
2004; Fry et al. 2006; Fry et al. 2008; Fry et al. 2012a; Fry et al. 2013).

The secretory epithelium of snakes’ venom glands consists of serous, protein-secreting 
cells with mucous-secreting cells found in some regions, primarily in the ducts. The secretion 
(venom) is stored in both cells and lumina to varying degrees in different lineages. The venom 
glands of viperid snakes, for instance, have large centralized tubular lumina in addition to a 
large central lumen and relatively few secretory granules in the cells. Elapid snakes, on the 
other hand, have small lumina, and much of the venom is stored intracellularly. The contours 
range from the plesiomorphic condition of large ovate ducts, to ducts with reduced diam-
eters surrounded by extensive circular connective tissue, through to internal partitions of the 
venom duct. Vestibules may be absent, present adjacent to the venom gland, present at the fang 
sheath, or in contact with the oral cavity. Gland ducts may open directly into the oral cavity, 
near the tooth bases, or into a fang sheath, the last occurring in front-fanged snakes.

Venom gland compressor muscles that increase the efficiency and speed of venom delivery 
have evolved on at least six independent times in caenophidian snakes (Fry et al. 2008) (see 
color plates 3 and 7). Three evolutionary origins are represented by the non-front-fanged snake 
genera Brachyophis, Dispholidus, and Gonionotophis capensis (formerly Mehelya capensis). 
Species of these genera have superficial muscle fibers connected to the venom gland capsule 
that appear to constitute rudimentary compressor systems. Brachyophis have a purely serous 
gland (Taub 1967). In contrast, Dispholidus have a very intricate venom system: a large venom 
gland composed of branched tubules covered by a secretory epithelium; tubules opening into 
a wide duct lined with mucous cells, with the ducts and entire gland surrounded by circular 
connective tissue; vestibules present adjacent to the venom gland; and enlarged rear fangs with 
deep grooves running less than half the length of the fangs (Fry et al. 2008). G. capensis has 
ungrooved (aglyphous) teeth and a small venom gland of peculiar structure with a relatively 
wide lumen (Fry et al. 2008). Three additional evolutionary origins of compressor musculature 
are represented by the high-pressure front-fang venom-delivery systems (Fry et al. 2008) of 
the clade combining Atractaspis and Homoroselaps (Vidal et al. 2008), of elapid snakes and of 
viperid snakes (Vidal et al. 2008) in the elapid snakes and again in the viperid snakes (Vidal 
et al. 2007; Fry et al. 2008; Vidal and Hedges 2009). In front-fanged snakes, compression of 
the glands by the compressor muscle (in concert with other muscles) propels venom along the 
duct and into the fang sheath and the enclosed channel running through the shaft of the fangs 
(Young et al. 2001; Young and Zahn 2001; Young et al. 2004; Young and Kardong 2007; Fry 
et al. 2008).

Within the elapid and viperid snakes the venom system shows little intrafamilial diversity 
(Fry et al. 2008). The structure of elapid snake venom glands is a synapomorphy of the family. 
The venom is stored in the cells, with the central lumen being relatively small. This family also 
has an elongate accessory mucous gland surrounding the venom duct close to the main venom 
gland, the function of which is unclear (Vonk et al. 2013). There is a vestibule present adjacent 
to the fang sheath, and the venom duct opens only into the fang sheath. The complex tubular 
glands of viperid snakes are divided into several lobes that open into a large central lumen 
that stores considerable amounts of venom. The primary duct of the gland leads to a globular 
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accessory gland, which then connects to the fang via a secondary duct (Kochva and Gans 1965; 
Kochva 1978; Kochva 1987). There are no mucous regions in either the elapid or viperid snake 
venom glands except for the accessory glands characteristic of each family.

The venom system of Atractaspis is structurally unique among snakes. The venom glands 
have a wide, elongate lumen surrounded by radially arranged secretory tubules that show some 
branching at their peripheral ends. Prominent mucoid regions occupy their luminal margins, 
and there are no separate accessory glands. Vestibules are present adjacent to the fang sheath, 
and the venom ducts open only into the fang sheath. Finally, it should be emphasized that the 
venom glands of Homoroselaps are of a pattern entirely different from that of both Atractaspis 
and the other species of the Atractaspidinae subfamily within the Lamprophiidae family. 
Instead, they convergently evolved to resemble those of the elapid snakes (Kochva, Wollberg, 
and Golani 1985; Underwood and Kochva 1993), which partially explains why this genus was 
previously assigned to the family Elapidae.

Spectacular elongation of the venom gland, thus increasing the relative venom produc-
tion, has occurred independently on at least one occasion in each of the front-fanged snake 
clades: once in Atractaspis (the clade made up of Atractaspis engaddensis, A. microlepidota, 
A.  micropholis, and A.  scortecci), twice in the elapid snakes (once in the common ancestor 
of Calliophis intestinalis and C. bivirgata and then again in Toxicocalamus longissimus), and 
once in the viperid snakes (the common ancestor of Causus resimus and C. rhombeatus) (see 
color plates 3 and 6). In these morphologically intriguing species, the venom glands extend to 
a quarter of the body length or more. The biological advantage conferred by these elongations 
remains unknown. In the case of Causus, the change in gland length was not accompanied by 
a change in venom composition or the recruitment of new toxin types (Fry et al. 2008). Rather, 
these snakes have a venom composition typical of viperids in that the major toxin types are 
snake venom metalloprotease (SVMP) (see  chapter 23), kallikrein (see  chapter 14), and group 
IIA phospholipases A2 (PLA2) (see  chapter 21). It remains to be investigated whether there are 
significant differences in venom composition between long- and short-glanded forms within 
the genera Atractaspis, Calliophis, or Toxicocalamus. Such investigations may shed light on 
the evolutionary advantage gained by these species, and it is noteworthy that three of the four 
known long-glanded genera are fossorial. It may be possible, at least in the cases of Atractaspis, 
Calliophis, and Toxicocalamus, that the long-glanded condition is an adaptation to a fossorial 
lifestyle that allows for a decrease in head size and girth while maintaining a high venom yield.

Evolutionary trends in the venom system also include secondary loss following a shift to 
a new prey-capture technique (constriction) or prey type (“defenseless” prey, such as eggs, 
worms, and snails) that does not require venom. Within the basal snakes, the convergent evo-
lution of powerful constriction has resulted in a secondary loss of the venom system. Many 
caenophidian snakes have also evolved constriction as a new form of prey capture, result-
ing in loss or degeneration of the venom system: Acrochordus (family Acrochordidae) snakes 
also constrict, wrapping around the gills of fish prey to suffocate them (Lillywhite 1996), and 
lack venom glands altogether (Fry personal observations); the constricting Lampropeltini 
(“rat snakes” typified by Pantherophis guttatus [corn snake]) have greatly atrophied glands 
(Fry et  al. 2008), as do some African lamprophiids, such as Pseudaspis cana (Taub 1967). 
The African colubrine snake Dasypeltis scabra, which feeds exclusively on bird eggs, also has 
greatly atrophied venom glands (Taub 1967). This “use it or lose it” evolutionary trajectory is 
paralleled in the egg-eating sea snakes Aipysurus eydouxii, A. mosaicus and Emydocephalus 
annulatus: subsequent to switching from feeding on fish to feeding exclusively on fish eggs, 
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the venom glands of these species have atrophied, and significant reduction of the fangs has 
occurred (Voris and Voris 1983; McCarthy 1987; Gopalakrishnakone and Kochva 1990). 
Studies of A. mosaicus (A. eydouxii at the time of study) revealed these changes in the venom 
delivery system were accompanied by significant accumulation of deleterious mutations in 
toxins still transcribed, indicating that they are no longer subject to selection (Li, Fry, and 
Kini 2005a; Li, Fry, and Kini 2005b). Comparable reduction of the venom system has been 
observed in species of the Australian terrestrial elapid genus Brachyurophis that specialize in 
feeding on lizard eggs (Fry and Jackson, personal observations). The oral glands of the fos-
sorial extremely derived Scolecophidia (Anomalepididae, Gerrhopilidae, Leptotyphlopidae, 
Typhlopidae, and Xenotyphlopidae) (Vidal et al. 2010) have not yet been specifically examined, 
but the morphological uniqueness and specialized diet (such as ant and termite eggs and lar-
vae) of these snakes make it seem likely that they may have also undergone a similar reduction 
of the plesiomorphic venom system. Malacophagous (snail-eating) specialists (Asian mem-
bers of the Pareatidae and some American Dipsadinae) have undergone a similar reduction 
in the maxillary venom system. Intriguingly, however, the infralabial/mandibular glands in 
the “goo-eating” dipsadines Atractus reticulatus, Dipsas indica, and Sibynomorphus mikanii 
secrete snail-specific toxins (de Oliveira et al. 2008) that may help in immobilizing their mol-
luscan prey, to facilitate removal of the shells (Salomão and Laporta-Ferreira 1994). The protein 
families to which these toxins belong to remain to be elucidated.

1.3 VeNOm pROTeINs

1.3.1 ORIGIN aND DIVeRsIFICaTION OF VeNOm pROTeINs

Reptile venoms appear to have evolved via a process in which genes typically expressed in 
normal body tissues were also expressed in oral glands (Fry 2005; Hargreaves et al., 2014a; 
Reyes-Velasco et al., 2014; Junqueira de Azevado et al., 2014). While some are known salivary 
proteins, such as CRiSP or kallikrein, oral glands in squamate reptiles appear to be indiscrimi-
nate in their secretion of proteins normally restricted to one or only a handful of body tissue 
types, such as pancreas or liver (Fry 2005; Reyes-Velasco et al., 2014; Junqueira de Azevado 
et al., 2014). At the base of the toxicoferan reptile clade, the glands were enlarged to have dis-
crete protein- and mucus-secreting regions. Levels of mRNA and protein secretion increased 
for some but not all protein types previously encoded for in the glands of nontoxicoferan squa-
mates. The existing salivary proteins were the starting substrate for the evolution of reptile 
venoms, with CRiSP (see  chapter 10) and kallikrein (see  chapter 14) remaining the most highly 
expressed in many species (Fry 2005; Fry et al., 2008; Fry et al 2010b).

In some cases, increased salivary protein-encoding gene expression appears to be under-
lined by the duplication of these pre-existing genes, after which one duplicate evolves to 
become selectively expressed in the venom gland (restriction) and the other retains a multi-
tissue expression profile (Fry 2005; Junqueira de Azevado et al., 2014; Reza et al. 2005; Vonk 
et al. 2013). In other cases, venom genes appear to have been derived from genes specifically 
expressed in tissue types (recruitment; Fry 2005). Genes encoding group II PLA2 toxins for 
example, are selectively expressed in the venom glands of viperid snakes after having evolved 
from genes specifically expressed in the liver (Junqueira de Azevado et al., 2014; Reyes-Velasco 
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et al., 2014). Typically, the types of proteins restricted or recruited to the venom gland are those 
involved in key regulatory processes or bioactivity.

Some authors contest that the multitissue expression profile of some genes related to 
venom toxins undermine the theory that venom in squamate reptiles had a single early origin 
at the base of the Toxicofera (Hargreaves et al. 2014a, 2014b). For example, gene expression 
profiles of salivary glands, scent glands and skin from the geckonid lizard Eublepharis macu-
larius, the pythonid snake Python regius, the colubrid snake Pantherophis guttatus, the colu-
brid snake Opheodrys aestivus and the viperid snake Echis coloratus revealed co-expression 
of many toxin-related genes, and in some cases, at seemingly comparable expression levels to 
those observed in the venom gland of Echis coloratus (Hargreaves et al. 2014b). Unfortunately, 
interpretations of these results are severely limited by the taxonomic coverage of the species 
chosen, particularly since only one venom gland was sampled for comparative purposes. 
Moreover, (i) it is unclear which ‘salivary glands’ were isolated from the species sampled and, 
most importantly, (ii) it is apparent that tissue expression data was averaged between multiple 
samples taken from each tissue type, despite, in some cases, extensive variation in the expres-
sion level of genes between those samples. Finally, such studies ignore other robust lines of 
evidence supporting the toxicoferan venom system, such as the morphological enlargement of 
oral secreting glands and their switch to primarily protein secretion in many toxicoferans, and 
the proteomic identification of venom toxins in the oral secretions of previously characterized 
“nonvenomous” snakes and lizards, including evidence of accelerated duplication and diversi-
fication (Fry et al. 2003a, 2006, 2008, 2009b, 2010b, 2013).

Whilst further sampling of non-venom gland tissues will certainly be of critical impor-
tance for future analysis of the evolution and functional importance of venom toxins, it is 
important to note that the co-expression of toxin genes in other tissues does not inherently 
mean that these genes have no functional role in venom secretions. For example, many patho-
genically important snake venom metalloproteinases were found co-expressed in the kidney 
and pancreas of the viper Bothrops jararaca (Junqueira de Azevado et al., 2014)—co-expression 
in such cases could be explained by either limiting expression to low levels in internal organs to 
prevent self-toxicity or through post-transcriptional mechanisms that suppress the translation 
of the co-expressed transcripts into proteins.

The specific regulatory processes governing venom gene restriction/recruitment remain 
to be elucidated as a result of a fundamental lack of understanding relating to the regulation 
of transcription and posttranscription of venom toxins (Casewell et al., 2014). However, the 
sequencing of the Ophiophagus hannah genome (Vonk et al. 2013) obtained some evidence for 
a similarity of genetic regulatory components of the venom system from a pancreatic origin 
(Vonk et al. 2013), and this may represent a common feature of highly secretory tissue types. 
Sequencing and analysis of micro RNA (miRNA) libraries made from a range of different tis-
sues showed homologies between the king cobra venom gland and known human and mouse 
pancreatic miRNAs. The most abundant miRNA in the venom gland library was miR-375, a 
canonical miRNA in the vertebrate pancreas. Previously, it had been hypothesized that the 
snake venom gland evolved by evolutionary modification of the pancreatic system, although 
this hypothesis has since been abandoned because few of the toxins expressed in the venom 
gland, and none of the core toxicoferan toxins, appear to have evolved from pancreatic highly 
expressed proteins (Fry 2005). Nonetheless, these data suggest that some of the regulatory 
components associated with the venom system may be associated with the pancreas, even if 
the proteins (toxins) are not.
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A core set of proteins were highly expressed the common ancestor of all Toxicofera, and 
following further toxin-amplification events, resulted in the complex venom protein arse-
nals observed in modern snakes and lizards (Fry et al. 2003a; Fry and Wüster 2004; Fry et al. 
2006; Fry et al. 2009b; Fry et al. 2010a; Fry et al. 2010b; Fry et al. 2013)  (see color plate 3). 
Proteins produced by venom glands (see table 1.1) are related to proteins that exhibit diverse 
normal-body activities (see table 1.2). The plesiotypic toxic activities vary widely (see table 1.3), 
and some toxin classes have diversified to facilitate numerous novel apotypic toxic activities 
(see table 1.4). A number of molecular frameworks expressed in the venom glands are known 
only from mRNA transcripts, and thus corresponding bioactivities remain to be elucidated for 
these classes (see table 1.5).

Table 1.1: secretion Locations of Nearest Nontoxin Relations of Reptile Venom 
proteins (Fry 2005)

Protein type [toxin 
class if known by 
specific name]

Major tissue type for normal secretion (not excluding lower levels of expression/
secretion in other tissues)

3FP [3FTx] Brain
ACN Muscle
ADAM [SVMP] Variety of tissues, including epididymis, colon, lung, lymph node,  

and Thymus
β-defensin 

[crotamine]
Brain

β-defensin 
[helofensin]

Highly expressed in skin and tonsils and to a lesser extent in trachea, 
uterus, kidney, thymus, adenoid, pharynx, and tongue; low expression 
in salivary gland, bone marrow, colon, stomach, polyp, and larynx; no 
expression in small intestine

C3 [CVF] Liver
[Celestoxin] No near matches to any characterized normal body peptide/protein
Cholecystokinin 

[cholecystoxin]
Expressed in brain, duodenum, and small intestine

CRiSP Numerous exocrine tissues including salivary
Cystatin Restricted to the stratum granulosum of normal skin, the stratum 

granulosum/spinosum of psoriatic skin, the secretory coils of exocrine 
sweat glands, with low expression levels also found in the nasal cavity

Endothelin 
[sarafotoxin]

Endothelium

[Exendin] Nearest match unresolved
Factor V Liver
Factor X Liver
Ficolin [veficolin] Peripheral blood leukocytes; also detected in spleen, lung, and thymus, 

possibly because of the presence of tissue macrophages or trapped blood 
in these tissues; not detected on lymphocytes and granulocytes

Hyaluronidase Widely expressed
Kallikrein Variety of exocrine tissues, including pancreas and salivary glands
Kunitz Wide variety of tissues, including brain, conceptus membrane, lung, ovary, 

placenta, and uterus

(Continued)
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While many of the protein types highly expressed at the base of the tree became major 
toxin types with extensive neofunctionalization, such as kallikrein (see  chapter 14), not all 
transcripts homologous to known toxin transcripts occurring in the salivary glands of non-
toxicoferan reptiles are expressed at the base of the toxicoferan clade. The recruitment of 
a protein through amplification of a copy of a gene has occurred at many points along the 
toxicoferan tree (see color plate 1). Sequencing this transcript at low levels in other lineages 
would provide further evidence of early expression followed by a latent period before ampli-
fication in a particular lineage. Consistent with this theory, such transcripts could be at such 
low levels that they may only be detected through highly sensitive techniques (e.g. qPCR or 
deep sequencing).

Protein type [toxin 
class if known by 
specific name]

Major tissue type for normal secretion (not excluding lower levels of expression/
secretion in other tissues)

LAAO Variety of exocrine and immune tissues
Lectin Widespread
Natriuretic peptide 

B-type
Brain

Natriuretic peptide 
C-type

Heart

NGF Wide variety of tissues, including brain, eye, prostate, and salivary glands
Phosphodiesterase Kidney
PLA2 type IB Pancreas
PLA2 type IIA Synovial fluid
PLA2 type III Expressed in kidney, heart, liver, and skeletal muscle; also present in 

placenta and peripheral blood leukocytes
Prokineticin [AVIT] Expressed at high levels in testis and at lower levels in brain, lung, ovary, 

spleen, thymus, and uterus
Renin-like aspartic 

protease
Kidney

SPRY [vespryn] Hemopoietic lineages
Veficolin Peripheral blood leukocytes; also detected in spleen, lung, and thymus, 

possibly because of the presence of tissue macrophages or trapped blood 
in these tissues; not detected on lymphocytes and granulocytes

VEGF
WAP [waprin]

Various tissues, ranging from brain to heart
Variety of tissues, including lactating mammary gland, lung, ovary, and 

testis
[Waglerin] Unknown; no homology to any known peptide
YY peptide 

[goannatyrotoxin]
Colon mucosa

3FP = three-finger peptide; 3FTx = three-finger toxin; ADAM = a disintegrin and metalloprotease; C3 = comple-
ment 3; CRiSP = cysteine-rich secretory protein; CVF = cobra venom factor; LAAO = L-amino oxidase; NGF = nerve 
growth factor; PLA2 = phospholipase A2; VEGF = vascular endothelin growth factor; SVMP = snake venom metal-
loprotease; WAP = whey acidic peptide.

Table 1.1 (Continued)



Table 1.2: Bioactivity of Nontoxin ancestors of Reptile Venom proteins (Fry 2005)

Protein type [toxin 
class if known by 

specific name] Normal body function

3FP [3FTx] Binds to the 7 nicotinic acetylcholine receptor
ACN Rapidly hydrolyses choline released into the synapse, resulting in less 

neurotransmitter available for neuromuscular control
ADAM [SVMP] Enzymatic cleavage of the extracellular matrix
β-defensin 

[crotamine]
Unknown

β-defensin 
[helofensin]

Antimicrobial but not hemolytic

C3 [CVF] Central to both classical and alternative complement pathways
[Celestoxin] No near matches to any characterized normal body peptide/protein
Cholecystokinin 

[cholecystoxin]
Hypotensive neuropeptide that binds cholecystokinin receptors

CRiSP Specific actions largely uncharacterized
Cystatin Inhibits cysteine proteases such as the cathepsins B, L, and S
Endothelin 

[sarafotoxin]
Potently vasoconstrictive, modulating the contraction of cardiac and 

smooth muscle
[Exendin] Nearest match unresolved
Factor V Blood cofactor that participates with factor Xa to activate prothrombin to 

thrombin
Factor X Vitamin K-dependent glycoproteins that convert prothrombin to thrombin 

in the presence of factor Va, calcium, and phospholipid during blood 
clotting

Ficolin [veficolin] Involved in serum-exerting lectin activity; binds GlcNAc
Hyaluronidase Random hydrolysis of (1- > 4)-linkages between 

N-acetyl-beta-D-glucosamine and D-glucuronate residues in 
hyaluronate

Kallikrein Releases kinins from circulatory kininogen
Kunitz Inhibits a diverse array of serine proteinases
LAAO Induces apoptosis in cells by two distinct mechanisms, one rapid and 

mediated by H2O2, the other delayed and mediated by deprivation of 
L-lysine

Lectin Hemagglutination activity
Natriuretic peptide 

B-type
Produces hypotension mediated by the binding to GC-A with subsequent 

relaxation of vascular smooth muscle
Natriuretic peptide 

C-type
Produces hypotension mediated by the binding to GC-B with subsequent 

relaxation of vascular smooth muscle
NGF Stimulates division and differentiation of sympathetic and embryonic 

sensory neurons
Phosphodiesterase Cleaves a variety of phosphodiester and phosphosulfate bonds including 

deoxynucleotides, nucleotide sugars, and NAD
PLA2 type IB Releases arachidonic acid from the sn-2 position of the plasma membrane 

phospholipids

(Continued)
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The toxin diversity inferred for the base of the toxicoferan radiation is particularly intrigu-
ing in regard to the enigmatic iguanian lizard glands. In vertebrate-feeding Iguanian species, 
the glands are enlarged and have obvious protein-secreting regions which are larger and more 
developed than the mucus secreting regions located proximal to the teeth (Fry et  al. 2006; 
Fry et al. 2013). Protein types expressed include those that have been shown to have neuro-
toxic activities such as CRiSP (Brown and Carmony 1999; Yamazaki, Brown, and Morita 2002; 
Yamazaki et al. 2002; Wang et al. 2005a; Wang et al. 2006b) (see  chapter 10), vespryn (Pung 
et al. 2005) (see  chapter 24), and coagulopathic activities such as kunitz (see  chapter 15), lectin 
(see  chapter 17) (Yamazaki and Morita 2007; Yamazaki and Morita 2009), and likely veficolin 
(OmPraba et al. 2010). Sequencing of transcripts that are homologous with well-characterized 
toxin types provides evidence for the continued diversification of the secreted proteins within 
the vertebrate-feeding Iguanian lizards. There is, however, no known predatory or defensive 
function for the venom system within herbivorous or insectivorous species (Fry et al. 2013). 
However, despite being predominantly mucus secreting in the insectivorous and herbivo-
rous specialists, they are still capable of secreting active peptides. In particular, β-defensin  

Protein type [toxin 
class if known by 

specific name] Normal body function

PLA2 type IIA Releases arachidonic acid from the sn-2 position of the plasma membrane 
phospholipids, involved in inflammatory processes and diseases, such as 
rheumatoid arthritis and asthma

PLA2 type III Catalyzes the calcium-dependent hydrolysis of the 2-acyl groups 
in 3-sn-phosphoglycerides; shows an 11-fold preference for 
phosphatidylglycerol over phosphatidylcholine (PC); preferential 
cleavage: 1-palmitoyl-2-linoleoyl-phosphatidylethanolamine (PE) 
> 1-palmitoyl-2-linoleoyl-PC > 1-palmitoyl-2-arachidonoyl-PC > 
1-palmitoyl-2-arachidonoyl-PE; plays a role in ciliogenesis

Prokineticin [AVIT] Constriction of intestinal smooth muscle
Renin-like aspartic 

protease
Renin is a highly specific endopeptidase, whose only known function is to 

generate angiotensin I from angiotensinogen in the plasma, initiating 
a cascade of reactions that produce an elevation of blood pressure and 
increased sodium retention by the kidney; cleavage of Leu-|-Xaa bond in 
angiotensinogen to generate angiotensin I

SPRY [vespryn] Largely uncharacterized
Veficolin Involved in serum-exerting lectin activity; binds GlcNAc
VEGF
WAP [waprin]

Increases the permeability of the vascular bed
Inhibits leukoproteases

[Waglerin] Unknown; no homology to any known peptide
YY peptide 

[goannatyrotoxin]
Gut peptide inhibits exocrine pancreatic secretion, has a vasoconstriction 

action, and inhibits jejunal and colonic mobility

3FP = three-finger peptide; 3FTx = three-finger toxin; ADAM = a disintegrin and metalloprotease; C3 = comple-
ment 3; CRiSP = cysteine-rich secretory protein; CVF = cobra venom factor; LAAO = L-amino oxidase; NGF = nerve 
growth factor; PLA2 = phospholipase A2; VEGF = vascular endothelin growth factor; SVMP = snake venom metal-
loprotease; WAP = whey acidic peptide.

Table 1.2 (Continued)



Table 1.3: Basal Toxicity of Reptile Venom proteins (Fry 2005)

Protein type [toxin 
class if known by 

specific name] Basal toxic activity

3FP [3FTx] α-neurotoxicity, antagonistically binding to the nicotinic acetylcholine 
receptor

ACN Bioactivities uncharacterized
ADAM [SVMP] Tissue necrosis
β-defensin 

[crotamine]
Significant neurotoxic activity, modifying voltage-sensitive Na+ channels, 

resulting in a potent analgesic effect, and myotoxic activities have been 
reported; which is basal and which is derived remain to be elucidated

β-defensin 
[helofensin]

Lethal toxin shown to have an inhibitory effect on direct electrical 
stimulation of the hemidiaphragm

C3 [CVF] Unregulated activation of the complement cascade, causing rapid and 
significant problems such as anaphylactic-type problems and/or tissue 
damage via hemolysis/cytolysis

[Celestoxin] Hypertension mediated by unknown pathway
Cholecystokinin 

[cholecystoxin]
Hypotension mediated by binding cholecystokinin receptors

CRiSP Paralysis of peripheral smooth muscle and induction of hypothermia 
through blockage of various channels including ryanodine and L-type 
calcium channels

Cystatin Inhibition of body defensive enzymes
Endothelin 

[sarafotoxin]
Potent vasoconstriction resulting in acute hypertension

[Exendin] Hypotension
Factor V Combines with toxic form of factor X to potently convert prothrombin to 

thrombin
Factor X Potent conversion of prothrombin to thrombin in the presence of factor V 

(endogenous or venom forms), calcium, and phospholipid
Ficolin [veficolin] Unknown
Hyaluronidase Facilitates spread of other venom proteins
Kallikrein Increase of vascular permeability and production of hypotension in 

addition to stimulation of inflammation
Kunitz Inhibition of circulating serine proteinases
LAAO Apoptosis
Lectin Platelet aggregation mediated by galactose binding
Natriuretic peptide 

B-type
Potent induction of hypotension leading to loss of consciousness

Natriuretic peptide 
C-type

Potent induction of hypotension leading to loss of consciousness

NGF Bioactivities uncharacterized
Phosphodiesterase Inhibition of platelet aggregation
PLA2 type IB Presynaptic neurotoxicity is either the basal or is basal-derivative
PLA2 type IIA Lipase activity resulting in inflammation and tissue destruction
PLA2 type III Prevents platelet aggregation mediated through epinephrine pathway
Prokineticin [AVIT] Potent constriction of intestinal smooth muscle, resulting in painful 

cramping, and induction of hyperalgesia
(Continued)



Protein type [toxin 
class if known by 

specific name] Basal toxic activity

SPRY [vespryn] Induces hypolocomotion and hyperalgesia; unknown which, if either, is 
basal activity

Veficolin
VEGF

Bioactivities uncharacterized
Increase of the permeability of the vascular bed and binding of heparin; 

results in hypotension and shock
WAP [waprin] Bioactivities uncharacterized other than antimicrobial
[Waglerin] Elicits tachypnea, ocular proctosis, rapid collapse, and spasms in mice; 

the primary cause of death is respiratory failure; selectively blocks the 
epsilon subunit of muscle nicotinic acetylcholine receptor

YY peptide 
[goannatyrotoxin]

Potently hypotensive through relaxation of vascular smooth muscle

3FP = three-finger peptide; 3FTx = three-finger toxin; ADAM = a disintegrin and metalloprotease; C3 = comple-
ment 3; CRiSP = cysteine-rich secretory protein; CVF = cobra venom factor; LAAO = L-amino oxidase; NGF = nerve 
growth factor; PLA2 = phospholipase A2; VEGF = vascular endothelin growth factor; SVMP = snake venom metal-
loprotease; WAP = whey acidic peptide.

Table 1.4: Derived Toxicity of Reptile Venom proteins (Fry 2005)

Protein type [toxin 
class if known by 

specific name] Derived toxic activity

3FP [3FTx] Basal α-neurotoxicity greatly potentiated by the deletion of the C2 and 
C3 ancestral cysteines; functional derivations include binding to the 
postsynaptic muscarinic acetylcholine receptors, presynaptic neurotoxic 
action on the L-type calcium channels, cytotoxic interactions, 
acetylcholinesterase inhibition, and others

ACN
ADAM [SVMP]

None currently documented
Prothrombin activation a basal derivation; in Viperidae venoms, 

proteolytic cleavage of C-terminal domains resulted in numerous 
other activities, including direct-acting fibrinolytic activity; liberated 
disintegrin domain inhibits platelets via GP IIb/IIIa integrin receptor

β-defensin 
[crotamine]

Significant neurotoxic activity, modifying voltage-sensitive Na+ channels, 
resulting in a potent analgesic effect, and myotoxic activities have been 
reported; which is basal and which is derived remain to be elucidated

β-defensin 
[helofensin]

None characterized to date

C3 [CVF] None currently documented
[Celestoxin] None currently documented
Cholecystokinin 

[cholecystoxin]
None currently documented

CRiSP Blockage of cyclic nucleotide gated calcium channels
Cystatin None currently documented

Table 1.3 (Continued)

(Continued)



Protein type [toxin 
class if known by 

specific name] Derived toxic activity

Endothelin 
[sarafotoxin]

None currently documented

[Exendin] Derived VIP-like form is more potently hypotensive and cardiotoxic than 
the ancestral glucagon-derived form

Factor V None currently documented
Factor X None currently documented
Ficolin [veficolin] None currently documented
Hyaluronidase None currently documented
Kallikrein Derivations affect the blood, particularly targeting fibrinogen
Kunitz Derivations include inhibition of plasmin and thrombin and the blockage 

of L-type calcium channels. Structural derivatives form part of 
neurotoxic complexes with PLA2 molecules

LAAO Derivations include hemorrhagic effects, not only by affecting platelet 
aggregation but also inhibiting blood factor IX

Lectin Derivations include stimulation of platelet aggregation (binding GPVI, 
GPIb, GPIa/IIa or VWF), platelet aggregation inhibition (binding GPIb 
or GPIa/IIa), or anticoagulant actions by binding blood factors IX, X

Natriuretic peptide 
B-type

Derivatives contain newly evolved helokinestatin domains located 
upstream that inhibit bradykinin

Natriuretic peptide 
C-type

Mutants with C-terminal tail have hypotensive activity mediated by 
GC-A instead of GC-B receptor (elapid venoms and convergently also 
in Cerastes venom); upstream of the natriuretic-peptide-encoding 
domain, viperid venom forms contain multiple proline-rich 
bradykinin-potentiating peptides or brakykinin-inhibiting peptides (pit 
vipers); other forms have newly derived antiplatelet- (Macrovipera) or 
metalloprotease-inhibiting peptides upstream (Echis)

NGF None currently documented
Phosphodiesterase None currently documented
PLA2 type IB Deletion of pancreatic loop facilitates the derivation of a multiplicity of 

novel, nonenzymatic activities, including antiplatelet and presynaptic 
neurotoxicity; some derivatives are parts of neurotoxic complexes

PLA2 type IIA Derivations include neurotoxic and antiplatelet activity; some derivatives 
are parts of complexes

PLA2 type III None currently documented
Prokineticin [AVIT] None currently documented
SPRY [vespryn] None currently documented
Veficolin
VEGF

None currently documented
None currently documented

WAP [waprin] None currently documented
[Waglerin] None currently documented
YY peptide 

[goannatyrotoxin]
None currently documented

3FP = three-finger peptide; 3FTx = three-finger toxin; ADAM = a disintegrin and metalloprotease; C3 = comple-
ment 3; CRiSP = cysteine-rich secretory protein; CVF = cobra venom factor; LAAO = L-amino oxidase; NGF = nerve 
growth factor; PLA2 = phospholipase A2; VEGF = vascular endothelin growth factor; SVMP = snake venom metal-
loprotease; WAP = whey acidic peptide.

Table 1.4 (Continued)



Table 1.5: Novel Venom Gland secreted proteins with Bioactivities That Remain 
to Be Characterized or Known Only from Transcripts

Molecular scaffold 
type

Species recovered 
from

Tissue type of 
ancestral protein

Bioactivity of 
ancestral protein

Representative 
references

Aminopeptidase Bitis gabonica, 
Gloydius 
brevicaudus, 
Echis coloratus, 
Echis carinatus 
sochureki

Expressed in 
epithelial cells 
of the kidney, 
intestine, and 
respiratory 
tract; also found 
in the vascular 
endothelium, 
fibroblasts, 
granulocytes, 
and monocytes

Broad specificity 
peptidases, 
including 
regulation 
of blood 
pressure; release 
dipeptidases 
from the 
N-terminus of 
peptides such as 
angiotensin II

Ogawa et al. 2007; 
Casewell et al. 
2009

Dipeptidyl-  
peptidase IV

Bothrops jararaca, 
Gloydius 
blomhoffi, 
Lachesis muta, 
Pseudechis 
australis, 
Demansia 
vestigiata, 
Tropidechis 
carinatus

Widespread 
expression in 
most tissues; 
highest activity 
identified in the 
kidney and lung

Regulatory 
protease; 
inactivation 
of bioactive 
peptides by 
liberation of 
dipeptides from 
the N-terminus

Cidade et al. 2006; 
Junqueira de 
Azevedo et al. 
2006; Ogawa 
et al. 2006; St 
Pierre et al. 
2007a

Epididymal 
secretory 
protein

Liophis 
poecilogyrus, 
Varanus indicus, 
Varanus gouldii, 
Varanus 
komodoensis

Epididymis; 
detected in 
the epithelial 
cells of the 
epididymal duct

Putative role in 
binding lipids 
and collagen

Fry et al. 2006; Fry 
et al. 2012b

Lipocalin Azemiops feae, 
Dispholidus 
typus, 
Rhabdophis 
tigrinus, 
Trimorphodon 
biscutatus

Preferentially 
synthesized in 
nonproliferating 
cells

Preferentially 
binds 
long-chain 
unsaturated 
fatty; known 
allergen

Fry et al. 2012b

Lysosomal acid 
lipase

Echis coloratus, 
Micrurus 
altirostris, 
Philodryas 
olfersii

Widely expressed 
in the liver and 
fibroblasts; 
has since been 
identified in 
a variety of 
tissue and cell 
types, with the 
exception of 
erythrocytes

Degradation of 
cholesterol 
esters and 
triglycerides; 
modulator of 
intracellular 
cholesterol 
metabolism

Casewell 
et al. 2009; 
Correa-Netto 
et al. 2011

Phospholipase A2 
Type IIE

Leioheterodon 
madagascarensis, 
Dispholidus 
typus

Restricted to the 
brain, heart, 
lung, and 
placenta

Progression of 
inflammatory 
processes

Fry et al. 2012b
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Molecular scaffold 
type

Species recovered 
from

Tissue type of 
ancestral protein

Bioactivity of 
ancestral protein

Representative 
references

Phospholipase B Drysdalia 
coronoides, 
Pseudechis 
colletti, Crotalus 
adamanteus

Detected in white 
blood cells 
(granulocytes 
and 
neutrophils), 
intestinal 
enterocytes, and 
the epidermis

Removal of fatty 
acids from both 
the sn-1 and 
sn-2 positions of 
phospholipids

Bernheimer et al. 
1987; Chatrath 
et al. 2011; 
Rokyta et al. 
2011

Renin-like aspartic 
protease

Echis ocellatus, 
Echis jogeri

Expression 
restricted to the 
kidney

Generation of 
angiotensin 
I from 
angiotensinogen; 
mediator of 
extracellular 
volume and 
vasoconstriction

Wagstaff and 
Harrison 2006

Ribonuclease Celestus warreni, 
Gerrhonotus 
infernalis, 
Liophis 
poecilogyrus, 
Psammophis 
mossambicus

Expressed 
predominantly 
in the pancreas

Pyrimidine-specific 
C-preferring 
nuclease

Fry et al. 2010b; 
Fry et al. 2012b

Snake venom 
matrix 
metalloprotease

Rhabdophis 
tigrinus, 
Thamnodynastes 
strigatus

Macrophages and 
granulocytes

Proteolysis of the 
extracellular 
matrix

Ching et al., 2012; 
Rhabdophis 
UniProt 
B1Q2M9.

Vitelline 
membrane outer 
layer protein

Enhydris polylepis Oviduct; 
component 
of the outer 
membrane of 
the vitelline 
layer of the egg

Function unknown Fry et al. 2012b

Table 1.5 (Continued)

(see  chapter 9) and cystatin peptides (see  chapter 24) exhibit the highest expression level and 
the greatest evidence of duplication and diversification within the insectivorous and herbivo-
rous Iguanian lizards. All other transcript types appear to be expressed in lower levels and 
typically exist in only one or two isoforms. It is noteworthy that the plesiotypic activity of 
these two peptide types is antimicrobial (Shah and Bano 2009; Semple and Dorin 2012), an 
activity retained by at least some isoforms expressed in the venoms of highly toxic front-fanged 
snakes. It remains to be elucidated whether the β-defensin peptides of Iguanian lizards retain 
this plesiotypic activity or whether they may have apotypic novel functions (see  chapter 9). 
Another proteinaceous toxin type present in the venom glands of the toxicoferan ancestor, 
L-amino acid oxidase, also has well-documented antimicrobial activity (Domingues Passero 
and de Sousa 2010) (see  chapter 16). Combined, the same plesiotypic function of these differ-
ent protein families and the apparent lack of a venom function of the glands in insectivorous/
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herbivorous lizards open the possibility that the gland secretion in these lineages underwent 
an evolutionary reversal to serve an antimicrobial function.

The accumulation of novel secretory frameworks appears to have underpinned the rapid 
radiation of the other toxicoferan reptile lineages (anguimorph lizards and snakes). In par-
ticular, the venom system likely led to the explosive diversification of the caenophidian snakes 
(Vidal 2002; Fry et al. 2003a; Fry et al. 2003c; Fry and Wüster 2004; Fry et al. 2006; Vidal et al. 
2007; Fry et al. 2008; Pyron and Burbrink 2012; Fry et al. 2013). The recovery of novel protein 
scaffolds from the glands of henophidian snakes, including an entirely new peptide class dis-
covered in pythonid snakes (Fry et al. 2013), reinforces how little is known about the protein 
composition of reptile venoms or the evolutionary history of the glands. The peptides and 
proteins recovered so far are unlikely to give a comprehensive picture of the toxin diversity 
because of the relatively limited sampling conducted so far, which is likely to recover only the 
dominant forms. More extensive sampling will no doubt recover novel isoforms of types iden-
tified to date in addition to entirely new toxin classes. Of interest for future investigations is 
the secretion of the segregated mucous lobules in the independently apomorphic mandibular 
systems of lanthanotid/varanid and helodermatid lizards and also those associated with the 
maxillary system of snakes.

1.3.2 GeNeRaL ChaRaCTeRIsTICs OF VeNOm pROTeINs

Despite their diverse origins, certain trends are evident in venom proteins: all are recruited 
from secretory protein families, many have a preexisting biochemical role in one or more 
short-term physiological processes, and toxins are recruited more frequently from body pro-
teins with stable tertiary structures maintained by a high degree of cysteine cross-linking.

The precursor peptides of all known reptile venom toxins contain an N-terminal signal 
peptide required for transport of the precursor peptide to the endoplasmic reticulum and 
preparation for eventual exocytosis of the mature toxin. This signal peptide is excised during 
the formation of the functional protein. To date, there are no documented cases of reptile toxin 
precursors lacking an N-terminal signal peptide. Even if a nonsecretory body protein had a 
potentially useful toxic side effect, in order to be suitable for recruitment as a toxin, its gene 
would require the addition of a segment encoding a signal peptide. This addition could occur 
either through interlocus gene conversion (nonreciprocal recombination) and retrotransposi-
tion or through exon shuffling of a signal peptide protomodule (Patthy 2003).

The ancestral body proteins of many toxins have preexisting bioactivities that are highly 
conserved in a wide range of potential prey items. The long-term evolutionary conservation of 
certain fundamental biochemical activities and their ubiquitous importance in the Kingdom 
Animalia provide the necessary functional basis for an endophysiological (physiologically 
active within the body of the producing organism) protein in one animal to become an exo-
physiological (physiologically active outside the body of the producing organism) protein when 
introduced into another. This allows for immediately beneficial (to the producing organism) 
toxic activities; in a sense, endophysiological proteins are “exapted” for use as toxins.

Consequently, the activity of most toxins is based on one of the following generalized 
mechanisms:  (1)  structural damage caused by catalyzing the hydrolysis of a universally 
present substrate, such as hyaluronidase enzymes hydrolyzing the 1–4 linkages between 
N-acetyl-β-D-glucosamine and D-glucuronate residues of hyaluronate; (2)  physiological 
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imbalance or a short-term response caused by “mimicking” endogenous body proteins as if 
they were overexpressed, such as the hyperalgesia and intestinal cramps caused by AVIT tox-
ins (see  chapter 24) or blood pressure effects of kallikrein toxins destructively cleaving kinins 
from kininogen (see  chapter 14); or (3) “mimicking” endogenous body proteins by acting as 
a competitive inhibitor to cause a physiological imbalance or disruption of an endophysi-
ological response, such as the α-neurotoxic three-finger toxins (3FTxs) (see  chapter  8). The 
effectiveness of the latter two mechanisms may be amplified if the toxin mimics the action of 
a pleiotropic protein that governs multiple downstream metabolic pathways or if the mim-
icked protein plays a central role in a complex protein cascade with feedback systems (such as 
thrombin-mimicking proteins affecting the blood coagulation process). Mimicking multiple 
endogenous proteins sharing similar structures and biochemical activities can attain similar 
multifunctionality. Kallikrein toxins, for example, mimic the different activities of the related 
kallikrein and thrombin, thereby lysing both kininogen (causing vasodilation) and fibrinogen 
(anticoagulation) (see  chapter 14). As such, the toxicity of many venom proteins that interfere 
with hemostasis is enhanced by the fact that they are recruited from the same protein (super)
families that constitute multiple components of the involved protein cascades.

The effects of each of the three scenarios described above allow the new protein type, now 
selectively expressed in the venom gland, to provide an immediately useful toxic bioactivity. 
While some toxins are recruited from endophysiological proteins that play roles in the same 
pathways with which the toxins themselves interfere, others are not. The snake venom 3FTxs, 
for example, are derivations of α-neuropeptides similar to Lynx1/SLUR (Ibanez-Tallon et al. 
2002; Fry 2005) (see  chapter 8). However, other neurotoxins are not necessarily structurally 
similar or phylogenetically related to the ligands they mimic. Many neurotoxins act accord-
ing to the second or third mechanism described above: they either activate or deactivate ion 
channels or other receptors at neuromuscular junctions or in the central or peripheral nervous 
system (see color plate 2).

Endophysiological proteins involved in one or several short-term physiological processes 
are the most suitable candidates for recruitment as toxins. Since venoms are used for preda-
tion, competitor deterrence, or defense, they are only effective if the effect they produce has 
a rapid onset. Potentially useful effects of toxins include fast immobilization of prey, instan-
taneous inhibition of blood coagulation in a host, or quick induction of malaise or pain in 
a predator or competitor. For example, although the prokineticin ligand-receptor systems 
govern a large number of long-term physiological processes with potentially negative conse-
quences for the victim (such as predator anorexogenia caused by frog skin defensive AVIT pep-
tides), the toxicity of AVIT peptides (see  chapter 24) is largely determined by their short-term 
(within minutes) physiological effects, which include powerful contraction of smooth muscle 
and hyperalgesia. Long-term effects on physiological processes, lethal as they might be (such as 
accumulation of endogenous waste products or secondary systemic processes after abnormal 
cellular depolarization), are unlikely to contribute much to the adaptive value of toxins since 
they are irrelevant to the basic ecological purposes of any given venom. This is not to say that 
some toxins do not have persistent effects, such as the long-term paralysis of spiders induced 
by the venom of parasitic wasps or, conversely, the long-term paralysis of prey animals induced 
by spider venoms. In both cases, the victim/prey is kept alive until, respectively, the parasite’s 
eggs hatch and the spider consumes its prey. However, protein families that only fulfill strictly 
structural functions (such as keratins) or proteins that only govern time-consuming processes 
(such as cell growth or tissue differentiation factors) are unlikely to be recruited as toxins. For 
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a similar reason, toxin targeting is restricted to body parts that are readily accessible via the 
bloodstream, which also guarantees an acute effect. Most toxins additionally have a specific 
extracellular substrate or site of activity, even when they also affect intracellular processes.

The shared cysteine content of toxins and related (homologous) nontoxic body proteins is 
often remarkably high and often constitutes evolutionarily conserved motifs. Although such 
motifs lie at the core of the highly conserved tertiary structure that characterizes toxin mul-
tigene families, they also underlie extensive neofunctionalization (Froy et al. 1999; Escoubas 
and Rash 2004; Zhu et al. 2004; Fry 2005). Functionally important toxin types are selected 
for through adaptive evolution involving explosive duplication and diversification, resulting 
in the creation of a venom-gland-specific multigene family. The likelihood of neofunctional-
ization is increased through random mutation, gene conversion, and unequal crossing over 
(Fry et  al. 2003b). Further duplication of the toxin gene is likely to be selectively favored, 
since additional gene copies may increase the level of toxin expression in the gland, result-
ing in greater quantities of toxin being available and faster gland replenishment. The tandem 
duplication of gene copies provides a template, which progressively increases the chances of 
unequal crossing over and gene conversion. Differential mutations among paralogs within 
the toxin multigene family allow them to obtain varying levels of potency, new functions, or 
prey specificity (Kordis and Gubenek 2000; Fry et al. 2003b). The newly created toxin multi-
gene families preserve the molecular scaffold of the plesiotypic protein but modify key sur-
face functional residues to acquire numerous apotypic activities (de la Vega et al. 2003; Fry 
et  al. 2003b; Mouhat et  al. 2004; Fry 2005; Casewell et  al. 2011a; Casewell et  al. 2013; Fry 
et al. 2013). In addition to changes in functional residues, neofunctionalization may also be 
facilitated through changes in tertiary structure as a result of variations in the pattern and 
number of cysteines.

In globular enzymatic proteins, mutations are much more likely to interfere with correct 
posttranslational folding than they are in the case of extensively cysteine cross-linked proteins. 
A single mutation, such as the gain or loss of a proline or crucial charge-state residue, may be 
enough to prevent correct folding of globular proteins. Duplication and diversification of such 
mutated genes may be negatively selected for, since they could lead to a large proportion of 
nonfunctional or maladaptive proteins in the venom, increasing the energetic cost of venom 
production without adding to the fitness of the venom-producing animal. No new activities 
have been reported thus far for toxins based on globular enzymes such as hyaluronidase (see 
 chapter 24.11), as opposed to disulfide-linked peptides that have been extensively neofunction-
alized such as 3FTxs (see  chapter 8).

Variation in venom profiles has been shown between species within the same genus (Fry 
et al. 2002; Fry et al. 2003c; Fry et al. 2005; Sanz et al. 2006; Calvete, Escolano, and Sanz 2007; 
Angulo et al. 2008; Fry et al. 2008; Gutiérrez et al. 2008; Lomonte et al. 2008; Tashima et al. 
2008; Salazar et al. 2009; Wagstaff et al. 2009; Mackessy 2010) and between individuals within 
the same species, with the intraspecific differences found among different geographic localities 
(Daltry, Wüster, and Thorpe 1996; Forstner, Hilsenbeck, and Scudday 1997; Fry et al. 2002; Fry 
et al. 2003c; French et al. 2004; Boldrini-Franca et al. 2010; Castro et al. 2013), and between 
juveniles and adults (Mackessy 1988; Daltry, Wüster, and Thorpe 1996; Lopez-Lozano et al. 
2002; Calvete et al. 2009a). Venom variation has even been reported between separate venom 
glands of a single snake individual (Johnson, Kardong, and Ownby 1987). Such taxonomic, 
geographic and ontogenetic variations have been linked to strong natural selection in response 
to differential prey species (Daltry, Wüster, and Thorpe 1996; Fry et al. 2003a; Fry et al. 2003b; 
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Fry et al. 2003c; Pawlak et al. 2006; Fry et al. 2008; Gibbs and Mackessy 2009; Fry et al. 2012a; 
Sunagar et al. 2012; Brust et al. 2013; Casewell et al. 2013; Sunagar et al. 2014).

1.3.3 VeNOm pROTeIN DOmaIN UTILIZaTION

Toxin diversity is also increased through gene domain mutations including selective domain 
expression, with deletion of other domains present in the plesiotypic gene; tandem repeats of a 
plesiotypic domain (encoding a single product); and newly evolved multiple domains (encod-
ing for multiple peptides or proteins that are posttranslationally cleaved from each other).

Selective expression of particular domains from a plesiotypic multidomain precursor is 
especially well documented for snake venom metalloproteases (SVMP), which have mutated 
in such a way on numerous occasions (Casewell et al. 2011a; Brust et al. 2013) (see  chapter 23). 
A different form of selective domain expression has occurred in the exendin peptides from 
helodermatid venoms (see  chapter 11). A plesiotypic glucagon tridomain gene was mutated into 
a new monodomain gene encoding the exendin-3/4 peptide toxin type present in Heloderma 
venoms. This gene was further mutated to acquire a VIP-like sequence (vasoactive intestinal 
peptide) and targeting, leading to an increase in toxicity (Fry et al. 2010a).

In contrast to domain deletion, tandem repeats of a plesiotypic domain have been utilized 
in two very different manners. In the helofensin multigene family expressed in helodermatid 
lizard venom, the gene encodes for a single product constructed from four tandem repeats of a 
plesiotypic β-defensin domain, with the consequent emergence of a novel protein scaffold (Fry 
et al. 2010a) (see  chapter 24). Another example is the multiple proteolytically liberated sarafo-
toxin peptides encoded for by single-gene tandem repeats of a plesiotypic endothelin domain 
(Borgheresi et al. 2001; Hayashi et al. 2004) (see  chapter 22). The most extreme case of domain 
mutation is the conversion of a monofunctional plesiotypic gene encoding a single natriuretic 
peptide into a multifunctional gene encoding additional posttranslationally liberated pep-
tides that are structurally unrelated to natriuretic peptides. Such secondary peptide-encoding 
regions have independently evolved and duplicated in the natriuretic peptide genes of multiple 
reptile lineages (see  chapters  18 and 19). For example, they encode the helokinestatin pep-
tides in helodermatid and anguid lizard venoms (Fry et al. 2010a; Fry et al. 2010b; Koludarov 
et al. 2012), the antiplatelet peptides from Macrovipera lebetina venom (Barbouche et al. 1998), 
the bradykinin-potentiating peptides (BPPs) in viperid snake venoms (Soares et al. 2005), and 
the metalloprotease-inhibiting tripeptides from Echis venoms (Wagstaff et al. 2008). In all of 
these examples, the peptides are proline-rich and posttranlationally cleaved from the precur-
sor region that is anterior to the mature natriuretic peptide and is often extended by exon 
duplication. Investigation of gene intron/exon boundaries would be revealing with regard to 
the molecular diversification histories of variable domain utilizations.

1.3.4 VeNOm pROTeIN sUBUNIT UTILIZaTION

Another form of neofunctionalization is the utilization of toxins with multiple subunits, 
and there is tremendous diversity in the composition, number, and interaction of such sub-
units (see color plate 8 and table 1.6). The multidomain SVMP are unique in having multiple 
domain-chains encoded by the same gene. Multimeric toxins raise intriguing evolutionary 



Table 1.6: multimeric snake Toxin Complexes

Functional type Source No. of subunits
Type of subunits and 

uniprot accession Type of linkage Specific activity

COLUBRIDAE
Neurotoxin Boiga Homologous 

heterodimer
3FTx (α-ntx) 

A0S864, 3FTx 
(α-ntx) A0S865

Disulfide α-neurotoxic

DIPSADIDAE
Coagulopathic 

toxin
Philodryas Homologous 

heterodimer
Lectin (Q09GK0), 

lectin (Q09GJ8)
Disulfide Uncharacterized

ELAPIDAE
Cardiotoxin Ophiophagus Homodimer 3FTx (Q69CK0) Noncovalent β-blocker
Coagulopathic 

toxin
Elapidae 

plesiotypic
Homodimer Lectin (Q90WI6) Likely 

noncovalent
Hemaggluti-  

nation
Coagulopathic 

toxin
Australian 

Elapidae 
plesiotypic

Monomer 
cleaved into 
two chains

fX (Q1L658) Disulfide Prothrombin 
activation

Coagulopathic 
toxin

Hemachatus Homologous 
heterodimer

3FTx (hemextin 
sequences not 
reported)

Noncovalent fVIIa inhibition

Coagulopathic 
toxin

Naja Heterologous 
heterotrimer

SVMP (P0DJJ4), 
lectin (sequence 
not reported), 
lectin (sequence 
not reported)

Disulfide Inhibition of 
the classical 
complement 
pathway

Coagulopathic 
toxin

Pseudonaja & 
Oxyuranus

Heterologous 
heterodimer

fX (Q58L96), fV 
(Q58L91)

Noncovalent Prothrombin 
activation

Coagulopathic 
toxin

Bungarus Heterologous 
heterodimer

3FTx (P00987), 
PLA2 (P00617)

Disulfide Acetylcholine release 
blocker

Coagulopathic 
toxin

Bungarus Homodimer or 
homologous 
heterodimer

3FTx (-ntx 
P15816)

Noncovalent α3/β2, α4/β2 
antagonist

Cytotoxin Naja Homodimer and 
oligomers

3FTx (P60301) Noncovalent Pore-forming 
cytotoxin

Neurotoxin Dendroaspis Homodimer 3FTx (P17696) Noncovalent α-ntx enhancer
Neurotoxin Micrurus Heterologous 

heterodimer
Kunitz (G9I929), 

PLA2 (G9I930)
Noncovalent ASIC1/ACCN2 

agonist
Neurotoxin Naja Homodimer or 

homologous 
heterodimer

3FTx (α-ntx) 
P01391 or 3FTx 
(α-ntx P01391), 
3FTx (cytotoxin 
P60305)

Disulfide α7/β2 antagonist

Neurotoxin Ophiophagus Homodimer 3FTx (A8N286) Noncovalent α7 antagonist
Neurotoxin Oxyuranus Heterologous 

heterotrimer
3FTx (P0CJ35), 

kunitz (B7S4N9) 
PLA2 (Q7LZG2)

Noncovalent Cav1/CACNA1 
blocker and 
KCa2/KCNN 
blocker



Functional type Source No. of subunits
Type of subunits and 

uniprot accession Type of linkage Specific activity

Neurotoxin Pseudonaja Homologous 
heterohexamer

PLA2 in four 
subunits: A 
(P23026), B 
(P23027), C 
(P30811), D 
(P23028), in 
combinations of 
(2A or 2B) + 2C + 
2D or 1A + 1B + 
1C + 2D

Noncovalent 
association 
except 
the 2D, 
which are 
covalently 
linked to 
each other

Presynaptic

Neurotoxin Pseudonaja Heterologous 
heterotrimer

PLA2 α (P00614), β 
(P00615), γ  
(P00616)

Noncovalent Presynaptic

VIPERIDAE
Apoptosis Crotalus Homologous 

heterodimer
SVMP (Q90282), 

SVMP 
(A4PBQ9)

Noncovalent Apoptosis  
without triggering 
cell detachment

Coagulopathic 
toxin

plesiotypic Homologous 
heterodimer

Disintegrin 
(Q6T271, 
Q6T6T3)

Disulfide Potent inhibitor of 
the adhesion of the 
RGD-dependent 
integrin α5/β1

Coagulopathic 
toxin

plesiotypic Homologous 
heterodimer

Lectin α (P81508), 
β (P81509)

Disulfide Extremely varied

Coagulopathic 
toxin

plesiotypic) Homodimer Plesiotypic lectin 
(Q9YGP1)

Disulfide Hemaggluti-  
nation

Coagulopathic 
toxin

plesiotypic Homologous 
heterodimer

Kallikrein 
(Q9PRM8)

Unknown α and β  
fibrinolysis

Coagulopathic 
toxin

plesiotypic) Heterologous 
heterotrimer

SVMP 
(P86536),lectin 
(Q4PRD1), lectin 
(Q4PRD2)

Disulfide fX activation

Coagulopathic 
toxin

Cerastes Homodimer or 
homologous 
heterodimer

Kallikrein 
(Q7LZF4)

Unknown Platelet aggregation 
induction

Neurotoxin plesiotypic Homologous 
heterodimer

PLA2 acidic 
(P18998) and 
basic (P62023)

Noncovalent Blocks acetylcholine 
release

fX = factor X (see  chapter 13); ntx = neurotoxin; Elapidae PLA2 = Type I PLA2 (see  chapter 20); Viperidae PLA2 = Type II 
PLA2 (see  chapter 21); uniprot = www.uniprot.org; for more information: 3FTx, see  chapter 8; kallikrein, see  chapter 14; 
kunitz, see  chapter 15; lectin, see  chapter 17; SVMP/disintegrin, see  chapter 23.

Table 1.6 (Continued)
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questions regarding fundamental geometric combinations and neofunctionalization. For 
example, multiunit toxins may evolve at slower rates because of structural constraints, as has 
been noted for the dimeric κ-neurotoxic 3FTxs (see  chapter 8) and the dimeric presynaptic 
neurotoxic PLA2s that are responsible for the extreme neurotoxicity of certain Crotalus species 
(see  chapter 21). Such questions remain largely unexplored and thus represent an exciting, vir-
tually untapped area of research in the molecular evolution of toxins. Multimeric complexes 
may be selectively favored if they yield more efficient toxins or, alternatively, if multimerization 
improves their storage lifetime in the venom glands.

Subunits of a multimeric toxin may be homologous in that they are individual representa-
tives of the same protein family (i.e. defined by the same protein domain) and may be either 
identical or closely related isoforms. Alternatively, they may be heterologous, in that they origi-
nate from two or more toxin classes (protein families defined by different domains). In addi-
tion, subunits may associate through covalent or noncovalent binding. While such complexes 
have been isolated from various snake families, elapid snake venoms are particularly diverse 
in this regard (see table 1.6). As with other areas of venom system evolution, there are areas of 
convergence. For example, it is intriguing that the majority of heterologous complexes from 
elapid snake venoms contain a phospholipase A2 (PLA2) subunit (see  chapter 20) and have a 
neurotoxic action. In addition, kunitz-PLA2 neurotoxic complexes have evolved on three sepa-
rate occasions in elapid snake venom (β-bungarotoxin, MitTx, and taicatoxin) (see  chapter 15).

Venom complexes have been particularly impactful in the evolutionary history of snake 
venoms. For example, a toxin complex unique to Oxyuranus and Pseudonaja snake venoms 
resulted from the recruitment of factor Va into the venom, an enzyme involved in blood coag-
ulation (see  chapter 12). As another blood coagulation enzyme, factor Xa, was recruited earlier, 
at the base of the Australian elapid snake radiation (Jackson et al. 2013) (see  chapter 13), this 
allowed for the formation of a factor Xa/factor Va complex, resulting in a complex of devastat-
ing toxicity. The recruitment of factor Xa and factor Va would have greatly enhanced the feed-
ing success of these snakes, as in mammals only a small amount of these very active enzymes is 
needed to cause severe disruption of blood chemistry. However, the activity of factor Xa toxins 
is rate-limited by the requirement for cofactors, particularly the essential need to form a 1:1 
complex with factor Va. Thus, their potency and speed of action are greatly enhanced in ven-
oms that contain both factor Xa and factor Va. The factor Xa/Va toxin complex in the venom 
of the Oxyuranus/Pseudonaja clade is an example of the impact that toxin-recruitment events 
can have on an animal’s feeding ecology.

Subsequent to the recruitment of factor Va, the Oxyuranus/Pseudonaja common ances-
tor split into two forms with highly divergent feeding ecologies. The Oxyuranus species rep-
resent large snakes with long fangs and high venom yields. Unlike most Australian snakes, 
which often feed on reptiles (particularly as juveniles in the case of other large species), these 
snakes feed almost exclusively on mammalian prey throughout their lives, including large rats 
and bandicoots, dangerous prey items capable of potentially causing serious injury to preda-
tory snakes. The snakes successfully feed on such dangerous prey by minimizing contact time 
through the use of a snap-release form of striking. A limitation of this prey-capture strategy 
may be that the snakes need to be very warm in order for this physiologically costly system 
(including high-speed movement and the rapid replenishment of large quantities of venom) 
to function optimally. Consequently, their distribution is limited to the tropical north of 
Australia and New Guinea (Oxyuranus scutellatus) and the baking heat of the channel country 
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and central ranges in the Australian outback (Oxyuranus microlepidotus and O. temporalis, 
respectively).

In contrast, the Pseudonaja species have taken advantage of possessing such toxic venom 
and have greatly minimized the amount of biological energy expended in venom produc-
tion. Pseudonaja species are typically smaller snakes with very short fangs and much smaller 
venom yields, and they use body coils to hold prey items in place while envenomating them. 
Pseudonaja species are typically generalists, unlike the mammal-specialist Oxyuranus, and 
may include large numbers of reptiles in their diet, particularly as juveniles. Not only does 
their prey-handling behavior differ from Oxyuranus, but it is likely that the short, stiff fangs 
of Pseudonaja are more suitable for getting between the osteoderms of scincid lizards than 
the long, flexible fangs of Oxyuranus, which are best suited for penetrating mammalian fur. 
Pseudonaja are far more widely distributed than Oxyuranus, being found over all of continen-
tal Australia (even in the extreme south) and also in New Guinea. These snakes have taken 
advantage of their extremely toxic venom to become one of the most adaptable and successful 
genera of snakes in the entire Australo-Papuan region.

Besides providing an adaptive benefit by increasing toxic activity, multimerization of pro-
tein domains may also improve the stability of a toxin, thereby facilitating its storage. One 
example is vipoxin, a neurotoxin found in the venom of the European viper species Vipera 
ammodytes. Vipoxin is a noncovalent heterodimer composed of two type IIA PLA2 subunits. 
Subunit B potently catalyzes the cleavage of phospholipids (the standard PLA2 activity; see 
 chapters 20 and 21) and as a monomer is a strong presynaptic neurotoxin (Mancheva et al. 
1987). Instead, subunit A lost phospholipase activity and shows no toxicity. Moreover, its non-
covalent binding to subunit B causes the latter to shift from a pre- to a postsynaptic neural 
target (Tchorbanov et al. 1978) and leads to a five-fold decrease of its toxicity (Aleksiev and 
Tchorbanov 1976). Although this decrease seems counterintuitive from an adaptive evolution-
ary perspective, the heterodimer has an improved stability compared with the toxic mono-
mer:  while subunit B alone loses its catalytic activity after two weeks at 0° C, the vipoxin 
can be stored for years (Kang et  al. 2011). The two subunits are related proteins and show 
62% sequence similarity (Mancheva et al. 1987), indicating that the nonactive PLA2 subunit 
diverged from a plesiotypic PLA2 toxin after gene duplication. Together, these observations 
led to the hypothesis that the nonactive PLA2 gene was retained to preserve the activity of the 
neurotoxin during long periods of storage in the venom gland (Kang et al. 2011).

1.3.5 VeNOm pROTeIN emeRGeNT pROpeRTIes

Molecular evolutionary forces promote synergistic activity between toxins in the absence of 
complex forms. In many elapid snake venoms, presynaptic neurotoxic PLA2s block the release 
of neurotransmitters (see  chapter 20), while 3FTx derivatives simultaneously block the post-
synaptic receptors (see  chapter 8), thus preventing the docking of what little acetylcholine or 
muscarine is released, leading to a state of flaccid paralysis. Viperid snake venoms acting on 
the blood coagulation cascade may cause similar collective interactions: fibrinogen is cleaved 
by kallikrein (see  chapter 14); platelets are inhibited by disintegrins (see  chapter 23), lectins 
(see  chapter 17), and PLA2s (see  chapter 21); and clotting factors are consumed by prothrombin 
activators (see  chapter 23).
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Dendroaspis envenomations produce amongst the most complex neurological effects of 
any venomous reptile because of the plethora of apotypic toxins in the venoms. Some of the 
bioactivities may at first consideration appear to be counteractive, such as pre-synaptic toxins 
that facilitate neurotransmitter release while post-synaptic toxins block the binding of neu-
rotransmitters to their target receptors. However, the relative speed of onset must be consid-
ered. Like fish-eating cone snails, mambas prey upon species that may easily escape (e.g. birds 
and fast-moving arboreal mammals), thus the venoms have been shaped by this extreme evo-
lutionary selection pressure. In both cases the presynaptic toxins rapidly produce excitatory 
paralysis which results in a rapid incapacitation of prey because of the uncontrollable muscle 
spasms. Mamba venoms include a second step characterized by flaccid paralysis caused by the 
postsynaptic-acting toxins that potentiate the effects of neurotransmitter depletion resulting 
from the presynaptic toxins.

The Dendroaspis toxins responsible for the two-step envenomation profile in each case 
represent a remarkable case of convergence for neofunctionalized targeting of the same recep-
tor using two different peptide scaffolds as the starting substrate:  3FTx (see  chapter  8.4.2) 
and kunitz peptides (see  chapter 15.4). Presynaptic-acting 3FTx and kunitz peptides inhibit 
voltage-dependent potassium channels, resulting in the sustained neurotransmitter release 
and causing tetanic spasms. Parallel to this, other 3FTxs inhibit the ability of acetylcholin-
esterase to cleave free acetylcholine, resulting in muscle fasciculations. The slower-onset sec-
ond step includes blockage of post-synaptic receptors to produce flaccid paralysis. In addition, 
another set of convergent 3FTx and kunitz peptides block L-type calcium channels to produce 
depression of cardiac contractility. The action of postsynaptic blockage of nicotinic acetyl-
choline receptors is uniquely potentiated in Dendroaspis venoms by other 3FTxs called syn-
ergistic toxins. By themselves, these peptides are virtually nontoxic. However, when bound to 
α-neurotoxins, they greatly potentiate the α-neurotoxic effect.

1.4 ImpLICaTIONs OF The NeW 

CONsIDeRaTIONs OF WhaT 

CONsTITUTes a VeNOmOUs RepTILe

Our growing understanding of the pharmacological diversity of venoms and the morphologi-
cal diversity of venom-delivery systems (glands, dentition, muscles, and associated structures) 
present in toxicoferan reptiles constitutes an open invitation to functional morphologists, 
physiologists, and toxinologists. There is now an unprecedented opportunity to investigate the 
function of this cornucopia of secretions and delivery systems in the life history of the animals. 
Furthermore, the realization that venom systems are far more widely distributed among rep-
tiles than previously known greatly increases the research area for bioprospectors in search of 
novel and useful compounds for drug design and development and medical research. While 
the majority of these animals are of trivial “medical significance,” in that their bites are unlikely 
to be dangerous to humans, this does not mean that they are “insignificant to medicine.” It is 
precisely the single origin of these glands and their secretions that renders the evolution of 
the venom apparatus of toxicoferans such a potential treasure trove. The recent discoveries on 
the origins of reptile venom and associated structures (Vidal 2002; Fry et al. 2003a; Fry and 
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Wüster 2004; Vidal and Hedges 2004; Vidal and Hedges 2005; Fry et al. 2008; Vonk et al. 2008; 
Fry et al. 2009b; Vidal and Hedges 2009; Fry et al. 2010a; Fry et al. 2010b; Fry et al. 2013) have 
led to a paradigm shift in our understanding of the evolution of reptilian venoms.

The fact that we have a great deal left to learn about these animals is further highlighted 
by the recent discovery of new venomous snake species (see color plates 9 and 10). Part of 
these new species came forth from the discovery that the most medically important sea snake 
(Enhydrina schistosa) is not a single species but actually represents a remarkable case of con-
vergence between two distantly related sea snakes for the same specialized niche (see color 
plate 9). Some of the newly discovered species are very large in size (such as the three-meter 
giant spitting cobra Naja ashei or the two and half meter Mangshan pitiviper Protobothrops 
mangshanensis) or likely to possess extremely potent venoms (the western taipan Oxyuranus 
temporalis), and thus their discovery is much more remarkable (see color plate 10). These new 
species may not only be of medical importance because of the potential that their venoms will 
be poorly neutralized by currently available antivenoms, but they may also yield novel com-
pounds for use in drug design and development. The long history of reptile venoms in drug 
design underscores their biodiscovery value. In turn, this potential reinforces the fact that we 
must conserve all biodiversity as a valuable resource.
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SIGNS, SYMPTOMS, AND 
TREATMENT OF ENVENOMATION
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2.1 sUmmaRY

A venomous reptile bite is a potentially life-threatening condition that disproportionately 
affects people who live at a considerable distance from tertiary hospital care. It has been 
estimated that as many as 1.8 million snakebites occur annually, mainly in tropical and 
subtropical areas of sub-Saharan Africa, South and Southeast Asia, and Latin America, 
and that these bites result in approximately 94,000 deaths (Kasturiratne et al. 2008). In 
Africa, approximately 95% of snakebites and 97% of deaths caused by snakebite occur in 
rural environments (Chippaux 2008). Permanent sequelae (functional loss and amputa-
tion) are more common than mortality following snakebite. The annual incidence of limb 
amputation in Africa alone is estimated as 5,900 to 14,600, with significant economic 
consequences for rural agriculture (Warrell et al. 1976; Chippaux 2008; Kasturiratne et al. 
2008; Habib 2011).

Treatment of envenomation requires emergency intervention, specialized knowledge, 
and ready access to antivenoms, which are scarce in many parts of the world and with 
which most medical personnel are unfamiliar. This chapter is intended as an overview 
for the biologically knowledgeable reader whose occupational or recreational activities 
present some level of risk for venomous reptile bites or for hospital staff who seek general 
information in the context of situation-specific research for management of envenom-
ation. It is not intended to substitute for medical toxinology consultation, which should 
always be considered when establishing local treatment standards or during emergency 
response.
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2.2 pOIsON VeRsUs VeNOm:  

The CLINICaL peRspeCTIVe

The basic tenets of clinical toxicology include the concepts of dose and of route of exposure. 
Acknowledgment of the importance of dose is classically attributed to Philippus Aureolus 
Theophrastus Bombastus von Hohenheim, more commonly known today as Paracelsus, who 
said that “all things are poison, and nothing is without poison; only the dose permits some-
thing not to be poisonous.” In this broad sense, any chemical or mixture can function as a poi-
son, regardless of its origin in biology, geology, or a laboratory. At a very low dilution or dose, 
a substance may exert no effect at all on an exposed individual, or it may serve a nutritional 
or perhaps therapeutic purpose; but as dose increases, there eventually comes a level at which 
harmful effects are observed. At this point, we call it a “poison.” “Toxins,” including those that 
make up snake venom, are biological poisons, distinguished from the “nonpoisonous” com-
ponents of the animal by their capacity to cause harm at relatively low doses. Most venoms are 
toxic enough at undiluted concentration to cause immediate symptoms at the site of venom 
injection; many venom injections are of sufficient dose to cause injury to adjacent tissues or to 
bring about systemic consequences following absorption. Venoms may also contain enzymes 
that exert cumulative effects over time, in addition to toxins with classic dose-response effects.

Routes of exposure to poisons include oral (such as food poisoning), inhalational (such as 
carbon monoxide), ocular (such as pepper spray in the eye), parenteral injection (such as a her-
oin overdose), and cutaneous (such as a splash of acid on the skin). Venom toxins are produced 
by one creature but have specific targets in another; they are “endophysiological” (physiologi-
cally active within the producing animal) molecules that have been adapted for “exophysiolog-
ical” (physiologically active outside the producing creature, such as within another creature) 
purposes. They tend to be injected in concentrated form into the dermis, subcutaneous tissues, 
or other anatomical structures of the recipient. In recognition of this specialized mechanism 
of toxin delivery, it is common to apply the term “venomous” to animals that possess special-
ized venom-delivery mechanisms (such as a stinger or modified dentition) to distinguish them 
from “poisonous” things in general (such as “If you bit it and you got sick, it was poisonous; if it 
bit you and you got sick, it was venomous”). Rather than refer to “venom poisoning”—although 
this term is technically correct—many clinical toxinologists use the word “envenomation” (or 
“envenoming”) to describe the pathological processes that follow the injection of venom into a 
human or veterinary patient.

Knowledge of the potency, specificity, and relative abundance of individual venom compo-
nents is important to the study of ecology and evolutionary biology and to discovery of novel 
pharmaceutical products. The venom of one single snake may be separable into more than a 
dozen component toxin groups, each of which may contain many molecular variants of vary-
ing target specificity and potency. These details, however, are never fully understood during 
management of an individual envenomation. Some toxins exert different effects on reptile, 
arthropod, or small mammal prey different from those on humans, and the proportion of one 
component versus another in the combined whole venom varies by orders of magnitude. Thus, 
the greatest clinical consequences of a bite may not, in many instances, be attributable to the 
most “dangerous-sounding” toxins present. The total quantity of venom delivered in a bite 
from a snake may also vary by several orders of magnitude, meaning that a range of clinical  
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consequences from none at all (a “dry bite”) to rapid fatality may result. Along this same spec-
trum, there may be specific clinical effects (such as paralysis, thrombocytopenia, etc.) that 
manifest when particular toxins are delivered at sufficient dose for effect.

Clinical management of this heterogeneous set of potential outcomes requires that health-
care providers consider each case initially in terms of broad generalities and that ongoing 
observation of local and systemic indicators serves as a guide to specific therapeutic decisions. 
A  list of the clinical patterns of envenomation that appear to be most important to human 
health is given in table 2.1. Broad generalities underlie choices of antivenom administration 
also, including type and dose; these are given in table 2.2. Specific observations and interven-
tions vary with time following the bite and may be divided into the phases of acute envenom-
ation, distribution and clearance of venom, subacute and organ-specific disease development, 
and chronic recovery (see table 2.3).

Table 2.1: patterns of primary Toxicity or secondary Injury  
following Reptile envenomation

Toxicity or injury Caused by Diagnosis Management

Interstitial matrix 
injury

Hyaluronidase (see 
 chapter 24.11), 
metalloproteinases 
(see  chapter 23)

Physical examination Analgesics, position, 
antivenom

Local cytotoxicity Cytotoxic 3FTx 
(see  chapter 8), 
“digestive” 
phospholipases 
(see  chapters 20 
and 21), 
inappropriate 
early wound 
management

Physical examination Analgesics, position, 
antivenom, physical 
or occupational 
therapy, wound 
management, 
later excision or 
amputation of 
necrotic parts

Compartment 
syndrome

Inflammation and 
hemorrhage within 
an anatomic 
compartment

Intracompartmental 
pressure 
monitoring (true 
compartment 
syndrome is very 
rare; physical exam 
may be misleading)

Antivenom, position, 
expert consultation 
with medical 
toxicologist 
and surgeon, 
rarely surgical 
decompression

Acute respiratory 
distress, wheezing 
(see also paralysis, 
below)

Allergy to snake, 
allergy to 
antivenom

Physical examination, 
blood gas 
measurements

Antihistamines, 
epinephrine, oxygen, 
ventilatory support 
as needed

Pain and early-phase 
vasodilatation with 
hypotension

Kallikrein (see 
 chapter 14), 
bradykinins (see 
 chapter 19)

Physical examination Intravenous volume 
support, analgesics

Acute inflammatory 
response

Nonspecific 
acute-phase 
reaction

White blood count, 
platelet count

General supportive 
care



Toxicity or injury Caused by Diagnosis Management

Paralysis, with 
enzymatic nerve 
damage

Presynaptic (β) 
neurotoxins (e.g., 
crotoxin, neurotoxic 
PLA2) (see 
 chapters 20 and 21)

Physical examination, 
spirometry, blood 
gas measurement

Prevention with 
early antivenom, 
ventilatory support 
as needed

Paralysis, reversible Postsynaptic (α) 
neurotoxins (see 
 chapter 8)

Physical examination, 
spirometry, blood 
gas measurement

Prevention and 
treatment with 
antivenom, 
temporary early relief 
with a cholinesterase 
inhibitor such as 
physostigmine, 
ventilatory support as 
needed

Striated muscle 
damage, 
rhabdomyolysis

β-defensin peptides 
(see  chapter 9), 
myotoxic PLA2 
(see  chapters 20 
and 21), rarely 
elevated muscle 
compartment 
pressure

Physical examination, 
CPK, urinalysis

Fluid and electrolyte 
management to 
prevent secondary 
renal injury, 
antivenom, 
analgesics

Thrombocytopenia 
or platelet 
dysfunction, 
spontaneous 
bleeding of 
mucosae, petechiae

RGD and non-RGD 
disintegrins, 
metalloproteinases 
(see  chapter 23)

Physical examination, 
platelet count, 
platelet function 
studies, 
whole-blood 
clotting time

Antivenom, 
minimizing use of 
platelet inhibitors 
for analgesia

Hypofibrinogenemia, 
prolonged bleeding 
from injury

Kallikrein (see 
 chapter 14)

Fibrinogen level, PT, 
aPTT, whole-blood 
clotting time, 
fibrin-degradation 
products, d-dimer

Antivenom, avoidance 
of injury and elective 
surgery

Complex 
coagulopathy, 
hemorrhage either 
in the bitten part 
or anatomically 
distant

Thrombocytopenia 
plus 
hypofibrinogenemia 
plus minor clotting 
factor inhibitors (see 
 chapters 14 and 23)

Same as for 
thrombocytopenia 
and 
hypofibrinogenemia

Antivenom (blood 
products should 
be used only in 
very severe cases 
involving inadequate 
oxygen delivery 
or hemodynamic 
compromise; donor 
blood carries a risk 
of sensitization 
and of infectious 
disease, and it 
does not correct 
the underlying 
pathophysiology)

Table 2.1 (Continued)

(Continued)
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2.3 INITIaL eNVeNOmaTION

Reptile venom toxins suspected to be involved in local injury include hyaluronidase (see 
 chapter  24.11) and metalloproteases (see  chapter  23). In addition, many other venom tox-
ins have biochemical activities that have demonstrable interaction with tissue targets. (See 
table 2.1 in this chapter and, for more information regarding specific toxins, relevant chapters 
elsewhere in this book.) In clinical practice, the particular mixture of toxins injected is seldom 
known, and it is likely that multiple mechanisms are involved simultaneously.

The outer layer of human skin, the epidermis, is an effective barrier against most envi-
ronmental poisons. It is waterproof, flexible, and tough enough to withstand most incidental 
exposures, including a splash of snake venom, long enough to wash the chemical off before 
harm is done. But snake fangs are highly specialized devices, and venom delivered by snakebite 
readily bypasses the epidermis. The separation of tissues, vasculature, and nerves within der-
mis and subcutaneous structures and within muscle results in faster spread of toxins laterally 
than across tissue boundaries. Depending on the angle and depth of fang penetration, signs of 
envenomation and speed of systemic uptake may therefore vary. A shallow puncture, such as 
that delivered by a Gila monster or a snake with short fangs (or a shallow bite generally), may 
result in venom delivery directly into the dermis, which is a living layer of skin richly supplied 
by small blood and lymphatic vessels and containing sweat glands, hair follicles, and nerve 
endings. Most people are familiar with intradermal injections, from experience with “skin 
tests” (such as for tuberculosis). Initially, fang marks may be the only visible evidence of injury 
(see color plates 11A–C).

Minutes to hours after the event, as excess fluid is trapped in the dermis, the skin may 
stretch tight, or a blister may form (see color plate 11D). When blood leaks out of dermal ves-
sels, the red color is visible because of its proximity to the surface. When dermal tissue dies, it 

Toxicity or injury Caused by Diagnosis Management

Shock Secondary effect of 
vasodilatation 
and/or volume loss 
from tissue injury 
or bleeding

Physical examination Fluid support, 
occasionally 
pressors, antivenom 
if primary causes are 
ongoing

Renal, cardiac, and/
or central nervous 
system ischemic 
injury

Secondary effect 
of shock, 
rhabdomyolysis, 
and/or hypoxemia

Organ-specific 
markers, imaging, 
EKG

Organ-specific 
supportive care, 
supportive 
management of 
proximate cause, 
antivenom if 
primary causes are 
ongoing

Wound infection Opportunistic flora, 
poor wound 
management

Physical examination, 
culture, and 
sensitivities

Careful wound 
hygiene, 
broad-spectrum 
antibiotics

Table 2.1 (Continued)



Table 2.2: antivenom Characteristics of Importance in Clinical Use

Characteristic Evaluation concept Interpretation and limitations

Specificity and 
potency

Immunizing snake 
species

Qualitative predictor that the product will 
probably neutralize venom of the same and 
closely related species. In theory, a single-species 
(monospecific) product will have greater potency 
against that target, but this is not always the 
case (Chippaux, Williams, and White 1991; de 
Roodt et al. 2011). True single-target antivenom 
(monovalent, monoclonal) is not currently in 
commercial use.

Potency bioassay with 
target snake venom 
(such as ED50 in 
mice)

Quantitative confirmation that the product, 
as manufactured, neutralizes a particular 
amount of venom of selected snake species 
(may be same as or different from immunizing 
species). Minimum potency standards are 
defined differently around the world and must 
be interpreted in the context of the amount of 
venom expected in a bite by the target species. 
The animal model used may be important 
for venoms that have disproportionate 
effects relative to those in humans, such as 
α-neurotoxins that bind cholinergic receptors 
in animal models but not in humans (Hart et al. 
2013) (see  chapter 8).

Antivenomic 
cross-neutralization 
studies

Particularly useful for identifying gaps in 
neutralizing coverage of selected toxins; 
neutralization in this in vitro assay does 
not necessarily correlate with functional 
neutralization in vivo.

Specific functional 
assays (such as 
hemorrhagic assay)

May correlate with neutralization of particular 
toxic effects of venom; interpretation depends on 
method and validation of the particular model.

Affinity purification May enrich the potency of a serum product against 
target venom; may also cause loss of antibodies 
with highest affinities. By itself not an indicator 
of final product potency or specificity.

Clinical trials, efficacy If adequately powered and well controlled, the 
“gold standard.” Historically, most antivenom 
clinical trials have not met this standard 
(Chippaux, Stock, and Massougbodji 2010).

Purity and 
antigenicity

Plasma source (such as 
horse, goat, sheep)

For patients who are allergic to one animal, an 
alternative (if available) may be preferable.

Immunoglobulin 
derivative: Fab, 
F(ab’)2, whole IgG

Whole IgG includes the Fc portion of the molecule, 
which is involved in pathophysiology of serum 
sickness. If well purified, Fab and F(ab’)2 
antivenoms minimize this risk.

(Continued)



Characteristic Evaluation concept Interpretation and limitations

Total protein and 
albumin content

For a given neutralizing potency, the lower the 
total protein and albumin, the better. These are 
lower in products with (a) higher titers against 
venom in the original hyperimmune plasma and 
(b) cleaner separation of immunoglobulin from 
the rest of the plasma during manufacturing.

Pyrogen and microbial 
assays

These are not always stated on package 
information, but regulatory authorities 
commonly require them as part of Good 
Manufacturing Practices (GMPs). Presence 
of pyrogens, an indication of microbial 
contaminants at some stage of manufacturing, 
may be the cause for rejection of a product batch.

Clinical trials, safety Most clinical trials report the rate of acute adverse 
reactions occurring at the time of antivenom 
infusion. Very few report on serum reactions after 
hospital discharge. Pharmacovigilance data (such 
as MedWatch in the USA) may add information 
after a product is approved for marketing.

Kinetic profile Immunoglobulin 
derivative: Fab, 
F(ab’)2, whole IgG

The small Fab molecule is cleared faster than 
F(ab’)2, which is cleared faster than whole IgG. 
If antivenom clearance is faster than venom 
clearance, repeated dosing may be required in 
order to prevent recurrent venom toxicity.

Clinical trials, 
pharmacokinetics

Very few antivenom products have been 
subjected to kinetic studies. In the absence of 
product-specific data, it is reasonable to consider 
comparators of the same molecular type, such as 
Fab, F(ab’)2, whole IgG).

Stability Liquid or lyophilized 
product

Typically, liquid products require storage at low 
temperature, and “cold chain” problems are an 
issue particularly in tropical climates. Shelf life 
is longer for lyophilized products. Also, liquid 
products require greater amounts of preservatives 
(such as thiomersal, phenol derivatives).

Preservatives Preservative chemicals are used to prevent 
microbial and chemical degradation of the 
product, but when large doses, particularly of 
liquid products, are administered, the toxicity of 
the preservative itself may be of concern.

Storage conditions Prolonged exposure to heat and humidity or 
intermittent freeze/thaw cycling shortens the 
effective life of the product.

Quality of seal and 
cake, residual 
humidity, excipients

These are signs of quality of freeze-drying that are 
not always described in product information. 
A well-lyophilized product in a well-sealed 
container lasts longer and reconstitutes faster.

Table 2.2 (Continued)



Characteristic Evaluation concept Interpretation and limitations

Manufacturer’s stated 
expiration date

Potency of antivenom decreases over time. For 
those manufacturers adhering to GMPs and 
subject to regulation by strict government 
standards, the expiration date reflects the period 
of time during which data exist showing that the 
minimum potency is retained. Expiration dates 
are sometimes extended if later testing shows 
that the product continues to retain its potency.

Reliability Good Manufacturing 
Practices (GMPs)

GMP standards are variably enforced, depending 
on the regulatory body overseeing the affected 
factory. Under strictest standards, these involve 
audit and inspection of manufacturing methods 
and quality-control measures that ensure the 
batch-to-batch quality and consistency of 
antivenom.

Regulatory approval 
status

The meaning of “approval” varies depending 
on the country issuing it. Most countries lack 
the infrastructure to assess and enforce GMP 
standards and clinical trial quality. The United 
States has a two-tiered process consisting of a 
strictly regulated investigational phase that must 
be completed before licensure for marketing 
is granted. Many developing countries allow 
antivenom sales with little or no proof of safety 
and efficacy.

Expert endorsement Particularly in settings where regulatory 
infrastructure is lacking, scientific and medical 
consultative expertise is crucial for selection 
of appropriate products, and supplemental 
local research may be useful. Recognized 
experts may be identified through professional 
toxinology organizations or via academic centers 
with established research in envenomation 
management. Resolution of conflicts of interest, 
review by properly constituted local ethics 
committees, and documentation of GMP 
compliance are essential considerations during 
this process.

Source of purchased 
product

Depending on whether a product is purchased 
directly from the manufacturer, through a 
licensed wholesaler, via the Internet, or on the 
black market, what is actually in the vial does 
not always reflect what the label says. The high 
price of many antivenoms attracts many frauds. 
Caveat emptor.

Table 2.2 (Continued)



Table 2.3: Observations and Interventions in Snakebite Management

Phase Process Intervention

Prevention 
and 
preparation

Local and global 
epidemiology

The distribution and accessibility of emergency medical 
facilities and of region-specific antivenoms should be 
anticipated by appropriate epidemiological studies 
(Chippaux 2008). Logistical and economical optimization 
of antivenom distribution may require collaboration 
among government, manufacturing, and distribution 
networks.

Antivenom 
preparation

Where economically feasible, antivenoms specifically 
targeted to local needs should be locally tested for safety 
and efficacy. Where this is not practical, local health 
authorities should seek expert consultation before purchase 
or collaborative development of appropriate antivenom 
products.

Minimizing risk 
of snakebite

Expertise in public health and herpetology should be applied 
to public education and to training of captive collections 
managers, with a view toward minimization of risk for 
humans in potential contact with snakes. Region-specific 
approaches must take into consideration the variety of 
endemic snake species along with local occupational risks 
and cultural practices.

Emergency 
preparedness

Hospitals and emergency personnel should be aware of local 
herpetofauna and should ensure that pharmacies are 
stocked with appropriate antivenoms. Keepers of exotic 
reptiles should establish affiliations with local medical 
experts and together should ensure local stocking of exotic 
antivenoms as needed. First aid, communication, and 
transport guidelines should be established and understood. 
Ethics committee approval and regulatory documentation 
should be in place in advance for use of experimental 
therapy.

Acute (first 24 
hours after 
a bite)

First aid In regions (or captive collections) where pressure 
immobilization is indicated to slow uptake of neurotoxins/
hemotoxins, appropriate measures should be employed. In 
other cases, most first aid interventions should be avoided, 
in favor of speedy transport to the site of definitive 
care. Cryotherapy, electric shock, incision, suction, and 
tourniquet use are contraindicated. Above all, do no harm.

Communication Telephone notification in advance of the patient’s arrival 
at the hospital may enable faster administration of 
antivenom. Contact with poison control centers facilitates 
the mobilization of medical toxicology expertise and/or 
the search for antivenom if local supplies are not available. 
The physician responsible for experimental antivenom 
use should be located as quickly as possible. Photos of the 
snake may be sent to poison centers or to herpetologists for 
identification; the animal itself should be either left alone 
or removed by experts, depending on circumstances.



Phase Process Intervention

Transport Emergency medical transport via ambulance or air should 
be considered, whenever it is available and expedient, 
to the nearest facility able to administer antivenom. 
Intravenous access should be initiated before or during 
transport, using either normal saline or lactated Ringer’s 
solution. In regions where α-neurotoxins are endemic, use 
of cholinesterase inhibitors such as physostigmine may 
postpone paralysis. If emergency transport is not available, 
private transport should commence without delay, with a 
driver other than the bitten individual. Time is tissue.

Medical 
assessment

The major purposes of initial medical assessment are 
to stabilize vital functions and to determine need 
for antivenom. Initial management of any shock and 
ventilatory impairment should be immediately followed 
by careful assessment of the local injury with attention to 
the margins and any lymphangitic streaking or tenderness. 
In regions where rapid antigen testing is important for 
antivenom selection, this should be done immediately. 
In unknown cases or those where coagulopathy is a 
concern, blood should be tested immediately for indicators 
of platelet and fibrinogen adequacy. Indicators of early 
neurotoxicity (such as ptosis, fasciculations) should be 
noted. Any history of atopy or allergy to antivenom 
components should be noted.

General 
treatment

General supportive care in the acute phase of envenomation 
includes tetanus prophylaxis, fluid support, analgesia as 
needed (such as with opiates), and positioning of the limb 
to minimize restriction of fluid movement. Preventive 
measures against the possibility of early adverse events to 
antivenom may be taken in cases of atopy, allergy, or high-
risk product formulation.

Antivenom Antivenom should be administered as quickly as possible, 
repeatedly if necessary, in cases where it is desirable (1) to 
halt progressive local spread of injury during the first 
24 hours after a bite, (2) to reverse medically significant 
coagulopathy or other systemic effects, or (3) to prevent 
prolonged paralysis after a bite by a snake with venom 
expected to contain neurotoxins. Physicians who are 
unfamiliar with or inexperienced in the treatment of 
snakebite should consult medical toxicology specialists, 
by phone if necessary, before using antivenom, to ensure 
selection of the proper product and for assistance with 
prevention or management of acute reactions. Whenever 
feasible, antivenom should be administered intravenously, 
diluted and at a rate commensurate with product-specific 
guidelines determined from clinical trials.

Table 2.3 (Continued)

(Continued)



Phase Process Intervention

Subacute (two 
days to 
three weeks 
after a bite)

Assessment Assessment 24 hours after snakebite is primarily for 
minimization of secondary injury, although ongoing direct 
venom effects sometimes require additional attention, 
particularly in severe cases with coagulopathy. Repeated 
assessments of coagulation and hemoglobin/hematocrit 
are useful during this phase. Observation of renal, cardiac, 
neurological, and gastrointestinal indicators may reveal 
sequelae of shock or of hemorrhage. Paralysis from either 
α- or β-neurotoxins may take days to weeks to resolve. 
Ongoing evolution of the local tissue injury may take 
the form of redistribution of edema and subcutaneous 
hemorrhage, often in a lymphatic pattern; this does not 
imply ongoing venom effect so much as the secondary 
effects of already-injured matrix and vasculature.

General 
treatment

Supportive care during the subacute phase may involve 
ongoing management of fluids and electrolytes along with 
maintenance of ventilatory effort. In cases where local 
injury has involved cytotoxic effects in the region of a joint, 
physical and occupational therapy should be initiated for 
edema reduction and active and passive range-of-motion 
exercises. Openly necrotizing lesions should be observed 
closely and gently managed with the minimum necessary 
debridement, to allow for local healing so as to minimize 
any eventual surgical loss.

Antivenom Short-half-life products (Fab in particular) require repeated 
dosing in order to maintain neutralization of toxins during 
the absorption and distribution phases of envenomation. 
Supplemental dosing of F(ab’)2 and whole-IgG antivenoms 
is sometimes indicated, where systemic effects such as 
coagulopathy are of ongoing medical concern. In cases where 
patients present more than 24 hours after a bite for treatment 
and have previously received no antivenom, there is little 
evidence to support the use of antivenom for local injury, 
but medically significant coagulopathy or neurological 
manifestations may warrant a trial of antivenom regardless.

Chronic 
(one to 
12 months 
after a bite)

Assessment for 
disability

It is common that envenomed patients do not seek medical 
follow-up after the subacute phase has resolved. Ongoing 
medical problems may be present, however, including late-
phase resolution of local tissue injury requiring surgical 
intervention, loss of function from contractures affecting 
movement of fingers or limbs, or chronic intermittent 
edema, particularly in lower-extremity bites.

Physical and 
occupational 
therapy

Physical therapy may be necessary for restoration of power 
and range of motion at the ankle or knee. Occupational 
therapy may help with recovery of hand and digit function. 
A compression stocking may help with dependent edema 
during daytime activities, when elevation is impractical.

Table 2.3 (Continued)
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can slough off as visible necrosis (see color plates 11F–H). Blisters form when the integrity of 
the dermis is damaged by venom just below the skin’s surface (see color plates 11D and 12C). 
Clear or serous blisters contain lymph; darker, serosanguinous ones are made up of lymph into 
which blood has been mixed following damage to adjacent vessels. Hemorrhagic bullae do 
not necessarily mean that underlying tissue is necrotic, as hemorrhage is commonly present 
in coagulopathic snakebite regardless of tissue damage. Occasionally, bullae on fingers may 
spread circumferentially, and a tourniquet-like effect may be observed on distal structures. 
Ischemia of the fingertip is an indication for decompression of the responsible bulla. SVMPs 
are responsible for many of these effects, and the concentration of such toxins is high in the 
venoms of most vipers, particularly pit vipers, and of Atractaspis species (see  chapter 23).

Toxins deposited into the dermis may bind to tissue and remain near the site of injection, 
may spread among the cells locally, or may be taken into circulation via blood or lymphatic 
vessels, depending on the quantity injected, chemical characteristics of the particular venom, 
and how much damage has been rendered to the local vasculature. These phenomena spread 
laterally within the dermis, and related processes may extend into the deeper, subcutaneous 
tissues, resulting in a combination of erythema and edema following the combined distal and 
proximal spread (see color plate 11D 11I, and 11J). Deeper muscle tissues are commonly spared 
from the effects of intradermal or subcutaneous venom injection. An occasional result is that 
venoms containing myotoxins of significant in vitro or small animal in vivo potency may fail 
to provoke muscle injury in large human victims.

The layer beneath the epidermis and the dermis is subcutaneous (or subdermal) tissue. 
Depending on anatomic placement, this layer may be thin or thick and may contain abundant 
fat in addition to intracellular matrix, blood and lymphatic vessels, and nerves (see figure 2.1). 
The margin between dermis and subcutaneous tissue may be indistinct, with various struc-
tures such as hair follicles, vessels, and nerves spanning the boundary. In most snakebites, 
fangs penetrate into the subcutaneous tissues, releasing venom predominantly into fat and the 
local tissue matrix. Occasionally, a vessel or nerve may be mechanically damaged by the action 
of a fang. Similarly to intradermal injection, subcutaneous injection may result in local injury 
or uptake into blood and lymph. Hemorrhage into subcutaneous tissue is perceived by the eye 
as a “bruise,” often darker in color than dermal bleeding, and edema in this layer may cause 
massive swelling but at relatively low pressure, because there are few boundaries within this 
layer to stop the accumulation of fluid (see color plates 11E, 11I, and 11J). Color changes over 
time reflect the breakdown and clearance of hemoglobin in a process similar to that of a simple 

Phase Process Intervention

Wound 
management

Chronic open wounds near the bite site are a significant 
concern, particularly where snakebite folk remedies may 
encourage infection or otherwise complicate primary 
wound healing. In such cases, careful patient education 
and follow-up with a skilled wound team familiar with 
tropical parasitology or with diabetes care may reduce the 
severity of late tissue and limb loss.

Table 2.3 (Continued)
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bruise (see color plates 11E, 11I, and 11J); this appearance is commonly mistaken for necrosis, 
because the dark color appears to increase as overlying edema improves in the days follow-
ing envenomation (see color plates 11E, 11I, and 11J). SVMPs (see  chapter 23) are responsible 
for many of these effects, and the concentration of such toxins is high in the venoms of most 
vipers, particularly pit vipers, and of Atractaspis species. Local effects in subcutaneous tissue 
tend to spread laterally rather than to underlying muscle and bone, because tissue planes and 
vascular anatomy favor movement within the tissue matrix rather than across tissue boundar-
ies. The spread of edema and hemorrhage within the subcutaneous tissues is subject to external 
physical forces, including gravity, constrictive clothing or jewelry, and compression bandages. 
True necrosis may occur following a pattern of prominent limb edema with a discolored cen-
tral zone that continues to necrose, as evidenced by surface blistering and spontaneous slough-
ing of tissue (see color plates 11F–H). Cytotoxic 3FTxs are responsible for these effects in bites 
from certain African cobras, such as Naja nigricollis (see  chapter 8.4.3).

Rarely, when circumstances of fang and human anatomy coincide to allow it, a fang may 
penetrate past the subcutaneous tissues and into a muscle, joint, or other specialized structure 
(see  figure 2.1). In such cases, the effects of venom are specific to the particular surroundings, 
and edema and hemorrhage have site-specific consequences. A tough fascial capsule surrounds 
many muscles (the most familiar example of such fascia may be found in the kitchen, as the sur-
face layer on a chicken breast). This fascial capsule tends to contain the movement of toxins and 
of fluid, such that edema within a muscle compartment does not produce high-volume swelling 
the way subcutaneous edema does. Because expansion is limited, pressure in an injured muscle 
compartment may, rarely, rise to dangerous levels, compressing associated blood vessels and 
nerves, with consequent injury from loss of blood and restriction of oxygen flow. Hemorrhage 
and edema within a deep muscle compartment are generally not visible on superficial examina-
tion, but signs of injury may be recognized as anatomically specific tenderness and loss of motor  
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FIGURE 2.1: Fang penetration into different skin and soft tissues. e = epidermis, D = dermis, 
s = subcutaneous tissue, m = muscle. (Illustration: Genevie Jackson.)
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nerve function. Compartmental pressure measurement is essential if compartment syndrome 
is suspected following snakebite, because tenderness and decreased motor activity are more 
commonly caused by subcutaneous envenomation, and these may closely mimic compartment 
syndrome on simple physical examination. Fasciotomies should only be undertaken after diag-
nosis through the measurement of intracompartmental pressure. Massive subdermal external 
swelling is unrelated to compartment pressure and thus is a poor indicator for surgery.

Venom in the eye is a special case that has been described from surface exposure to aero-
solized venom. In this situation, the portion of the eye’s anatomy that is most immediately 
and profoundly affected is the conjunctival surface, both the blepharal (lining of the lid) 
and orbital (coating of the globe itself) regions. Conjunctival edema may be accompanied by 
intense vasodilatation and is apparent from an anatomic pattern that spares the central zone 
of the cornea itself. Corneal injury is less likely but of potentially major concern, because pro-
teolytic toxins have the potential to cause both toxic and inflammatory injury to the cornea, 
with subsequent (potentially permanent) impairment of vision. Immediate treatment of ocular 
exposure to venom consists of flooding the eye with running water for 15 minutes, followed by 
ophthalmologic examination for corneal ulceration or inflammation. While some specialized 
snakes are notorious for their “spitting” behavior (although “squirting” is a better description), 
the venom of any snake may affect the tissues of the eye if it somehow comes in contact with 
them (see color plates 12A, 12B, 13). The venoms of the African spitting cobras are particularly 
rich in cytotoxic 3FTxs (see  chapter 8.4.3), which are responsible for the clinical effects result-
ing from this defensive use of venom.

2.4 UpTaKe aND DIsTRIBUTION OF  

VeNOm FOLLOWING eNVeNOmaTION

Injected venom disperses away from the injection site by a variety of mechanisms that are a 
function of venom biochemistry and site anatomy, and also of deliberate or inadvertent sec-
ondary processes such as limb position, muscle activity, and first aid activities. Snake venom 
becomes detectable in blood and in lymph within minutes of experimental injections, and the 
spread of obvious injury (edema, erythema, hemorrhage, tenderness) typically occurs in bitten 
patients at a pace much more rapid than is seen with inflammation from infection or simple 
injection trauma.

In dermal and subcutaneous tissue, the interstitial space through which venom spreads 
consists basically of two phases: the extracellular matrix, which is a macromolecular scaffold 
made up of collagen, elastin, proteoglycan, and glycoproteins; and lymph, which is the fluid 
that circulates among the tissue structures and exits via the lymphatic vasculature. The initial 
lymphatic vasculature is essentially open to the interstitial space and is made up of endothelial 
cells with central anchoring filaments attached to the surrounding matrix. The unattached 
edges of these cells separate when the matrix moves or expands, and they seal together when 
tissue is compressed, effectively closing off a lumen and pumping its contents forward into 
larger and more proximal lymphatic vessels. Initial lymphatic vessels merge into collecting 
ducts, which combine into larger ducts responsible for drainage of the entire anatomic region. 
Ultimately, the merged lymphatic flow empties into the central blood circulation, mostly at the 
thoracic duct. Now part of the blood plasma, substances that formerly constituted lymph are 
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carried via the blood vascular system for metabolism or clearance in kidneys, liver, and the 
reticuloendothelial system, in addition to which, they circulate to organs such as the heart, 
brain, and lungs. Lymphatic vasculature is responsible for the clearance of waste and foreign 
material of any molecular size, in addition to particulates, bacteria, and immune cells. This 
is because the open initial lymphatic vessels, particularly under circumstances of edema, 
allow entry of anything suspended or dissolved in lymph (Skobe and Detmar 2000; Paniagua 
et al. 2012).

Hyaluronidase, present in the secretory arsenal of the ancestral toxicoferan reptile (see 
 chapter 24.11 and color plate 3), has direct effects on the interstitial scaffold, and the loss of 
matrix integrity it causes enables influx of fluid leaked from local cells or vessels. Serous or 
hemorrhagic fluid may accumulate rapidly as toxin-laden lymph diffuses into adjacent tissue, 
and in the early phases of envenomation, a palpable leading edge of local edema is sometimes 
recognized. A clinically useful marker of local injury is measurement, over time, of the proxi-
mal movement of this leading edge, which presumably represents the simultaneous migration 
of multiple toxins and may in theory be interrupted by timely administration of antivenom. 
Estimation of the volume of edema by serial measurement of limb circumferences is another 
common approach to lesion assessment. However, this is of less value in guiding therapy, 
because ongoing hemorrhage and fluid loss into tissues, once vascular injury has taken place, 
are not directly reversible by neutralization of toxins.

Microcirculatory uptake-control measures may be either useful or harmful in the first 
hours of snakebite management. In Australia, guidelines for first aid following elapid snake 
bites that are neurotoxic as a result of venoms rich in 3FTxs (see  chapter 8) and presynap-
tically active group I  phospholipase A2 enzymes (SV-GI-PLA2s) (see  chapter  20) are based 
on the work of Struan Sutherland, who demonstrated that systemic neurotoxicity could be 
delayed in primates by measures to minimize lymphatic uptake of toxins. Delayed neuro-
toxicity, in turn, should minimize the risk of ventilatory failure while en route to medical 
care. With this in mind, early compression bandaging is commonly advocated, in order to 
retard lymphatic uptake of elapid snake neurotoxins that might lead to ventilatory arrest 
prior to arrival at a hospital (see figure 2.2), although the effectiveness of these guidelines 
under real-life circumstances is not clear (Norris et  al. 2005; Currie, Canale, and Isbister 
2008; Canale, Isbister, and Currie 2009). On the other hand, management of pit viper 
bite in North America normally does not involve early compression, because clearance of 
tissue-injurious toxins, particularly SVMPs (see  chapter 23), is considered desirable, while the 
risk of acute ventilatory paralysis is negligible in most cases. A joint statement issued by the  
American College of Medical Toxicology, the American Academy of Clinical Toxicology, 
the American Association of Poison Control Centers, the European Association of Poison 
Control Centres, the International Society on Toxinology, and the Asia Pacific Association of 
Medical Toxicology in 2011 (ACMT-AACT-AAPCC-EAPCC-IST-APAMT 2011) read: “Given 
that the primary toxic effect of envenomation is local tissue injury, mortality is not an ideal 
outcome measure to extrapolate to human crotaline envenomation. Available evidence fails 
to establish the efficacy of pressure immobilization in humans, but does indicate the pos-
sibility of serious adverse events arising from its use. The use of pressure immobilization 
for the prehospital treatment of North American Crotalinae envenomation is not recom-
mended.” The position statement leaves out North American elapid snakes (coral snakes, 
Micrurus/Micruroides), because, similar to that of most elapid snakes, coral snake venom is 
predominantly neurotoxic (German et al. 2005).
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For elapid snakes from regions other than Australasia and North America and all viper 
species, the use of measures to reduce local venom uptake is not uniformly agreed upon, and 
first aid measures actually taken vary widely. In Africa, where bites by most vipers (particu-
larly SVMP-rich [see  chapter 23] large species of Bitis such as B. arietans) and certain elapid 
snakes (especially African spitting cobras such as Naja nigricollis with venoms rich in cytotoxic 
3FTxs [see  chapter 8.4.3]) are associated with tissue injury (Warrell et al. 1976), tourniquet 
use frequently complicates wound progression, probably by causing tissue hypoxemia while 
delaying clearance of venom from the affected area. Many snakebite images that show dis-
figuring necrosis represent the results of a combination of envenomation and tourniquet use, 
and it is not possible to distinguish the contribution to injury from venom from that caused 
by the treatment (see color plate 14). In general, compression should probably be avoided with 
such envenomations, using the same reasoning as applied in the North American consensus 

FIGURE 2.2: pressure-immobilization bandaging of (a–D) an arm or (e) a leg. (Illustration: Genevie 
Jackson.)
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statement. Tourniquets are not to be used for any envenomation, including those of neurotoxic 
elapid snakes, for which the pressure-immobilization method is indicated.

On the other hand, lab and field studies in Burma have shown that potently coagulo-
pathic venom effects resulting from bites by Daboia siamensis may be retarded through the 
use of pressure pads and that localized necrosis was not significantly different from that in 
bites when such first aid measures were not employed (Tun-Pe et al. 1987; Tun-Pe et al. 1995). 
Thus, pressure-immobilization first aid may help delay severe systemic disruption of the blood 
coagulation cascade caused by venoms rich in coagulopathic toxins (see  chapter 23), as is the 
case for the coagulopathy caused by the venoms of some Australian elapid snakes because of 
the presence of high concentrations of accelerated mutant forms of factor Va and factor Xa (see 
 chapters 12 and 13).

Pressure-immobilization should be considered for envenomation by any lethally potent 
coagulopathic or neurotoxic species. However, pending further research, it should not be uti-
lized for species known to cause serious local tissue injury. Practitioners should develop and 
teach methods consistent with the local herpetofauna of any given region, taking into consider-
ation local cultural practices and likely transport times to medical care. Those occupationally 
at risk should consider the individual reptile types in their collections using expert consulta-
tion if necessary, and first aid protocols and specific notes on cage cards should reflect the 
expected characteristics of the envenomation by the animals contained within (see  chapter 5).

Following initial management, it is common to take advantage of gravity (limb elevation) 
and motor activity (active and passive range of motion) to enhance edema clearance. Neither 
cold temperature nor antihistamine administration, both of which are advocated for other 
causes of limb edema, is appropriate in snake venom injury; cryotherapy (packing the limb in 
ice) may contribute to tissue damage by reducing blood supply to envenomated tissues, and it 
increases the risk of necrosis and eventual amputation (see  chapter 4). Antihistamine admin-
istration does not address the underlying toxic etiology and only has benefit in cases of venom 
allergy.

During the first hours of envenomation, it is common to observe lymphangitic streaking 
in the superficial tissues of the arm or leg, proximal to the bite site. These red streaks represent 
injured lymphatic ducts, which become inflamed in the process of carrying venom and prod-
ucts of tissue injury and inflammation. Such materials may leak secondarily out of the injured 
lymphatic vessel or node, causing an accumulation of fluid and hemorrhagic material in the 
adjacent tissues. Lymphatic drainage removes venom and products of tissue degradation via 
ducts that pass through the medial side of the upper arm or thigh, on their way to the axillary 
or inguinal lymph nodes. Injury to these ducts and nodes may cause tenderness as early as 
30 minutes after the bite. Secondary accumulation of hemorrhagic or inflammatory material 
becomes apparent hours later and is probably related to injury and leakage from the lymphatic 
structures themselves. It is not clear in such cases how much this secondary lesion represents 
the effect of active venom and how much it is simply a consequence of dumping previously 
damaged material into a new region of subcutaneous tissue. Lymphatic damage from active 
venom effect may explain “skip lesions” sometimes described in necrotizing envenomations, 
where tissue loss occurs in a patch proximal to the original point of venom entry (see color 
plate 14D).

Simultaneous with the uptake of injected venom and products of tissue injury into lym-
phatic vessels, some venom toxins may be taken up into regional blood capillaries. Blood circu-
lation, unlike lymph, is a closed system, with high-pressure arterial flow distributed into smaller 
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arterioles, thence via capillaries into venules and veins. The blood circulation contains formed 
elements (red blood cells that carry oxygen, white blood cells that participate in the immune 
response, and platelets that participate in hemostasis) along with high-molecular-weight 
substances (proteins, mostly albumin), all of which tend to stay within the vascular lumen. 
Smaller molecules, including oxygen, peptides, glucose, and salts, cross the blood vascular 
endothelium readily, however, and smaller venom toxins similarly may enter the blood circula-
tion. For small molecules, uptake via the blood vascular system takes place at a relatively high 
rate (20–40 liters/day) relative to that by the lymphatics (2–4 L/day). It is reasonable, therefore, 
to expect that low-molecular-weight toxins may exert their effect (and be cleared) more rapidly 
than larger proteins which must follow the slower lymphatic route; however, comparative toxi-
cokinetics of mixed venom toxins have not been well studied in this sense.

Interacting with the dynamics and kinetics of toxin uptake are the facts that structures of 
the interstitium and of the vessels themselves may be damaged by venom and that the rate of 
lymphatic clearance of large molecules increases when edema forces the separation of the dis-
tal lymphatic duct cells. Delivery of oxygen, inflammatory cells, and antivenom to the injured 
limb may be affected acutely by damage to capillary endothelium. In addition, clearance via 
the blood and the lymphatic vasculature may be impeded by loss of endothelial integrity. In 
some cases, particularly among older patients bitten on the lower extremities, injury to local 
vasculature develops a chronic component, with long-term edema in the bitten limb that wors-
ens with inactivity, temperature change, and dependent position.

2.5 INTeRaCTION OF aBsORBeD VeNOm 

TOxINs WITh DIsTaNT TaRGeTs

2.5.1 aBsORpTION aND DIsTRIBUTION OF TOxINs

In the minutes, hours, and days following snakebite, venom toxins continue to be absorbed 
from local tissue. Some small venom molecules, after reaching the bloodstream, may be cleared 
rapidly by the kidneys; others, particularly if they are larger and/or bound by antivenom mol-
ecules, may be broken down by the reticuloendothelial system. Depending on the type and 
quantity of venom injected (and the dose and timing of binding by antivenom), however, tox-
ins with specific molecular targets gradually exert effects at a distance from the original bite 
site. Broadly speaking, these specific venom effects are sometimes categorized as neurotoxic, 
myotoxic, and coagulopathic.

2.5.2 NeUROTOxINs

Snake venom neurotoxins generally affect the cholinergic nerve junction, where, depending on 
the toxin, there may be presynaptic (β-neurotoxic) or postsynaptic (α-neurotoxic) effects, or 
both, with the net impact of diminishing conduction of nerve signals via the neurotransmitter 
acetylcholine (see  chapters 8, 10, 15, 20, 21, 23.4.4, and 24.25 and color plate 2B). In many ways, 
pre- and postsynaptic neurotoxicity are clinically indistinguishable; fewer nerve impulses 
transmitted across to receptors on striated muscle results in less muscle contraction, which 
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translates to weakness, the most severe form of which is flaccid paralysis of affected muscles. 
Clinical manifestations become apparent over minutes to hours and may include ptosis, exter-
nal ophthalmoplegias, limb weakness, and, ultimately, ventilatory failure (Ranawaka, Lalloo, 
and de Silva 2013). In severe cases, mechanical ventilation and intensive supportive care are 
necessary for maintenance of life (see color plates 11M, 11N).

Many presynaptic neurotoxins (see  chapters  8, 10, 15, 20, and 21)  damage the presyn-
aptic membrane and subcellular organelles, effectively blocking the release of acetylcholine 
and therefore preventing signal transmission from nerve to muscle (Sampaio et al. 2010) (see 
color plate 2B). Damage incurred during this process is not reversible by antivenom, implying 
that to be maximally effective, antivenom must be administered before neurotoxicity occurs. 
Intensive supportive care, including mechanical ventilation, may be required for days to weeks 
in patients who suffer flaccid paralysis prior to effective antivenom neutralization.

Many postsynaptic neurotoxins (see  chapters 8, 23.4.4, and 24.25) function as competitive 
inhibitors of acetylcholine at the receptors on the muscle side of the neuromuscular junction 
(Arias 2000) (see color plate 2B). They block recognition of the neurotransmitter, preventing 
signal completion. The neurological effects of this process may be indistinguishable from those 
of presynaptic toxins, but because the cell itself is not damaged, the toxicity can sometimes 
be reversed. One means of overcoming the postsynaptic receptor blockade is by the use of 
anticholinesterase agents (such as neostigmine or pyridostigmine), which interfere with the 
natural breakdown of the neurotransmitter in the gap between nerve and muscle, thereby 
overwhelming the postsynaptic receptors during signaling (Brazil, Prado-Franceschi, and 
Laure 1979; Watt et al. 1986; Watt et al. 1989). Although treatment with anticholinesterases 
will not overcome presynaptic neurotoxicity, it may successfully be used as a temporizing 
measure in management of predominantly postsynaptic neurotoxicity, effectively buying time 
until toxins can be eliminated or neutralized by antivenom. Signs of neurotoxicity may include 
ptosis (eyelid droop caused by cranial nerve paralysis) (see color plate 11L), diminished expi-
ratory flow rate (weak breathing caused by paralysis of the diaphragm and chest muscles), or 
complete ventilatory failure (see color plates 11M, 11N).

2.5.3 mYOTOxINs

Snake venom myotoxins that cause injury through direct action on muscle targets are present 
in many viperid and elapid snake venoms (see  chapters 8, 9, 20, and 21). Several types of myo-
toxin have been described. The “small” myotoxins, nonenzymatic toxins found in rattlesnake 
venom, cause depolarization of skeletal muscle cells, perhaps via a sodium channel interaction 
(see  chapter  9). Cytotoxic 3FTxs increase membrane permeability through a nonenzymatic 
interaction with surface proteins (see  chapter  8). PLA2s also contribute to myotoxicity (see 
 chapters 20 and 21). From a clinical standpoint, the syndrome provoked by these toxins may 
be mild, with muscle aches and slight elevation of creatine phosphokinase (CPK); or it may 
be dramatic, with fasciculations or gross myokymia of skeletal muscle apparent within hours 
after envenomation. In some cases, muscle weakness may be profound, with the syndrome 
complicated by the concurrent presence of paralytic neurotoxins. Muscle breakdown may be 
accompanied by rising blood urea nitrogen, creatinine, and CPK, plus myoglobinuria, with 
attendant risk of secondary renal injury. Monitoring of serial CPK values in such cases char-
acteristically shows a slow decline following treatment and may be useful for decision-making 
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in fluid and electrolyte management. It should be noted, however, that antivenom affects CPK 
only indirectly, through reduction in the ongoing process of muscle injury; changes in CPK 
have not been proven to have predictive value relative to the use of secondary doses of antive-
nom. As in the case of neurotoxins, the effects of myotoxins may or may not be mitigated by 
antivenom use, depending on the extent to which tissue damage has taken place before ini-
tiation of treatment. Physiological markers of muscle injury, such as CPK or myoglobin, may 
therefore continue to be abnormal well after antivenom has been administered.

2.5.4 COaGULOpaThIC TOxINs

Snake venom coagulopathic toxins exert their effects via a variety of mechanisms (see 
 chapters 8, 12, 13, 14, 15, 17, 20, 21, and 23 and color plate 2A), more than one of which may 
occur in any one envenomation. These mechanisms include altered platelet function and num-
ber, fibrinogen consumption or degradation, vascular damage, and interference with clotting 
factors (Hutton and Warrell 1993; Markland 1998). Some toxins bind with the surfaces of 
blood platelets, altering membrane function and causing dysfunctional aggregation. Clumped 
platelets have been described in the peripheral blood smears of envenomed patients, and formal 
platelet counts (such as those measured by automated Coulter counters) may indicate dramatic 
drops (by as much as three orders of magnitude) in total numbers of platelets in the first hours 
after a snakebite. However, it is not clear how much of this apparent thrombocytopenia is pres-
ent in vivo versus how much occurs in vitro (such as in the citrated purple-top blood-collecting 
tube). Clinical correlation is evident, however, in hemorrhagic consequences similar to those 
observed in severe thrombocytopenia from other causes: spontaneous mucosal hemorrhages, 
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FIGURE 2.3: Response of thrombocytopenia to treatment with Fab ovine antivenom, following 
envenomation by Crotalus atrox. The use of short-acting Fab antivenom in this case made it possible 
to observe the change in platelet responsiveness over 10 days following envenomation. Note the 
change in responsiveness with successive antivenom doses over one week’s time. Recurrent 
thrombocytopenia of this type has been described in the United states, where Fab antivenom is in 
common use for hemotoxic envenomation (seifert et al. 1997; Boyer et al. 1999; Boyer, seifert, and 
Cain 2001; Boyer et al. 2013b).
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for example, and petechiae that appear at sites anatomically distant from the point of entry of 
venom. Remarkably, the apparent thrombocytopenia that is measured early in the course of 
viperid envenomation appears to be rapidly reversed (often within an hour) by specific anti-
venom. Late or recurrent thrombocytopenia, on the other hand, may be recalcitrant to treat-
ment, suggesting that different mechanisms may be in effect over the course of time. These 
effects are most vividly apparent in the treatment of pit viper envenomation in the United 
States, where the use of short-acting Fab antivenom makes it possible to observe the change 
in platelet responsiveness with successive doses administered during the one to two weeks 
following envenomation (see figure 2.3) (Seifert et al. 1997; Boyer et al. 2013b). It is possible 
that damaged platelets are rapidly replaced during the acute-phase response, in cases where 
antivenom is applied quickly, but that exhaustion of reserves or damage to megakaryocytes 
complicates longer-term exposure to these toxins, resulting in a several-day recovery period, 
when antivenom is provided later, during the subacute phase of injury. Based on what is known 
from other medical conditions involving severe thrombocytopenia (such as leukemia), it is 
likely that thrombocytopenia is responsible for the spontaneous hemorrhages that occasion-
ally cause stroke or other serious consequences following envenomation.

A second set of coagulopathic effects that may result from snake envenomation is related 
to the quantity and function of fibrinogen. Hypofibrinogenemia has been observed during 
the acute and subacute phases of a variety of viper envenomations (see color plate 2A), and it 
appears to result from several mechanisms including the action of kallikreins (see  chapter 14) 
and SVMPs (see  chapter  23). Depletion of fibrinogen, once it has occurred, is not directly 
reversible by antivenom. A relatively rapid return toward normal levels is commonly observed, 
however, in the first hours following antivenom administration, indicating that the ongoing 
destruction of fibrinogen is halted once adequate neutralization is accomplished and that 
replenishment of circulating fibrinogen from hepatic sources can then take place. As in the 
case for platelet counts, the quantitative fibrinogen level is observed to rise relatively rapidly 
when treatment takes place during the first hours after envenomation; however, consistent 
with overall substrate depletion, late treatment may have very little immediate impact. Based 
on what is known from other disease states (such as congenital dysfibrinogenemia or afi-
brinogenemia), hypofibrinogenemia from snakebite is very likely responsible for the tendency 
toward unrelenting bleeding from sites of injury that is observed in patients who undergo 
surgical procedures during the subacute phase of incompletely treated envenomation. Dental 
extractions, surgical procedures (Boyer et al. 1999; Boyer et al. 2013b), and secondary trauma 
may be accompanied by greatly increased bleeding under such circumstances. Death has been 
reported in patients with residual hypofibrinogenemia following recovery from acute pit viper 
envenomation (Kitchens and Eskin 2008).

In addition to thrombocytopenia and hypofibrinogenemia, snake venom toxins provoke 
a broad variety of other effects on the blood clotting cascade, both procoagulant and anti-
coagulant (see  chapters 8, 12, 13, 14, 15, 17, 20, 21, and 23 and color plate 2A). Most of these 
are minor in impact, relative to the apparent effects on platelets and on fibrinogen, however. 
Overall, although it is possible to demonstrate quantifiable effects on prothrombin time, par-
tial thromboplastin time, thrombin time, bleeding time, and specific clotting-factor levels, 
these details are seldom clinically useful. Even in the case of Russell’s viper envenomation, 
the net effect of absorbed toxins is generally anticoagulant rather than procoagulant, perhaps 
because of fibrinogen consumption during the formation of microthrombi as toxins are diluted 
during absorption. In parts of the world where specific blood assays are readily available, 
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platelet count and fibrinogen (or prothrombin time [PT]) determinations may be sufficient for 
patient-management purposes; or where these are not available, the whole-blood clotting time 
(WBCT) alone is commonly a sensitive enough measurement with which to guide care (see 
color plate 11K).

2.6 seCONDaRY CONseQUeNCes OF  

VeNOm INJURY

2.6.1 GeNeRaLITIes OF seCONDaRY CONseQUeNCes

In addition to the effects of direct interaction of toxins with tissues, envenomation carries a 
risk of secondary consequences. These effects vary depending on a variety of factors, including 
the amount of time between the bite and medical intervention, vulnerability because of preex-
isting medical conditions, adequacy of fluid resuscitation, duration and severity of impaired 
oxygenation, severity and anatomic site of hemorrhage, safety and adequacy of antivenom 
used, and injury caused by first aid or healthcare providers. Although, to some extent, the 
duration and severity of secondary effects may be minimized by use of antivenom, in general, 
these phenomena require symptomatic and supportive management, sometimes including 
prolonged intensive hospital care. Untreated, the secondary effects of envenomation may lead 
to shock, respiratory failure, organ failure, death, or long-term disability.

2.6.2 shOCK

Shock results from a combination of factors that varies depending on circumstances. Significant 
edema fluid loss (“third spacing”) may be associated with the local injury itself. Hemorrhage 
(see  chapter 23) may become severe enough to cause hemodynamic compromise within hours 
of a severe viper bite, both from the volume of blood loss and from acute anemia. Vasodilation 
(see  chapters 11, 14, 18, 19, and 22) may accompany inflammatory processes (see  chapters 14 
and 18) or anaphylactic phenomena related to direct venom effects (see  chapter 24.6), venom 
allergy, or antivenom administration. The same processes may compromise ventricular func-
tion, or vulnerable coronary arteries may be affected by increased myocardial demands, with 
resultant ischemia and injury. Management of shock includes volume support and pressors, 
with antivenom for correction of any concurrent coagulopathy.

2.6.3 RespIRaTORY FaILURe

Respiratory failure may be the result of either pulmonary (such as from hemorrhage, edema, 
or anaphylaxis-associated airway edema and spasm) or mechanical (ventilatory failure in 
the context of paralysis from neurotoxins or myotoxins) actions. In either case, hypoxemia 
and altered intrathoracic fluid dynamics complicate the management of concurrent shock. 
Management of respiratory failure includes oxygen and mechanical ventilation, with anti-
venom or perhaps anticholinesterase drugs for correction of paralysis (although the efficacy 
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of these may be limited). Elapid snake venoms are rich in the apotypic neurotoxic form of 
3FTx which is mutated to be much more potent on mammals (see  chapter 8.4.2). Thus, human 
envenomations from elapid snakes are much more likely to result in such effects than enven-
omations from the non-front-fanged caenophidian species that feed on lizards or birds. Boiga 
species, for example, are extremely potent to birds and lizards but are orders of magnitude less 
toxic to mammals (Pawlak et al. 2006; Heyborne and Mackessy 2013).

2.6.4 ORGaN INJURY

Shock and hypoxemia from envenomation come with the added risk of complications from 
hemorrhage and tissue breakdown. Renal function is especially vulnerable to injury in cases 
with rhabdomyolysis, but myocardial infarction, stroke, and gastrointestinal hemorrhage may 
also occur. Management of organ injury is context-specific and mainly supportive. SVMP-rich 
venoms, such as those of most vipers (true and pit), in particular cause such effects (see 
 chapter 23).

2.6.5 DeaTh

Although direct venom effects may lead to fatality from intracranial hemorrhage, as, for exam-
ple, in the case of envenomations by those Australian elapid snakes that have venoms rich in 
TV-fVa (see  chapter 12) or in TV-fXa (see  chapter 13), shock and respiratory failure are the 
leading causes of death from other reptile envenomations. Timely supportive care is therefore 
of great importance, regardless of the specific etiology and sequence of events for any particu-
lar patient and snake. Whenever possible, patients with severe snakebite should be managed 
in hospital units equipped with mechanical ventilators, pressor drugs, advanced monitoring 
capabilities, and personnel skilled in critical care.

2.6.6 LONG-TeRm DIsaBILITY

Permanent injury following reptile envenomation is most often related to damage to tissues in 
the bitten limb. Necrotizing effects of venom toxins, chronic lymphedema from local vascular 
injury, contractures related to connective-tissue damage, ischemic damage from tourniquets 
or cryotherapy, infection, and delayed wound healing from scarification or surgery all affect 
long-term functional outcome. Management of subacute and chronic injury involves a com-
bination of skilled wound care, physical or occupational therapy, and occasionally surgical 
repair (such as late debridement, tendon repair, skin grafting).

2.6.7 aLLeRGY

A special concern for occupationally or avocationally exposed reptile handlers is venom 
allergy (see  chapter 5). Hypersensitivity to venom may occur following repeated exposure 
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to snake proteins, particularly (but not exclusively) those present in venom itself. There 
appears to be elevated risk following exposure to spitting cobras, presumably because of 
respiratory-tract contact with aerosolized proteins. Immediate hypersensitivity reactions 
(so-called type 1 or anaphylactic reactions) are more likely to develop among people who 
have a medical history of atopy (asthma, hay fever, or eczema). The development of urti-
caria (hives) or wheezing while handling animals or venom should be taken seriously by 
venom professionals, because subsequent exposures have the potential to cause very severe 
reactions. Cardiovascular collapse and respiratory failure from venom-induced anaphy-
laxis may occur from a very low-dose exposure (such as with cage cleaning) or at the time 
of an envenomation. Management of simultaneous anaphylaxis and envenomation is a 
daunting diagnostic and therapeutic challenge, balancing the use of epinephrine and anti-
histamines with the often-simultaneous use of serum products (antivenom) that increase 
the risk of type 1 reactions in atopic individuals. Reptile handlers who develop signs of 
possible allergy should minimize their exposure to animals and consult with an experi-
enced allergist regarding risk minimization, use of antihistamines and epinephrine, and 
notification of potential rescuers via medical documentation or allergy-warning bracelets 
or tags. Venom-desensitization therapy, although established for the use of beekeepers, has 
not been well established for reptile handlers but is worthy of further investigation.

2.7 meDICaL maNaGemeNT OF RepTILe  

VeNOm INJURY

Ongoing envenomation concerns fall broadly into two categories of physiology and treat-
ment:  (1)  tissue injury for which supportive care must be provided, to sustain life while 
healing can occur, and (2) processes amenable to neutralization by antivenom. Processes in 
the second category include venom distribution and absorption, and for this reason, timely 
use of antivenom may alleviate the ongoing injury for which supportive care is required. In 
theory and under ideal circumstances, where the perfect dose of perfectly safe, perfectly tar-
geted antivenom was administered moments after envenomation, most injury from enven-
omation could be prevented entirely. Efforts toward improvement of snakebite treatment 
have therefore emphasized the development of higher-quality antivenoms and minimizing 
the “fang-to-needle time” between bite and antivenom administration. In practice, however, 
the “perfect antivenom” does not exist, and some delay is inevitable before treatment of any 
bite, with a consequent suboptimal course of injury. Supportive care is therefore essential to 
envenomation management in nearly all cases. In regions and at times of severe antivenom 
shortage, supportive care may be the only care available for snakebite. Table  2.3 divides 
snakebite management into four phases, and it suggests specific interventions at each stage.

2.7.1 pReVeNTION aND pRepaRaTION

In many parts of the world, snakebite is an endemic public health issue. Improved housing, 
occupational safety training, public education, availability of trained “snake-removal services,” 
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and culturally specific interventions teaching respect for the environment and avoidance of 
harmful first aid measures all have a role in minimization of morbidity and mortality (see 
 chapter 5).

Hospitals, captive collections such as zoos, and research facilities should be pre-
pared in advance with appropriate antivenoms and treatment protocols for emergency 
use. “Antivenom” (also “antivenin”) is a general term for any of hundreds of biological 
agents manufactured from the immune serum of vertebrate animals and used to inter-
rupt the process of envenomation by venomous creatures. Source animals, potency, speci-
ficity, purity, safety, and molecular composition vary widely across different antivenom 
products. Table 2.2 details the antivenom characteristics of importance in product selec-
tion. The World Health Organization maintains a list of antivenoms available on the 
world market (www.who.int/bloodproducts/snake_antivenoms/en/). Commercial antive-
nom products are not available for all species, although in some cases (Gila monsters, for 
instance), there is precedence for the preparation and use of experimental antivenom in 
occupational-exposure settings.

2.7.2. aCUTe eNVeNOmaTION 

maNaGemeNT: The FIRsT 24 hOURs

Basic measures for early care are given in table 2.3. Medical tests of potential use are in table 
2.4. In essence, the goals of the first day of therapy are to prevent death, to minimize injury 
from overzealous first aid or surgery, and to administer appropriate antivenom as early as 
possible. General guidelines for antivenom use are given in table 2.5. Under emergency cir-
cumstances, physicians and patients rarely have much choice of which antivenom product to 
use, because suppliers, distributors, costs, and government regulations tend to limit the local 
availability of all but a handful of products. In some locations, however, such as the parts of 
the Americas where coral snakes are endemic, an informed choice must be made between two 
very different products (in this case, polyvalent pit viper antivenom versus a coral snake spe-
cific [Micrurus] antivenom) (de Roodt et al. 2013). The risks of antivenom use must be carefully 
considered (Boyer et al. 2013a; Leon et al. 2013) and appropriate precautions taken to minimize 
the risk of injury from early adverse reactions. Worldwide, a particularly dangerous emergency 
may occur if the owner of an exotic (nonnative) venomous snake has failed to acquire appro-
priate antivenom in anticipation of a potential bite (see  chapter 5). It is common in such cases 
that a delay of more than 24 hours may take place before antivenom can be acquired, if at all.

2.7.3. sUBaCUTe INJURY maNaGemeNT: The 

FIRsT ThRee WeeKs

In a severe snake envenomation, venom may remain in the body for many days. If venom 
remains sufficiently neutralized by antivenom during this time, then priorities in medical care 
are wound therapy, pain control, and (if required) mechanical ventilation and intensive fluid, 
electrolyte, and nutritional care. Guidelines for subacute care are summarized in table 2.3. 
Sometimes venom is not sufficiently neutralized during the subacute phase of envenomation. 



Table 2.4: medical Tests in management of acute and subacute snakebite

Test Utility

Clinical grading scale 
(such as minimal, 
moderate, severe)

Communication among clinicians; valuable only if reassessed 
periodically during acute and subacute phases of care; not a 
validated research tool.

Snakebite severity scale 
(SSS)

Research tool for ensurance of comparability between groups in 
Crotalus envenomation; not a clinical management scale (Dart 
et al. 1996).

Serial skin marking to 
show contiguous spread 
at different times; may 
be combined with serial 
photography

Assessment of rapidity of development of local injury; especially 
useful after antivenom administration and when case is transferred 
between care providers. It is essential to mark the edge of any hint 
of venom effect (tenderness, edema) and not just of discoloration.

Limb circumference 
measurement

Assessment of volume of fluid lost with edema or hemorrhage; 
qualitative comparison between limbs if envenomation is 
uncertain; not generally useful for antivenom dosing.

Venom detection, 
qualitative

Used to guide choice of antivenom, in some geographic settings 
(Isbister et al. 2013). Has documented issues for cross-reactivity 
(Jelinek et al. 2004), false negatives, and false positives caused by 
the hook effect (Steuten et al. 2007), in addition to false positives 
from relictual 3FTx still expressed in forensic levels in the oral 
secretions of pythons (Fry et al. 2013).

Venom detection, 
quantitative

Research, potentially useful for decisions about repeated antivenom 
dosing but not available for routine clinical application in most 
settings.

Antivenom quantitation Research, potentially for decisions about dosing but not available for 
routine clinical application in most settings.

Serial hemoglobin and 
hematocrit

Management of severely hemorrhagic cases.

Platelet count and 
function

Risk of bleeding, decisions on antivenom dosing in regions where 
thrombocytopenia is a risk.

PT, aPTT, TT, FSPs, 
fibrinogen

Risk of bleeding, decisions on antivenom dosing in regions where 
hypofibrinogenemia is a risk and test is readily available.

Whole-blood clotting 
time (see color plate 
11K)

Risk of bleeding, decisions on antivenom dosing in settings where 
other coagulation tests are not readily available.

Urinalysis, myoglobin, 
CPK, renal panel

Secondary-effects monitoring in supportive care of shock, 
rhabdomyolysis, or secondary renal injury, especially where 
myotoxic venom is a concern.

ABGs, spirometry, EKG, 
serum chemistry 
panels, X-rays

Secondary-effects monitoring in supportive care in cases of 
ventilatory failure and severe volume loss.

Compartment pressure 
measurement

Distinguishing rare compartment syndrome from more common 
severe subcutaneous edema; prevention of unnecessary surgery.



Table 2.5: Use of antivenom

Step Process

Assessment for need 
of antivenom 
treatment

Antivenom administration carries with it a risk of early acute reactions 
and delayed serum sickness. It should be given promptly but only 
when there is a clear medical indication. Signs and symptoms of 
systemic venom effect (such as abnormal blood coagulation, indications 
of neurotoxicity) or of progressive local injury are indications for 
antivenom.

Emergency selection 
of product (see 
also table 2.2, for 
considerations 
by hospital 
pharmacies in 
advance of an 
event)

In many cases, different local snake venoms require different antivenom 
products, and exotic snakebites (from captive animals held at a distance 
from their native range) normally require specialty products not 
stocked at local hospitals. Physicians in the Americas, Africa, and Asia 
should be alert to the differences between elapid and viper bites in their 
areas, because these commonly require treatment with entirely different 
products. Regional differences in venom within genera, between 
species, may similarly lead to serious errors in antivenom selection 
(Visser et al. 2008; Warrell 2008; Boyer et al. 2013a; Leon et al. 2013). 
Physicians in Australia may choose to use qualitative antigen-detection 
kits when identity of the snake is in doubt. When the identity of the 
animal is not known or when a specific monovalent antivenom is not 
available, polyvalent antivenom is commonly the best choice, but 
potency against the particular envenomation (if known) must then be 
considered carefully in dosing. “In date” products are always preferable, 
but in their absence, well-preserved antivenom is sometimes used years 
after its original expiration date. Whenever possible, regional poison 
control centers or medical toxicology consultants should be contacted 
for advice on specific product selection and use (Warrell 2009).

Dose Antivenom is provided in single-use vials or flasks. Typical starting doses 
are in the range of one to 10 vials, depending on the product and the 
circumstances. Medical toxicology consultation is recommended for 
determination of starting dose, or guidelines on the manufacturer’s 
package insert may be used.

Reconstitution Liquid antivenom products do not require reconstitution. Lyophilized 
(freeze-dried) products may come with a diluent in a separate vial, or 
they can be reconstituted by swirling with 5–10 ml of normal saline. 
Well-lyophilized products will go into solution within a few minutes, 
producing a clear, watery solution that may be slightly yellow in color. 
Some products take much longer to reconstitute; filling the vial to 
remove air space and use of a mechanical agitator may speed the 
process (Hill, Bogdan, and Dart 2001; Quan, Quan, and Curry 2010).

Dilution In some regions, intravenous infusion is limited by availability of 
materials for sterile dilution and administration, or high-potency 
products may minimize the need for dilution. In general, however, to 
minimize the risk of early adverse reactions, antivenom may be diluted 
such that the total dose (one to 10 vials) will be given in 250–1000 ml of 
normal saline.



Step Process

“Test dose” In the past, intradermal or conjunctival “test doses” of antivenom or 
of serum have been used, to determine the risk of allergy before 
administering antivenom products, but the negative predictive value 
of these was too low for practical value. Test doses are no longer 
recommended in favor of the adoption of universal serum-reaction 
precautions.

Premedication Premedication, with the aim to reduce the severity and frequency of early 
adverse reactions, carries its own risks of drug side effects. Epinephrine, 
H1 and H2 blockers, and corticosteroids have all been used for this 
purpose. Premedication is based partly on the particular antivenom’s 
adverse event rate (highest for unrefined whole-IgG products, lower 
for highly purified F(ab’)2 antivenoms) (Hill, Bogdan, and Dart 2001; 
Quan, Quan, and Curry 2010; Boyer et al. 2013a; Leon et al. 2013). Also 
important is the treating facility’s familiarity with antivenom treatment 
and readiness to manage allergic reaction (Habib 2011).

Administration Antivenom has greatest bioavailability when administered intravenously. 
The risk of early adverse reactions is reduced by slow infusion of diluted 
material, over 30 to 60 minutes. In settings where this is not feasible, 
liquid or reconstituted antivenom is sometimes administered by slow 
intravenous push (over 5 minutes), but this technique carries a higher 
risk and should be avoided when possible.

Observation and 
treatment for early 
adverse reaction

Ongoing monitoring during and immediately after antivenom infusion 
should include frequent observation of the skin (for itch, redness, or 
urticaria) and cardiorespiratory status (for cough, throat clearing, 
difficulty breathing, or hypotension). At any sign of reaction, the 
infusion should be stopped. Treatment with epinephrine and H1 and 
H2 blockers may be followed by cautious reinitiation of infusion at a 
lower rate. Expert consultation is very helpful in this setting.

Reassessment Over the hours following initial treatment, local injury should be 
reassessed frequently. Blood coagulation should be reassessed one 
to four hours after antivenom. An expanding area of local injury or 
ongoing coagulopathy is an indication for additional antivenom.

Secondary dosing Secondary antivenom dosing is appropriate if reassessment suggests the 
ongoing effects of unneutralized venom. If a short-half-life antivenom is 
used (such as Fab), then secondary “maintenance” dosing is sometimes 
administered every four to six hours initially and every one to two days 
thereafter, during the subacute phase of envenomation.

Observation and 
treatment for 
delayed serum 
sickness

Delayed type 3 immune reactions, or serum sickness, classically begin 
seven to 10 days after treatment with antivenom. Serum sickness is 
very common (50%–90%) with whole-immunoglobulin serotherapy, 
less common with refined products, and uncommon (< 5%) with 
highly refined Fab and F(ab’)2 antivenoms. The presence of urticaria, 
vasculitis, arthralgias, myalgias, or fever one to two weeks after 
antivenom treatment should be evaluated for possible treatment with 
antihistamines or with a short course of oral corticosteroids.

Table 2.5 (Continued)
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This may be a result of antivenom supply shortages, underdosing, low-quality antivenom, 
clearance of short-half-life antivenom, lack of financial resources, venom variation between the 
species responsible for the envenomation and the species (singular or multiple) utilized in the 
immunizing mixture of the antivenom (see  chapter 3), or other delays such as considerations 
regarding serious antivenom allergy (it must be noted that true antivenom allergy is far rarer 
than is conventionally perceived). Regardless of the cause, in such situations, ongoing or recur-
rent venom effects may be present, particularly those involving coagulopathy. Administration 
of late or additional antivenom may result in improved coagulation during this time. Other 
venom effects, such as neurotoxicity, may not reverse quickly when there is a delay in the 
administering of antivenom, for reasons discussed previously in this chapter. This is particu-
larly the case for presynaptic neurotoxicity such as that caused by bites from Oxyuranus spe-
cies, as presynaptically active PLA2s present in the venoms of these species physically destroy 
nerve endings (see  chapter 20). This is in contrast to the postsynaptically active acetylcholine 
receptor-blocking peptide neurotoxins such as the 3FTxs often present in high expression lev-
els in elapid snake venoms (see  chapter 8); neurotoxicity resulting from the activity of these lat-
ter toxins is more rapidly reversible with appropriate antivenom. Seven to 10 days after initial 
antivenom treatment, signs of a type 3 immune reaction to antivenom therapy may complicate 
recovery. In classical serum sickness, which is common after serotherapy with relatively unre-
fined whole-IgG antivenoms, patients may develop an urticarial or vasculitic rash, followed by 
arthralgias and myalgias severe enough to prevent normal activity. Treatment with antihista-
mines and a short burst of oral corticosteroids appears to shorten the syndrome.

2.7.4. ChRONIC DIsaBILITY maNaGemeNT: mONThs 

FOLLOWING The BITe

Disability from snakebite is common, particularly in the bitten extremity. Amputation of a 
finger or foot, deep ulceration at the site of a necrotic lesion, chronic lymphedema, muscle 
atrophy, or contractures at joints near the bite site may require long-term follow-up by physi-
cal and occupational therapists, plastic surgeons, or wound clinics (see color plates 11–14). 
Depending on the region, wound management may be facilitated by diabetes clinics, burn 
centers, or tropical parasitology programs. There is no role for additional antivenom during 
the chronic stage of injury from snakebite.
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3.1 sUmmaRY

To date, antivenom is the only specific therapy that has been proven effective for the treat-
ment of envenomations. Antivenom production and optimization require a multidisciplinary 
approach, including knowledge of venom composition and pharmacokinetics along with vari-
ous insights on immunology and purification technologies. An ideal antivenom should have 
the following characteristics:  high neutralization potency against toxicologically relevant 
venom components, a volume of distribution that allows it to reach toxins that have already 
been absorbed, and high half-life in systemic circulation to ensure neutralization of toxins 
that reach the bloodstream after prolonged absorption periods and to promote redistribution 
of toxins from extravascular space to the bloodstream (Gutiérrez, Leon, and Lomonte 2003). 
Much research, however, remains to be done in order to improve antivenom production and 
affordability in addition to distribution and training for its efficient use.

Antivenom production utilizes the basic principles elucidated in the late 1800s, when Emil 
von Behring and Shibasaburo Kitasato developed the first hyperimmune serum. Their great 
breakthrough consisted in the observation that the serum of an animal immunized with diph-
theria or tetanus toxins could be used in the treatment of these diseases (WHO 2010). This was 
the beginning of serotherapy. Subsequently, Cesaire August Phisalix at the Natural History 
Museum of Paris and Albert Calmette at the Pasteur Institute developed the first hyperim-
mune sera, targeting cobra and viper venoms (Calmette 1894a; Phisalix and Bertrand 1894b; 
Phisalix and Bertrand 1894a). By 1896, the serum developed by Calmette was already being 
used in human patients and was involved in the first successfully reported use of antivenom 
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serum therapy (Calmette 1897). Since then, the process called hyperimmunization, defined 
as the generation of a larger than normal number of antibodies to a specific antigen (Abbas, 
Lichtman, and Pillai 2011), has provided the sole successful form of envenomation treatment. 
When injected into an envenomed patient, antibodies present in the hyperimmune serum 
bind the venom molecules and can prevent their toxicity (see  chapter 2).

During hyperimmunization, an animal is exposed for a prolonged period to a foreign sub-
stance, in this context known as an antigen, and its adaptive immune system responds by pro-
ducing antibodies that bind specifically to the substance. When venom is used as the antigen 
and the resulting hyperimmune serum is later injected into an envenomed patient, antibodies 
in the serum bind the venom molecules and can prevent their toxicity. The antibodies involved 
in this neutralization process are called immunoglobulins (Ig), particularly immunoglobulins 
G (IgGs) produced in mammals. IgGs are globular proteins of about 150 kDa, composed of two 
heavy chains and two light chains bound by at least 15 disulfide bridges. Functionally, the IgG 
molecule is divided in two main regions: the crystallizable fragment, or Fc, mainly involved 
in cellular response to antigens and in complement fixation; and two antigen-binding frag-
ments, or Fab, which recognize foreign substances and bind to them. At the tip of the Fab are 
the hypervariable regions that directly interact with the antigen (see  figure 3.1A) (Abbas and 
Lichtman 2006). An antigen that has the ability to initiate an immune response is designated 
an immunogen.

In addition to mammalian IgG, avian IgY from chicken eggs has been explored as an alter-
native source of antivenom because of the simplicity of its production and management (Costa 
de Almeida et al. 1998; Devi et al. 2002; Paul et al. 2007; Criste et al. 2008; Meenatchisundaram 
et  al. 2008). However, research has indicated that IgY has an unfavorable pharmacokinetic 
profile and is a stronger mediator of adverse reactions such as anaphylaxis (Sevcik, Diaz, and 
D’Suze 2008; Sevcik et al. 2012).

3.2 aNTIVeNOm pRODUCTION

3.2.1 hYpeRImmUNIZaTION

All antivenoms in current clinical use are developed through hyperimmunization, typically 
of large mammals, including horses (Sjostrom et al. 1994; Herrera et al. 2005; Guidlolin et al. 
2010) and sheep (Smith et al. 1992a; Dart and McNally 2001). Camels (Cook et al. 2010a; Cook 
et al. 2010b) and llamas (Harrison et al. 2006) have been used to produce experimental antive-
noms. The specific hyperimmunization process varies largely depending on the selected ani-
mal model and on the characteristics of the immunogen (such as crude venom or pure toxin) 
(Chippaux and Goyffon 1998). Hyperimmunization may be conducted anywhere from 3 to 
15 months and totaling anywhere from 10 to 50 injections. A protocol used to produce equine 
hyperimmune plasma in Mexico is depicted in color plate 15. In this protocol, the immunogen 
is injected subcutaneously at various points along the neck of the animal, increasing the area 
of exposure to the antigen and favoring its absorption (Sriprapat et al. 2003).

In order to monitor the hyperimmunization process, periodic small blood samples are 
collected, and the specific antibody titer, defined as the dilution at which half of the colorimet-
ric response is obtained, is measured using an enzyme-linked immunosorbent assay (ELISA)  
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(see  figure  3.1B). The neutralizing potency of selected samples is also measured. Once the 
desired titer and neutralizing potency are achieved, a greater amount of blood, depending 
on the size of the animal, is collected. The duration and structure of immunization protocols 
used to raise neutralizing antibodies to the level required for antivenom production are often 
empirical and depend on the experience of the manufacturers. An example of an immuniza-
tion protocol is given in table 3.1.
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FIGURE 3.1: (a) structure of an IgG molecule (abbas and Lichtman 2006). (B) schematic of 
an enzyme-linked immunosorbent assay (eLIsa). primary antibody: sample of hyperimmune 
plasma. secondary antibody: IgG against primary antibody, covalently linked to an enzyme such 
as horseradish peroxidase, which reacts to a substrate to give a colorimetric response. (C) IgG 
enzymatic digestion to produce Fabotherapeutics (abbas and Lichtman 2006). (D) Composition of 
Inoserp meNa as determined by gel filtration. elution profile of 55 mg of antivenom separated in a 
column (0.9 x 195 cm) filled with sephacryl s-200. Column developed with pBs at 12 mL/hr. Insert 
(1) shows the elution profile in an expanded mode and displays the resolved fractions: I, II, III, and IV.  
Insert (2) displays the area under the curve (aUC) of the resolved fractions. I: F(ab’)2 dimers; II: 
F(ab’)2 monomers; III: medium-mass-weight components; IV: low-molecular-mass components. 
(Illustration: paulina Bénard.)
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Historically, blood serum of hyperimmunized animals was used in the production of 
antivenoms, and treatment was accordingly termed serotherapy. Today, however, the process 
of plasmapheresis—where the cellular fraction of blood is reinjected into the donor animal 
within 24 hours following blood collection—is generally preferred to the use of crude blood 
serum (see color plate 15). This process reduces the probability of anemia, increasing the ani-
mal’s productive time and improving its quality of life. Therefore, it is now blood plasma, 
instead of serum, that is normally used in antivenom production (Chippaux and Goyffon 1998; 
WHO 2010). During plasmapheresis, blood is collected in bags with an anticoagulant such 
as sodium citrate. Afterward, the bags are suspended in order to allow the cellular fraction 
of blood, mainly erythrocytes, to sediment under the effect of gravity. When using horses as 
production animals, this process is especially efficient, owing to the morphology of equine 
erythrocytes (see color plate 15B) and their tendency to align like stacked coins (Rouleaux for-
mation) (Shoemaker 2009). The high sedimentation rate of stacked red blood cells permits the 
collection of the cellular fraction of the blood in a new bag containing isotonic-glucose inject-
able solution (see color plate 15D) and its reinjection into the horse within two hours following 
bleeding (see color plate 15D).

3.2.2 aDJUVaNTs

During hyperimmunization, substances known as adjuvants can be used to promote or poten-
tiate the animal’s immune response to the antigen. Although their mechanisms of action are 
poorly understood and their use by vaccine and antivenom manufacturers has been largely 
empirical, some literature has shed some light on this subject (Cox and Coulter 1997). This 

Table 3.1: example protocol for equine hyperimmunization

Injected venom Injectable Adjuvant Total Inoculation Blood

Day (μg) (µl) saline (ml) Type Vol. (ml)
volume 

(ml) route
sample 

(ml)

1 100 5 0.9 CFA 1.3 2.2 ID 5
7 100 5 0.5 IFA 0.7 1.2 SC 5

14 200 10 0.6 ALUM 0.4 1 SC 5
21 250 13 0.5 IFA 0.7 1.2 SC 5
28 500 25 0.6 ALUM 0.4 1 SC 5
35 1000 50 1 — 0 1.1 SC 5
42 2000 100 0.4 IFA 0.7 1.2 SC 5
49 4000 200 0.4 ALUM 0.4 1 SC 250
56 5000 250 0.8 — 0 1 SC 250
63 6000 300 0.2 IFA 0.7 1.2 SC 250
70 6000 300 0.3 ALUM 0.4 1 SC 250
77 6000 300 0.7 — 0 1 SC 250

CFA  =  complete Freund’s adjuvant; IFA  =  incomplete Freund’s adjuvant; ALUM  =  alumina; ID  =  intradermal; 
SC = subcutaneous.
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review described five action mechanisms: immunomodulation, antigen presentation, cytotoxic 
T-lymphocyte (CTL) induction, antigen targeting, and depot generation. Antivenom produc-
tion favors adjuvants that act through antigen targeting/presentation and those that gener-
ate antigen depots. Substances that are most commonly used for this purpose are Freund’s 
adjuvant (complete and incomplete), bentonite, aluminum hydroxide, and sodium alginate 
(Chippaux and Goyffon 1998). Complete Freund’s adjuvant (CFA) is a water-in-oil emul-
sion composed of heat killed Myobacterium tuberculosis bacteria, paraffin oil, and mannide 
monooleate. In some hyperimmunization protocols, CFA is combined with the antigen in the 
first inoculation. Because of CFA’s aggressive nature, subsequent inoculations are combined 
instead with incomplete Freund’s adjuvant (IFA), the same substance but lacking the bacteria, 
or with aluminum salts (see table 3.1).

3.2.3 VeNOm DeTOxIFICaTION

Because whole venoms may be poorly tolerated, the selected animal is sometimes inoculated 
with a biologically detoxified venom, known as a toxoid, that maintains its ability to raise an 
immune response but reduces the stress caused to the animals (Chippaux and Goyffon 1998). 
A variety of detoxification protocols have been used on snake venoms, with varying outcomes. 
The most common of these are chemical methods using substances such as formalin, but pro-
duction of toxoids using gamma radiation has also been suggested (Hati, Mandal, and Hati 
1990; de la Rosa 2011). Unfortunately, these techniques can significantly increase production 
costs and complicate manufacturing processes. Generation of toxoids requires some degree 
of understanding of the immunological properties of venoms. For a toxoid to be useful in 
antivenom production, epitopes that are relevant for neutralization must be maintained (de 
la Rosa 2011). Therefore, detoxification methods that significantly alter protein structure are 
often useless.

3.2.4 aNTIVeNOm pROCessING aND aDVeRse ReaCTIONs

Adverse effects related to the use of antivenom can be divided into two main categories: early 
and late reactions. The first include true IgE-mediated anaphylactic reactions, which generally 
occur within the first minutes of antivenom administration and are characterized by a rapid 
loss of blood pressure (anaphylactic shock), airway constriction, and swelling of the epiglot-
tis, which can cause suffocation. Anaphylactic reactions can be lethal and can be controlled 
by halting antivenom administration and by the use of parenteral epinephrine (Janeway et al. 
2001). Early adverse events also include non-IgE-mediated anaphylactoid reactions that occur 
in the presence of pyrogens, complement activation by IgG aggregates in antivenoms, or direct 
toxic action of preservatives (phenol and thimerosal, especially in liquid antivenoms) (Garcia 
et al. 2002; Lalloo and Theakston 2003). Late adverse reactions include mainly serum sickness, 
mediated by IgM or IgG antibodies against antivenom proteins, and the consequent formation 
of immune complexes in the patient’s blood (Leon et al. 2013). Symptoms usually start between 
one and two weeks after antivenom application and can last for several days. They involve dif-
fuse rash, fever, hematuria, and intense urticaria, among others (Dart and McNally 2001) and 
usually resolve favorably. (See also  chapter 2.)
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3.2.5 FIRsT-GeNeRaTION aNTIVeNOms

The first therapeutic antivenoms, now referred to as first-generation antivenoms, were crude 
serum from hyperimmunized animals, injected essentially unmodified into the bitten patient. 
In addition to the specific and nonspecific IgGs, these products contained high concentrations 
of irrelevant proteins such as albumin, complement, and close to 200 other serum proteins (see 
figure 3.2). As a consequence, adverse reactions were very common (Currie et al. 1907).

3.2.6 seCOND-GeNeRaTION aNTIVeNOms

Second-generation antivenoms consist of whole IgG molecules purified from hyperimmune 
serum or plasma (see  figure 3.2). There are two main methods in current use for separation of 
immune proteins from other components of animal plasma, involving precipitation with ammo-
nium sulfate or caprylic acid (Rojas, Jimenez, and Gutiérrez 1994). The former is a “salting out” 
protocol involving the precipitation of IgGs using ammonium sulfate. After separation from 
the supernatant, precipitated IgG is resuspended and submitted to other purification methods 
such as ultrafiltration (WHO 2010). In contrast with the ammonium sulfate method, caprylic 
acid causes the precipitation of nonimmune proteins, leaving IgGs in soluble form and therefore 
eliminating the need to redissolve it from the precipitated fraction. Because of this difference, 
protein yields and recovery of neutralizing activities are usually better when using the caprylic 
acid technique. The use of this method also decreases the content of protein aggregates (Otero 
et al. 1999; WHO 2010) and has been shown to have some antiviral activity (Burnouf et al. 2004).

Safety of second-generation antivenoms depends greatly on the effectiveness of purification, 
which determines the presence of protein aggregates, albumin, and other contaminants in the 
final product. A  randomized blinded clinical trial comparing the two precipitation protocols 
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FIGURE 3.2: Comparison of antivenom composition in a 12.5% 1D sDs-paGe gel, 15 μg of protein 
loaded per lane. mWm = molecular weight markers; a = merck anti-Latrodectus antivenin (an 
example of an equine whole-serum antivenom [first-generation antivenom]); B = suero antiofídico 
polivalente from the Clodomiro picado Institute (an example of an equine whole-IgG antivenom 
[second-generation antivenom]); C = Viperstat North america from Veteria (an example of an 
F(ab’)2 antivenom [third-generation antivenom]); D = Crofab (an example of an ovine Fab antivenom 
[third-generation antivenom]); 1 = pepsin-digested equine IgG/IgGT heavy chains;  
2 = papain-digested ovine IgG heavy chains. (photo: Felipe Olvera.)
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demonstrated that the material purified by caprylic acid had a lower content of protein aggregates 
and albumin and produced significantly fewer early adverse reactions (incidence of 25%) than the 
antivenom purified by ammonium sulfate (incidence 52%) (Otero et al. 1999). Regardless of the 
purification method used, adverse reactions caused by second-generation antivenoms are fewer 
overall than those caused by therapy with first-generation antivenom (crude animal serums).

3.2.7 ThIRD-GeNeRaTION aNTIVeNOms

The Fc region is involved in cellular response and what are generally called effector functions of 
antibodies, and thus it is responsible for some of the more commonly encountered adverse reac-
tions (Alagón 2002). In third-generation antivenoms, the Fc region is removed through enzymatic 
digestion. Pepsin digestion produces F(ab’)2 fragments, whereas papain digestion produces Fab 
fragments (Chippaux and Goyffon 1991; Guidlolin et al. 2010) (see  figure 3.1C). Thus, the term 
“fabotherapeutic” (or “fabotherapic” in Latin languages), proposed by Alejandro Alagón in the 
late 1990s, is now generally accepted to refer to antivenoms produced with these procedures. In 
clinical trials, fabotherapeutics have been proven to be even safer than second-generation anti-
bodies, with rates of immune reactions to an F(ab’)2 antivenom sometimes two orders of mag-
nitude lower than to whole-IgG products (Boyer et al. 2013a). Mexican epidemiology data show 
rare, and usually mild, early adverse reactions or serum sickness among more than 250,000 
patients treated with scorpion and viper fabotherapeutics (Alagón 2002). Although lack of the 
Fc is in part responsible for this increase in safety, the greater purity of the active component 
and lower overall protein content are also of great importance (Boyer et al. 2013a). Given that 
the Fc is not involved in the interaction of Fab with venom components, its removal has little 
impact on the neutralizing capabilities of the antivenom. However, it is important to note that 
pharmacokinetic parameters, including absorption, residence time, and elimination, are very 
different among complete IgGs, Fab, and F(ab’)2 fragments (see section 3.5).

3.2.8 pURIFICaTION

The improvement of purification methodologies has steadily increased the safety of antiven-
oms over time. Regardless of their active compound (IgG, Fab, or F(ab’)2), antivenoms must be 
submitted to thorough purification, generally involving at least two manufacturing processes 
before use in human patients. Refinement usually includes an ultrafiltration step to remove 
low-molecular-weight components and agents used in plasma fractionation such as ammo-
nium sulfate. In some cases, a nanofiltration step is performed to remove potentially present 
equine viruses, as required by WHO 2010, 5386. Sterilization by filtration through a 0.2 μm 
membrane is typically the last step before filling and closure of liquid antivenoms or filling for 
lyophilization of dried antivenoms.

3.2.9 aNTIVeNOm sTaBILITY

In this context, stability refers to maintenance of antivenom safety and neutralizing prop-
erties for long periods of time. Many types of antivenom are currently commercialized 
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in liquid form, which requires the use of preservatives such as phenol or thimerosal. For 
liquid antivenoms, temperature is a particularly crucial variable in stability, with aggre-
gation precipitation occurring above refrigeration temperatures (Rojas et al. 1990). Given 
that protein aggregates are likely to cause adverse reactions, liquid antivenoms are recom-
mended to be stored between 4° C and 6° C. In these conditions, they can maintain their 
beneficial properties for up to five years. Thus, cold-chain documentation is an essential 
aspect (Gutiérrez et  al. 2009) and is necessary for the distribution of liquid antivenoms, 
especially in tropical and warm climates. Freeze-drying or lyophilization is a separation 
process used to extract the water molecules from a sample, based on sublimation (Boss, 
Maciel, and Vasco de Toledo 2004). It consists of applying a strong negative pressure to a 
sample that has been rapidly frozen at very low temperatures, and it is used to conserve its 
bioactive properties. When used in antivenom processing, lyophilization increases shelf life 
and reduces or eliminates the need for potentially harmful preservatives and storage at low 
temperatures. Disadvantages of this technique include an increase in production costs and 
the fact that solubilization of the antivenom can take more than an hour if lyophilization 
is not performed correctly. Properly lyophilized antivenom takes less than five minutes to 
solubilize.

3.3 aNTIVeNOm eVaLUaTION

Evaluation of antivenom has two main objectives. The first is to determine its neutralizing 
properties against the homologous venom and other relevant venoms. The second is to judge 
the safety of the antivenom. (See also  chapter 2, table 2.2.)

3.3.1 NeUTRaLIZaTION

The first step in the evaluation of the neutralization properties of antivenom is to use 
ELISA (enzyme-linked immunosorbent assay) to measure the presence of antibodies that 
specifically recognize the venom. These assays not only monitor the development of the 
immune response in hyperimmunized animals, but they may also be used to determine the 
cross-reactivity of the antibodies to venoms that were not used in the hyperimmunization 
process (see section 3.4). Western blotting allows the qualitative determination of antibody 
recognition of particular venom components and is particularly useful for the identifica-
tion of poorly immunogenic toxins. Lack of recognition of clinically relevant toxins logi-
cally suggests lack of useful clinical effect. Recognition of venoms by serum antibodies does 
not necessarily mean that the antivenom will confer effective neutralization of the desired 
venom, however. Evaluation of the neutralization potency of antivenoms is therefore neces-
sary. Available tests used for this purpose are numerous, but all consist of the measurement 
of the decrease of venom effects in relation to increasing amounts of antivenom (Chippaux 
and Goyffon 1998). The most common in vivo test is the neutralization of the venom’s 
lethal activity. This is usually performed in mice because of their size and availability. It 
is performed by inoculating groups of mice with a determined amount of venom (usually 
between three and six LD50) preincubated for 15 to 30 minutes with increasing volumes of 
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antivenom. Survival rate is registered 24 to 48 hours after inoculation. The median effec-
tive dose (ED50) is defined as the volume of antivenom that prevents the death of half of the 
injected population. Protocols that involve preincubation of venom with antivenom can be 
used to analyze the ability of antivenom to neutralize particular venom activities, includ-
ing hemorrhage, edema, and necrosis, which may be challenging to ascertain otherwise (de 
Roodt 2002). Even though preincubation protocols, such as previously described, are cur-
rently the main tool used to evaluate the neutralization properties of an antivenom, they 
don’t reflect what happens in a real envenomation, where venom and antivenom are often 
administered through different routes and with varying periods of time between them. 
Several methodologies with independent inoculation of venom and antivenom have been 
described for this reason.

3.3.2 saFeTY

Evaluation of the safety of antivenoms involves the verification of the absence of severe 
adverse effects or ideally any secondary reaction whatsoever. To date, chemical analysis 
of antivenoms can contribute greatly to the prediction of antivenom safety. An antivenom 
with the following characteristics can be predicted to cause only mild, if any, adverse reac-
tions: undetectable albumin contamination, low pyrogenicity, lowest possible protein con-
tent, high specific neutralization potency, low protein aggregates, and minimized or absent 
toxic preservatives (Ramos-Cerrillo et al. 2008; Lanari et al. 2014). The WHO recommends 
the following tests as the minimum necessary for determination of the safety of an antive-
nom (WHO 2010):

•	 Neutralization	potency	against	most	relevant	venoms.
•	 Protein	concentration.
•	 Purity	of	active	substance.
•	 Presence	of	protein	aggregates.
•	 Presence	of	non-IgG	contaminants.
•	 Pyrogen test.
•	 Sterility test.
•	 Concentration	of	excipients	and	osmolality.
•	 pH.
•	 Concentration	of	preservatives.
•	 Determination	of	traces	of	agents	used	in	plasma	fractionation.
•	 Visual	inspection.
•	 Stability tests.

In terms of purity, the active substance should constitute more than 90% of the final antivenom 
product, and albumin content should be less than 1%. Methods such as reducing and non-
reducing SDS-PAGE are useful to determine antivenom protein composition (see  figure 3.2). 
Also, methodologies such as size-exclusion HPLC or regular gel filtration (see  chapter 7.2.) 
can be used to analyze the sample for protein composition and for protein aggregates (see 
 figure 3.1D).
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3.4 CROss-ReaCTIVITY aND VeNOm VaRIaTION

Generally speaking, snake venoms within a particular genus or from closely related genera 
have similar antigenic and toxicological properties. This allows the production of antivenoms 
that are able to neutralize most species from a defined group despite using only select venoms 
in the hyperimmunization process. However, while the gross-level protein profile tends to be 
maintained between closely related species, the relative proportions and particular isoforms 
present may vary widely. Given that these variations are reflected in the clinical syndromes 
developed in patients, it is necessary to characterize venoms in order to predict the course 
of envenomations and also the relative antivenom cross-reactivity. Significant variation in 
venom profiles has been shown between species within the same genus (Fry et al. 2002; Fry 
et al. 2003c; Sanz et al. 2006; Calvete, Escolano, and Sanz 2007; Angulo et al. 2008; Fry et al. 
2008; Gutiérrez et al. 2008; Lomonte et al. 2008; Tashima et al. 2008; Wagstaff et al. 2009) and 
between individuals within the same species, with the intraspecific differences found among 
geographic locales (Daltry, Wüster, and Thorpe 1996; Forstner, Hilsenbeck, and Scudday 1997; 
Fry et al. 2002; Fry et al. 2003c; French et al. 2004; Salazar et al. 2009; Boldrini-Franca et al. 
2010; Mackessy 2010; Castro et al. 2013; Sunagar et al. 2014), between sexes (Daltry, Wüster, 
and Thorpe 1996; Menezes et  al. 2006), and between juveniles and adults (Mackessy 1988; 
Daltry, Wüster, and Thorpe 1996; Lopez-Lozano et al. 2002; Calvete et al. 2009a). Venom vari-
ation has also been reported between venom glands of a single individual (Johnson, Kardong, 
and Ownby 1987). In extreme contrast is the extraordinary level of venom conservation within 
sea snakes as a consequence of their fish-specific diet (Fry et al. 2003c). Thus, the sole sea snake 
antivenom has an extraordinary level of cross-reactivity (Chetty et al. 2004). Further, it is able 
to neutralize the unrelated sea kraits (Chetty et al. 2004), which are an independent marine 
lineage but also specialize in fish prey.

The ability of an antivenom to neutralize a heterologous venom, that is, a venom from a 
species that is not used during hyperimmunization, depends on the presence of neutralizing 
epitopes that are shared with the homologous venom. Therefore, similarities and differences 
in venom composition must be considered during antivenom design. Usually, more than one 
venom is used as an immunogen during antivenom production, aiming to obtain antibod-
ies that can recognize and neutralize components in homologous and heterologous venoms. 
The phenomenon of recognition and neutralization of a heterologous venom is referred to as 
cross-reactivity.

An important consideration is that the abundance of particular toxins within a venom 
used for hyperimmunization can influence an antivenom’s neutralizing properties. Extremely 
lethal toxins, such as α-neurotoxins, can be clinically relevant even when they are present in 
very small proportion within a venom. When venoms of this type are used as immunogens, 
the immune response can be “distracted” by other, more abundant venom components. Such 
an antivenom would therefore perform poorly against α-neurotoxins (see Bénard-Valle 2009; 
Carbajal-Saucedo et  al. 2013). Also, the smaller the toxin type, the less immunogenic it is. 
Thus, immunization with venoms composed of different toxin types may result in an antive-
nom with a stoichiometry skewed toward the larger or more abundant toxins.

In addition, variations in the composition of the venoms used as immunogens can result in 
heterogeneous neutralizing properties of different batches of antivenom (see table 3.2). Crotalus 
simus, for example, is one of the species utilized as an immunogen to produce Antivipmyn, one 
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of the commercially available antivenoms in Mexico. Because of this, and given the variation 
previously observed in the venom of this species (Saravia et al. 2002), further characteriza-
tion of the venom from adult individuals of this species along its distribution revealed that 
individuals from the subspecies C. s. simus have very similar venoms, while the venoms of the 
other two subspecies, C. s. culminatus and C. s. tzabcan, had important individual variations, 
even when they were from animals collected in the same locality (Neri-Castro 2013). These 
differences were primarily in components between 4 and 16 kDa and thus are most likely in 
β-defensins (see  chapter 9) and PLA2 (see  chapter 21).

The production of efficient antivenoms requires a great deal of knowledge about the bio-
chemical, toxinological, and immunochemical characteristics of venoms. Much work in this 
area remains to be done.

3.5 VeNOm aND aNTIVeNOm 

phaRmaCOKINeTICs

Pharmacokinetics (PK) is the science that studies the process of absorption, distribution, and 
elimination (excretion and/or metabolism) of a substance in the body (Shargel et al. 2005). The 
previously described heterogeneity of venoms and the mechanism of action of their compo-
nents give them a range of PK properties with implications in their pharmacodynamics. This 
last term refers to a venom’s interaction with target molecules as well as the consequences of 
these interactions (Shargel, Wu-Pong, and Yu 2005). The analysis of PK properties of antive-
noms is also relevant, since a mismatch between venom and antivenom PK has been shown 
to be responsible for recurrence of envenomation symptoms after treatment with antivenom 
(Boyer, Seifert, and Cain 2001; Shargel, Wu-Pong, and Yu 2005). When performing antivenom 

Table 3.2: Comparison of Neutralization potency between Batches of antivipmyn

Batch of Antivipmyn

B-9G-21 B-IH-15 B-1C-08 B-1E-09

3LD50 (µg) EC50 (µlAV/3LD50)

C. s. culminatus1 487.2 > 400* > 300* >460* >460*

C. s. culminatus2 199.6 > 450* > 400* 115.2* 120*

C. s. simus 11.4 17.5 35.9 11 15

LD50 = medium lethal dose.

EC50 (μlAV/3LD50) = neutralizing potency expressed as microliters of antivenom that neutralize 3 LD50.
* Antivenom was resuspended in half the usual volume of saline (5 mL); still, 100% survival was not obtained with 
volumes equal to or lower than these values.
1 Individual from Morelos, Mexico.
2 Individual from Guerrero, Mexico.
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PK studies, the nature of the antivenom and the animal model chosen must be considered 
carefully to avoid discordance in PK profiles. Research has shown that antibody clearance and 
half-life are influenced by the Fc interaction with specific receptors, which exhibit some varia-
tion in specificity between species. For example, murine antibodies have shorter half-life in 
humans than humanized or chimeric antibodies. Conversely, human IgGs have long half-lives 
in mice, because murine FcRn (neonatal Fc receptor) binds human IgGs (Tabrizi, Tseng, and 
Roskos 2006).

Given that antivenom infused intravenously usually reaches its target venom proteins in 
plasma, interaction with endogenous proteins that could modify an antivenom’s PK profile 
is generally avoided. For this reason, molecular mass becomes the dominant factor influenc-
ing antivenom distribution and elimination. Differences in antivenom PK profiles have been 
studied because of their implications in treatment of envenomations, showing that their dis-
tribution volumes and half-life times are crucial. In their review, Gutiérrez and collaborators 
(Gutiérrez, Leon, and Lomonte 2003) showed that in clinical studies, Fab and F(ab’)2 fragments 
exhibit larger distribution volumes than IgG antivenoms. They also observed that Fab frag-
ments have shorter half-lives than whole IgG and F(ab’)2. The large distribution volumes exhib-
ited by Fab fragments suggest distribution in extravascular space, which gives the advantage of 
reaching and neutralizing toxins in deeper tissues, allowing fast neutralization of toxins. On 
the other hand, the short half-life exhibited by these fragments suggests that small size leads 
to rapid clearance, too. This implies that Fab antivenom leaves the body faster than venom, 
giving place to the recurrence phenomena well described for this type of antivenoms (Warrell 
et al. 1986; Boyer et al. 1999; Bogdan et al. 2000; Bush et al. 2013). Whole IgG molecules have 
small volumes of distribution, suggesting that the antivenom only reaches plasma and intersti-
tial fluids of highly perfused organs and limiting the neutralization of venom that has already 
reached its target tissue. On the other hand, IgG clearance seems to be slow enough to have a 
long half-life that keeps the neutralization properties of antivenom in the organism for many 
hours. F(ab’)2 seems to be intermediate between IgG and Fab, with a volume of distribution 
closer to that exhibited by Fab and a half-life long enough to avoid most recurrence phenomena 
(Boyer et al. 2013b). Selection of the best antivenom for treatment of envenomation should take 
antivenom and venom PK and pharmacodynamic profiles into account.
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4.1 sUmmaRY

Snakes and their venoms have fascinated people for thousands of years. Many intriguing and 
unusual features of snakes have contributed to the mystical aura that surrounds these animals, 
transforming them into symbols of great importance in almost every society. Because of the 
shedding of their skins, they have been used to represent rebirth, fertility, and immortality in 
ancient cultures such as that of the Aztecs, who honored the feathered snake Quetzalcoatl as 
the creator of the present era and a powerful symbol of life and renovation. Defensive displays 
and the venoms that back them up in many species have also resulted in fear and aversion, 
turning snakes into incarnations of evil in various cultures. Thus, they have often been char-
acters in stories representing the battle between good and evil, such as the Nordic myth of 
Jörmungandr, the world serpent and archenemy of the god Thor. Various shamanic societies, 
such as the Lacandonians from Chiapas, Mexico, regard snakebites as a punishment for inad-
equate behavior or sins committed (Leyton-Ovando 2001).

Snakebites involve complex pathophysiology characterized by a heterogeneous set of signs 
and symptoms. In addition, they are often associated with deeply rooted social practices and 
religious beliefs. In order to deal with them, traditional medical practitioners from around the 
world have developed an incredibly diverse array of remedies and emergency protocols, many 
of which are embedded in strict and complicated rituals to reinforce the central importance of 
the traditional healer in village life. The Culebreros of Mexico, the Sangomas of South Africa, 
and the Ozhas of West Bengal are just a few among the great number of traditional healers 
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who claim to have the ability to cure snakebite. This alleged power to heal grants them great 
status in their communities, and its acquisition requires a great deal of study and numerous 
initiation rituals.

To date, the only specific therapy that has scientifically validated efficacy for treating 
snakebites is the application of specific antivenom. However, certain social, religious, and eco-
nomic issues have made this therapy unavailable or have discouraged its use in many places. 
A high percentage of people involved in snakebite accidents around the world address a local 
medical practitioner or traditional healer before reporting to an established medical facility. 
For example, between 1980 and 1989, in the district of Burdwan, West Bengal, 65.5% of snake-
bite patients sought traditional healers, and only 22.1% received hospital treatment (Hati et al. 
1992). In Africa, traditional practitioners were consulted far more frequently than modern 
health centers, with 50% to 90% of people seeking traditional treatment prior to attending hos-
pital (Chippaux 2009). This is a serious situation, particularly in developing countries where 
medical facilities are less accessible and reliable information is not always available. Regrettably, 
hospitals with well-established treatment protocols stocking specific antivenom are scarce at 
best. Arrival at these facilities, especially when bites occur in remote areas, can take several 
hours or even days, and once there, treatment can be extremely expensive (Chippaux 2009). 
Ironically, when snakebite treatment has suboptimal outcomes resulting from the delay in 
obtaining modern medical treatment caused by initially seeking traditional remedies instead, 
the traditional healer is not typically held accountable. More often, modern medicine is held 
up as the failure.

The development of modern medicine is not causing traditional practices and local recom-
mendations to disappear, even though the optimal course of action in terms of prehospital 
and hospital care surrounding snakebite accidents has received considerable attention in the 
medical community. Even industrialized countries, where people have better access to infor-
mation and medical facilities, are no strangers to this problem. The popular practice of main-
taining venomous snakes as pets may result in accidents of varying severity (Schaper et al. 
2009). Most of these reptile enthusiasts are not professionals and may base their emergency 
protocols on unreliable or incomplete information from various sources. A variety of recom-
mendations based mainly on anecdotes from both medical and nonmedical sources are now 
available through the Internet and specialized literature, adding to an already rich collection 
of unproved therapies. A recent review of 48 websites found using two major search engines 
showed that 54.1% contained inappropriate treatment recommendations (Barker et al. 2010). 
This highlights the fundamental principle that people who keep such animals as pets, which 
can be done quite safely (see  chapter 5), should only do so under a rational permitting system 
that includes significant training requirements in order to obtain the license.

Characteristics inherent in snakebite accidents may promote the use of unproven rem-
edies, whether traditional or more modern. For example, a high percentage of bites by venom-
ous snakes result in either weak envenomation or no envenomation at all (dry bites). Together 
with the misidentification of nonvenomous snakes as dangerous species, these cases can result 
in the incorrect conclusion that the remedy applied was effective, thus anecdotally increasing 
its credibility. These nonvenomous bites may represent some 50% of all snakebites around 
the world (Chippaux 1998; Kasturiratne et al. 2008). The employment of unproven remedies 
has many disadvantages, some of which are not readily apparent. One of them is the genera-
tion of a false sense of security, postponing, or, in the worst cases, replacing, the search for 
adequate treatment. Use of multiple-step pathways to treatment, such as prior consultation of 



Ineffective Techniques for Treatment of snakebite  75

traditional health practitioners, significantly delays presentation at a hospital (Sloan, Dedicoat, 
and Lalloo 2007). Delays in treatment have been related to increases in the severity of injuries 
and increased mortality rates in snakebite accidents (Chippaux, Ramos-Cerrillo, and Stock 
2007). Another more obvious risk is the utilization of remedies that cause harm, such as scari-
fication or exposure to potentially toxic substances. Multiple cases of damage resulting from 
inadequate handling of wounds and illnesses by traditional practitioners are reported in medi-
cal literature (Dada et al. 2009; Unuigbe et al. 2009). In addition, some alternative measures, 
such as tourniquets or cryotherapy, can increase the damage caused by snakebite.

The number of people who apply some type of traditional remedy or unproven therapy 
before going to a hospital is surprisingly high. A study that included 147 snakebite victims 
treated in the Hlabisa hospital in KwaZulu-Natal, South Africa, between November 1995 and 
October 1996 showed that 90% had used some form of traditional remedy prior to hospital 
admission, 89% had used two or more each, and 49% had used at least three each. One patient 
had used six different remedies (Newman et al. 1997). In some cases, traditional practitioners 
specifically advise against attendance at a modern medical facility. An example that illustrates 
this situation can be found in an article from the Wall Street Journal in which a local priest 
from the province of Mushari, India, discourages attendance at hospitals, claiming that “if you 
don’t listen to God and instead go to a hospital, it’s at your own risk” (Trofimov 2007). The 
healing practice employed by this priest consists of bathing in a sacred pool and the application 
of a special type of mud to the snakebite wound while chanting prayers.

There are very few systematic studies that address the efficacy of alternative methods. In 
this chapter, we present a critical analysis of the available scientific evidence, evaluating rec-
ommended treatments and traditional remedies in order to assess their viability as first aid 
measures or additional therapies during a snakebite accident. In addition, we evaluate the pos-
sible dangers of the application of each unproven therapy.

4.2 meChaNIsms FOR VeNOm RemOVaL

4.2.1 sCaRIFICaTION, INCIsION, aND ampUTaTION

The practice of enlarging the wound is one of the oldest first aid treatments for snakebite. It is 
an intuitive measure and has been favored in many different places; scarification is a common 
treatment in indigenous cultures, and healing by bleeding was a feature of Western medicine 
until relatively recently. Inappropriate cutting may result in severing of muscles, tendons, and 
blood vessels. Such mechanical damage may result in severe bleeding, which may be greatly 
potentiated in cases involving venoms causing disruption of blood clotting. Cutting may 
also allow venom remaining on the surface of the skin direct access to the tissues beneath. 
Furthermore, the likelihood of secondary infection is high. This practice is not beneficial, and 
the risk of causing damage and increasing tissue loss is very high; no type of incision should be 
done acutely to any snakebite wound.

Scarification has long been used in ceremonies and religious rituals in places as diverse as 
Africa, Papua New Guinea, and Australia. Numerous cuts, often in intricate patterns, are used 
as part of cleansing and healing rituals (Klauber 1956). In addition to promoting bleeding, this 
is done as a way of administering substances with apparent healing effects into the wound. In 
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addition to the bleeding risk, there is also the possibility of introducing additional toxic com-
ponents to an already complex pathology or of seeding infections.

In early Western medicine, healing through bleeding was a common medical practice used 
to treat a variety of diseases including snakebite. Nicander of Colophon first described the 
use of cutting wounds in Western medicine in medical literature in the second century b.c. 
(Gow and Scholfield 1953; Klauber 1956). The number and shape of the incisions and the tools 
used for cutting vary, with X-shaped cuts over the fang marks and suction being the typically 
recommended snakebite treatment. Other, less common practices include performing mul-
tiple cuts of varying depth around the fang marks. Some people have been reported to bite 
the wound in the absence of tools to make incisions (Wingert and Chan 1988). Suction and a 
tourniquet are often recommended as accompaniments to incision. Commercial first aid kits 
have been designed to facilitate incision and suction in the field, and some are still available. 
They typically include a suction device, a scalpel or sharp blade, sterile swabs, and some kind 
of tourniquet or ligature. Although it is still performed in many parts of the world, the medical 
consensus is against this measure (Hultgren 1994). This practice contradicts the first principle 
of first aid treatment, “first, do no harm,” as a lot of additional damage may result (Hall 2001). 
Sterile surgical blades are rarely available in the field, where most snakebite occurs. Rather, 
incisions are performed with a variety of nonsterile tools, such as sewing needles, kitchen 
or field knives, or broken glass. In traditional healing practices, a diverse collection of tools 
is used to incise snakebites. Culebreros from Veracruz, Mexico use the fangs of nonvenom-
ous snakes, the thorns of orange trees, and sharpened pieces of deer antler (Leyton-Ovando 
2001). The likelihood of secondary infection is greatly increased in these cases (Jorge et  al. 
1990; López, Lopera, and Ramírez 2008). When mouth suction is applied or when the wounds 
are bitten, risk of infection is even higher because of bacteria present in the human mouth 
(Goldstein et al. 1978). Even though some experiments performed in the 1920s appeared to 
show an improvement in survival rates of envenomed dogs as a result of this practice, more 
recent studies failed to observe any improvement of outcome in envenomed patients treated 
this way (Wingert and Chan 1988; Hall 2001). In a study of surgical excision of subcutane-
ous tissue around the bite area in 54 patients, 16% developed complications (Huang et  al. 
1974). Percentages of complications are much lower in patients treated with antivenom (Hall 
2001). A study on human volunteers demonstrated that blood spontaneously oozing from a 
mimicked snake-fang wound contained a very small amount of the injected “mock venom” 
(Alberts, Shalit, and LoGalbo 2004). Even if the wound is enlarged and allowed to bleed pro-
fusely, the amount of recovered venom is unlikely to be significant.

The most extreme form of incision is amputation of a finger or toe in order to avoid what 
is believed to be an otherwise certain death. This practice is extremely painful, incapacitating, 
unnecessary in the case of dry bites, and potentially ineffective because of rapid absorption 
and transmission of the venom away from the affected digit.

The use of cutting as a snakebite treatment has not been limited to the confines of tradi-
tional remedies or misguided amateur attempts at medicine. Fasciotomies have long been a 
standard practice in the treatment of Crotalus envenomations in parts of the United States, and 
this archaic practice persists today. Purported justification for this radical surgery has been to 
alleviate intramuscular compartmental pressure (Cumpston 2011). This is despite a conspicu-
ous absence of evidence of venom actually penetrating the fascia and thus causing pressure 
sufficient to restrict blood flow within the muscle (Holstege et al. 1997). Compartment syn-
drome as a result of raised intracompartmental pressure is mistakenly diagnosed when, in fact, 
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the true pathology is superficial prefascial envenomation (Cumpston 2011). There is a growing 
body of evidence that not only are fasciotomies generally unnecessary, but they also cause 
great harm (Cumpston 2011). This is not to say that legitimate cases of intracompartmental 
pressure have not been reported (see Roberts, Csencsitz, and Heard 1985), but in these cases, 
the appropriate treatment is antivenom, and fasciotomy (see color plate 12E) is of unproven 
value (Tunget-Johnson et al. 1998; Rosen, Leiva, and Ross 2000; Gold et al. 2003).

4.2.2 meChaNICaL VeNOm exTRaCTORs

The use of suction is, without a doubt, the most popular of nonmedical attempts at first aid 
and the most familiar to anyone who has seen snakebite in movies. After the dangers of inci-
sion and scarification were made evident in most parts of the world, mechanical suction with-
out incision became widely advocated. Commercial venom-extraction kits usually consist of 
a negative pressure pump with cups of different sizes or other types of suction devices such 
as rubber bulbs. Most also include razors to remove hair. These kits are promoted as effective 
first aid treatment for snake and insect bites or stings, with statements that they can “safely 
and quickly remove significant amounts of venom” (Sawyer Products 2014). The purpose of 
this method is to extract venom from the bite area in order to reduce the damage and symp-
toms caused by envenomation. The use of suction is based on two primary assumptions: that 
injected venom remains in the bite site long enough to be removed and that it is possible to 
remove the venom from the bite site through the use of suction.

In snakebite, venom may be delivered to a wide range of tissue depths, from subcuta-
neously through to intramuscularly, with numerous variables affecting the outcome (see 
 chapter 2). The subsequent speed of dispersion of venom is also highly variable, being affected 
not only by bite site and depth but also by the diverse natures of the injected toxins. When 
venom reaches the interstitial space under the skin or in the muscle, it interacts with the mol-
ecules of the extracellular matrix (ECM). These interactions favor the spreading of venom 
components through surrounding tissues, hindering their physical removal. Furthermore, 
enzymes present in many types of venom, such as hyaluronidase (see  chapter 24.11), and can 
act like spreading factors, degrading the ECM to accelerate venom diffusion and absorption 
(Kemparaju, Girish, and Nagaraju 2010). The lower the molecular weight of the toxins, the 
greater the likelihood of absorption through blood capillaries and consequent rapid systemic 
dissemination. Conversely, the higher the molecular weight of the toxins, the greater the like-
lihood of slow transport in the lymphatic fluid along the affected limb until a lymph node is 
reached, after which the toxins are absorbed into the blood and quickly transported to the 
rest of the body. Given that snake venoms are complex mixtures containing proteins of varied 
molecular weight, some toxins will reach the bloodstream earlier than others. Neurotoxins, 
typically of low molecular weight, will reach systemic circulation faster than enzymatic, 
high-molecular-weight toxins such as metalloproteases. Studies have shown that measurable 
quantities of venom appear in the bloodstream appears a few minutes after the bite (Audebert 
et al. 1994; Paniagua et al. 2012). However, significant venom levels can be measured at the bite 
site several hours after the accident (Paniagua et al. 2012). Hence, there will be at least some 
venom at the bite site in the minutes after the accident, but it will decrease over time as the 
absorption process takes place. Given that absorption starts immediately, it is very unlikely 
that 100% of any venom is available for extraction even in the first minutes after inoculation.
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The first controlled experiments for analyzing the amount of venom that can be extracted 
from tissues were made in the 1960s and reported positive results. In one of these, rabbits 
injected with the venom of Daboia palestinae were used as a study model (Shulov et al. 1969). 
The authors reported that when the venom was injected subcutaneously, as much as 46% of 
it could be extracted if the suction device was applied immediately after injection. When the 
venom was injected intramuscularly, the amount of extractable venom was reduced to 11%. 
Almost two decades later, Bronstein and collaborators reported the extraction of as much as 
30% of Crotalus venom injected subcutaneously in rabbits (Bronstein, Russell, and Sullivan 
1986). However, this work was published only as a non-peer-reviewed abstract and doesn’t 
detail its precise methodology. Despite these significant shortcomings, it is still cited as evi-
dence of the efficacy of venom extractors by product manufacturers.

The initial success in the extraction of venom was probably a result of the selected ani-
mal model. Rabbits, unlike humans, have a very small subcutaneous layer that may make 
venom extraction easier (Bush 2004). Research using a porcine model (in which skin anat-
omy is similar to human) analyzed the effect of a commercial extractor device on local tis-
sue injury and swelling. It was concluded that the extractor did not reduce swelling or tissue  
injury and even resulted in further injury in some cases because suction-induced tissue 
ischemia increased tissue loss during envenomation and resulted in lesions (Bush et  al. 
2000; Bush 2004). Lesions associated with suction devices have also been reported in 
human patients (Bush and Hardy 2001; Holstege and Singletary 2006). A study on human 
volunteers administered subcutaneously with radioactively labeled “mock venom” reported 
that the extractor removed only between 0.04% and 2% of the injected venom (Alberts, 
Shalit, and LoGalbo 2004).

Thus, despite the considerable debate in the medical community concerning the benefits 
and safety of these first aid devices (Gellert 1992; Forgey 1993), no proper scientific research 
or systematic clinical trial has demonstrated that using a venom-extractor device will improve 
the outcome of envenomation. Indeed, not only are such devices now revealed to be ineffective, 
but they have also been shown to potentiate local damage. Because of this recent evidence, the 
latest first aid recommendations no longer advocate mechanical suction as a useful measure in 
snakebite cases (Boyd et al. 2007; Gil-Alarcón, Sánchez-Villegas, and Reynoso 2011).

4.2.3 BLaCK sTONes OR sNaKe sTONes

“Black stones” are pieces of charred bone, usually from a domestic animal, that are applied to 
the bite site. It is claimed that they stick to the wound until they have absorbed all the venom, 
after which they fall off. It is also claimed that subsequently boiling and then soaking the stone 
in milk will recover its healing properties (REAP 2013). Black stones came to the attention 
of European medicine in the 17th century, when they were carried back by merchants and 
missionaries from India, China, and Southeast Asia. It was said that expert snake charmers 
obtained the stones from the skulls of venomous snakes. Proposed as a cure for snakebites and 
many other poisonings, they generated strong debate concerning their real therapeutic value. 
Francesco Redi and Athanasius Kircher made the first tests of black stones on animal models 
while participating in this debate (Redi 1671). Even though these experiments yielded negative 
results, anecdotes of their success prevented black stones from being discarded as perceived 
medical tools (Baldwin 1995). Today black stones are still used as a traditional treatment in 
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many parts of the world, particularly in Africa and India. As with many other traditional prac-
tices, evidence of their efficacy is based solely on oral tradition (Rasquinha 1996).

There has been only one systematic study to date concerning the therapeutic potential of 
black stones as treatment for snakebite (Chippaux, Ramos-Cerrillo, and Stock 2007). In this 
work, the authors used mice as a study model to perform in vitro and in vivo experiments with 
the venom of three of the most medically important African snakes, Bitis arietans, Echis ocel-
latus, and Naja nigricollis. In four strictly controlled experiments, they made the following 
observations: (1) In vivo application of a black stone at the injection site did not increase the 
survival rate of mice inoculated with three medium lethal doses (LD50) of venom, even when 
applied immediately after injection. (2) In vitro incubation of venom proteins with black stone 
powder is not a clinically relevant test. Thus, based on the weight of the evidence, they con-
cluded that black stones were an ineffective form of treatment for snakebite.

4.3 phYsICaL TReaTmeNT OF The BITe aRea

4.3.1 eLeCTRIC shOCK

In 1986, a letter was published describing the use of high-voltage, low-current electric shocks 
as treatment for snakebites in a population of Waorani Indians from Ecuador (Guderian, 
Mackenzie, and Williams 1986). The method consisted of the application of four to five 
high-voltage direct-current (HVDC) shocks (20–25,000 volts; < 1 mA) directly to the bite site. 
The current was originally delivered using an insulated probe connected to the spark plug of an 
outboard or car motor. In a further refinement, the motor was replaced by a hand-held electrical 
shock device, or “stun gun,” that delivered a pulsating direct current of similar characteristics. 
The letter reported 34 snakebite patients on whom the described method was successfully used 
within the first 30 minutes after the accident. The use of this novel treatment spread rapidly, 
particularly in the United States, where close to 50 local newspapers and four popular maga-
zines published articles promoting its use as a potentially lifesaving first aid measure (Altman 
1986; Johnson 1988; Bucknall 1991). Despite a lack of supporting evidence, it was advertised 
as useful for virtually every envenomation caused by an animal, including bee stings and bites 
from spiders or snakes. Most of these articles cited individual case reports and provided only 
circumstantial evidence of the treatment’s value, as commented on by David L. Hardy in the 
Tucson Herpetological Society Newsletter (Hardy 1988). One of the most widely cited articles 
was an editorial in the magazine Outdoor Life, which enthusiastically recapitulated the cases 
reported by Guderian and cited other cases of allegedly successful treatments utilizing varia-
tions of the original HVDC protocol (Mueller 1988b; Mueller 1988a). Unfortunately, this arti-
cle did not provide evidence of a causal connection between the application of HVDC and 
positive outcomes of cited envenomations. Following the media excitement concerning the use 
of electric shock in snakebite treatment, a company called J & K Industries developed a spe-
cial model of stun gun that delivered close to 25,000 volts of direct current (Bucknall 1991). It 
promoted this device as a “field tested and proved” cure for snakebite, carelessly implying that 
seeking professional medical attention was of secondary importance (Mackey 1988). In 1990, 
the US Food and Drug Administration banned the promotion in that country of electrical 
devices as having any therapeutic value (Bucknall 1991).
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The biological basis of the therapeutic value of HVDC was never clearly established, 
although various mechanisms were proposed. One of these suggested that the current could 
directly inactivate the venom proteins (Guderian, Mackenzie, and Williams 1986). Independent 
of its veracity, this theory did not provide a logical argument that could explain why bodily 
proteins (belonging to the same families as venom proteins) were not affected by the electric 
current. Another hypothesis proposed that the electric shock produced an intense vascular 
constriction that arrested the venom in the bite zone until it broke down and ceased to be 
active (Guderian, Mackenzie, and Williams 1986). This theory does not account for venom 
proteins that act on local tissue such as myotoxins and metalloproteases, which are abun-
dant in venoms of snakes such as Bothrops and Crotalus. More recent research has shown that 
venom proteins remain active in bodily tissues and the bloodstream for several days after the 
initial envenomation (Audebert et al. 1994; Riviere et al. 1998).

One study tested the hypothesis that venom proteins were selectively affected by evaluating 
the effect of an electrical current from a commercial stun gun directly applied to a Crotalus 
adamateus venom solution in an electrolysis cell (Davis et al. 1992). Even though the venom 
was shocked for a significantly longer time than recommended by stun gun manufacturers, 
no effect was observed on the potency of the venom as determined by murine LD50 testing. In 
order to test the therapeutic value, various controlled studies were conducted using different 
animal models. Injecting mice with the venom of Crotalus oreganus (Johnson, Kardong, and 
Mackessy 1987) assessed its lethal effect. The effect on local tissue damage was analyzed in rats 
using Bothrops atrox venom (Howe and Meisenheimer 1988) and in rabbits using C. adaman-
teus venom (Stoud et al. 1989). None of these studies recorded an improvement in the outcome 
of experimental envenomation related to the application of HVDC. Two literature reviews on 
the matter also concluded that there was no scientific evidence to support the use of HVDC in 
the treatment of envenomation by snakes or other animals (Bucknall 1991; Welch and Gales 
2001). Other case reports in the literature suggest that HDVC is of little, if any, therapeutic 
value and that it is actually potentially dangerous (Dart and Gustafson 1991). To date, there is 
no scientific evidence that supports the use of this method, and, like any unproven therapy, it 
may be more harmful than beneficial. Cases of mild to severe burns caused by stun guns have 
been reported (Burdett-Smith 1997), and these could be worsened by the use of an uncon-
trolled power source such as an outboard motor or a car’s spark plug. There is also the pos-
sibility of stimulation of cardiac muscle by stun guns and similar devices (Nanthakumar et al. 
2008). Finally, lack of standardization of nonmedical protocols such as this one may increase 
the risks of an already hazardous measure; for example, bite victims may mistakenly utilize 
high-current power sources that could cause fatal electrocution.

4.3.2 CRYOTheRapY

Cold therapy was initially projected for treating snakebites in the early 1900s. It involves freez-
ing with ice packs or ethyl chloride sprays and prolonged submersion in ice water (Klauber 
1956). All of these methods are based on the hypothesis that reducing temperature reduces 
venom activity. However, even if this actually worked on enzymatic toxins, it would not affect 
other toxin types such as peptide neurotoxins. A critical review of the available evidence in 
favor of and against cryotherapy was conducted and concluded that the method was ineffec-
tive and should not be used (Frank 1971). A more recent study that experimentally analyzed 
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this practice failed to demonstrate any benefit of the application of cold (or heat) on local tissue 
damage induced in rats by Agkistrodon piscivorous venom (Cohen, Wetzel, and Kadish 1992).

Treating snakebite envenomation with cold may worsen the state of the wound in sev-
eral different ways. Initial exposure to cold temperatures on the skin activates thermoregula-
tory mechanisms and causes vasodilation, which may contribute to the spreading of venom. 
Additionally, the severe edema caused by many snake venoms can compromise circulation in 
distal parts of an affected extremity, leading to ischemia and possible tissue loss. Cold-induced 
vasoconstriction, which takes place when tissues are cooled between 10° C and −2° C, would 
definitely worsen this effect (Mohr, Jenabzadeh, and Ahrenholz 2009). The same vasoconstric-
tion could also increase the risk of local tissue damage by arresting venom proteins in a single 
zone. Even without envenomation, prolonged exposure of the whole body or body parts to 
low temperatures causes severe damage (Kiss 2012). Cold exposure can cause injuries of vary-
ing severity, including frosting, chilblain, and frostbite. The last is caused by the slow freez-
ing of tissues and in severe cases leads to tissue loss and amputation (Mohr, Jenabzadeh, and 
Ahrenholz 2009).

Current snakebite treatment protocols strongly advise against the use of cryotherapy (Boyd 
et al. 2007; Gil-Alarcón, Sánchez-Villegas, and Reynoso 2011).

4.3.3 CaUTeRIZaTION

Cauterization is an ancient remedy utilized to stop hemorrhage and sterilize wounds. Different 
methods, such as the application of a hot iron or burning gunpowder, have been used to treat 
snakebite according to the theory that intense heat can destroy venom components. Various 
chemical caustics, such as silver nitrate, nitric acid, and potassium hydrate, have also been 
used (Klauber 1956). This practice was very common as a complement to other therapies in the 
1800s, before antivenoms therapy was an option and when very little information was available 
concerning the nature of envenomation. In two fatal cases of snakebite, lunar caustic (silver 
nitrate) was applied to the bite site in order to stop the bleeding caused by previous treatment 
attempts, but no beneficial effects were recorded (Powell 1853). In 1871, a note was published in 
Nature reporting the successful treatment of 70 snakebite patients using melted wax over the 
fang marks (Nature 1871). In this note, the treating physician stated that the therapeutic effect 
came from the prevention of air entering the wound.

This is an extremely painful and damaging practice and should not be attempted for any 
reason. No benefit has ever been shown from cauterization of snakebites in clinical or experi-
mental studies.

4.3.4 TOURNIQUeTs

As mentioned earlier in this chapter, numerous first aid practices are aimed at eliminating 
or delaying the effects of venom. Application of tourniquets or ligatures is one of the most 
long-standing and common practices around the world (Tun-Pe et al. 1987). The theory is that 
by tying a tourniquet to the affected extremity, the injected venom will be retained in a small 
area around the bite site, affording the bite victim a longer period of time to get to a hospital. 
Unfortunately, it is not that simple, as a lot of aspects have an influence on the possible benefits  
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or damages resulting from this practice (see color plate 14). These aspects include (but are 
not limited to) the material used to make the tourniquet, the pressure it applies, and its loca-
tion. Another important feature is which species of snake is responsible for the bite, given 
that absorption and distribution rates vary greatly between different venom components. 
Depending on the experience of the person tying the tourniquet and the available materials, 
many variants of this method have been proposed. All of these have generated contrasting expe-
riences and experimental results, which have led to great controversy regarding this method 
(see Currie 2006). The pressure applied and the amount of time it is maintained are some of the 
most relevant variables influencing the outcome of the treatment and the possibility of dam-
age caused by the tourniquet itself. Unfortunately, most tourniquets are applied incorrectly, 
utilizing too much pressure and maintaining it for too long, which can lead to tissue damage 
through ischemia. Damage caused by tourniquets can hide the symptoms caused by snakebite 
and complicate hospital treatments (Tun-Pe et al. 1987; Currie 2006). Epidemiological stud-
ies reveal this practice to be an extremely common pre-hospital measure around the world. 
In two cities in Myanmar, 152 snakebite accidents were reported, of which 139 (91%) victims 
had had a tourniquet applied (Tun-Pe et al. 1987). In Belo Horizonte, Brazil, 97 of 114 patients 
bitten by Crotalus durissus applied tourniquets (Amaral et al. 1998). This study reported that 
the application of tourniquets resulted in no therapeutic advantage. Paresthesia, palpebral pto-
sis, respiratory distress, and high concentrations of creatine kinase enzyme were observed in 
patients with and without tourniquets. No local tissue damage was observed in these cases, 
probably because the main component of this venom is crotoxin, a potent presynaptic neu-
rotoxin. Another study showed that 78% of the patients bitten by Daboia russelii who applied 
tourniquets did not achieve any significant delay in venom distribution to the rest of the body 
(Tun-Pe et al. 1987). Similarly, no efficacy of tourniquets to delay systemic envenomation was 
observed in patients bitten by Echis carinatus (Bhat 1974). In Mexico, there are no statistics 
available, but the authors’ experience has been that this first aid measure is extremely common 
in the whole country and that no therapeutic benefits are gained from its application.

Far from being beneficial, tourniquets have been shown to cause severe harm to the ligated 
extremity. In cases of bites by snakes whose venoms cause local damage, such as hemorrhage, 
inflammation, and necrosis, any type of tight ligature may arrest venom proteins in the vicinity 
of the bite, accelerating and increasing damage to local tissues (Amaral et al. 1998). In Brazil, 
ligatures are strongly contraindicated, given that 90% of snakebites in that country are caused 
by species of the genus Bothrops, whose venoms have very potent, locally acting components.

It is clear that in most cases, tourniquets offer virtually no benefits to snakebite patients. 
Their incorrect application can lead to tissue damage by itself, and even when they are tied cor-
rectly restriction of venom proteins to a single area can increase tissue damage.

4.4 BOTaNICaL aND ChemICaL RemeDIes

4.4.1 BOTaNICaL RemeDIes

For centuries, medicinal plants have played a fundamental role in traditional treatments, being 
used for thousands of pathologies around the world. Herbal medicine is one of the oldest sci-
ences, and it doubtless predates the first recognized civilizations. Throughout the centuries, 
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humans have used plants to cure illnesses. Through empirical testing, societies around the 
world have accumulated great knowledge of their surroundings, including the identification 
of plants that can be eaten, are dangerous, or have medicinal properties (Otero et al. 2000a).

The use of plants is the most widely distributed remedy for snakebite in traditional medi-
cine, and a great number of plant species are used for this purpose (Morton 1981; Duke 1985). 
While 578 vascular plants have been reported in the literature to have some type of antiophid-
ian activity, the actual number of plant species used is probably much higher (Martz 1992). 
Treatments usually consist of a single plant or a mixture of plants that can be used to prepare 
decoctions or alcoholic extracts, administered orally or used to bathe the patient or the bitten 
body part. In some cases, the affected zone is exposed to vapors for a determined period of 
time, and the process is repeated several times. In cases of inflammation or necrosis, tradi-
tional practitioners tend to use poultices on the affected zone (Otero et al. 2000a). Plants are 
selected for the treatment of snakebite accidents for very different reasons in different parts of 
the world. Most of the species used were originally tested empirically, and they change depend-
ing on their local availability and abundance. Interesting cultural aspects such as the “similar-
ity law” operate in plant selection, with many plants used for snakebite having some physical 
similarity to snakes present in the region (Piojan 2008). An example is the genus Dracontium, 
members of which have trunks that resemble snakes of the genus Bothrops in color and texture 
and are used as snakebite antidotes in all of tropical America.

The species of medicinal plant and the method of administration are determined by a local 
medical practitioner, whose knowledge is normally transmitted from generation to generation 
and modified depending on personal experience (Otero et al. 2000a; Leyton-Ovando 2001). 
Information is often jealously protected and only shared with the initiated, making it very hard 
to find literature concerning the methods employed. Like many traditional practices, the use 
of plant remedies is imbued with ritual and ceremony, usually involving the combination of 
various remedies. In the state of Oaxaca, Mexico, members of the Chinanteca tribe use cutting 
and mouth suction after the snakebite. Next, they apply a poultice composed of the leaves of 
seven species of plants and finally a fresh leaf of Dorstenia contrajerva. The rest of the treat-
ment depends on symptoms and ends with a ceremony called Limpia (literally, “cleaning”) 
accompanied by several prayers (Piojan 2008). Across the country, along the Gulf of Mexico, 
the Culebreros have been observed to use close to 120 species of plants for this purpose, 10 of 
which are very common. Plant harvesting involves a variety of rituals and can only be done by 
certain people on specified days in March (Leyton-Ovando 2001). Even though this practice 
is widely spread in Mexico, there are no scientific studies to refute or prove the presence of 
any type of antiophidian activity. In Swaziland, in southern Africa, the Sangomas treat snake-
bite with a paste called Sibiba made from various herbs, bark, parts of snakes, and venom. 
Hundreds of small cuts are made around the wound, and sibiba is rubbed in. The paste is also 
eaten to prevent snakebite. Other Swazi cures include rubbing aloe vera leaves or drinking 
their juices. Sangomas from Zululand, also in southern Africa, use thorn bushes and monkey 
fruit (Myke Clarkson, personal observation).

Colombia is one of the few countries where trustworthy data on traditional remedies 
are available (Otero et al. 2000a). In northwestern Colombia, 60% of patients suffering from 
snakebite are initially treated with some type of medicinal plant. In this region, 20 medi-
cal practitioners, called Chamane, treated 454 patients, 20 of them with lethal outcomes. 
The administration route of the plants depends on the time and severity of the envenoming 
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determined by the local Chamán. Of the 105 plants used by the Chamanes in the region, 85 
have been collected and identified (Otero et al. 2000a).

The experiments that have been used to assess the possible beneficial effects of plants in 
snakebite accidents can be grouped as follows: (1) preincubation, by which venom or venom 
fractions are incubated with varying doses of plant extracts and subsequently injected into an 
animal model or tested for activity; or (2) in vivo, which includes protection or rescue experi-
ments where plants are administered through various routes before or after experimental 
envenomation. Careful interpretation of the results of these experiments is very important 
in order to understand their real predictive potential. In most cases, experiments are far from 
reflecting the application of botanical remedies in a real case of envenomation (Houghton et al. 
2007). Preincubation experiments are the most common in the scientific literature. In one of 
these, groups of mice were injected with 1.5 times the predetermined LD50 of Bothrops asper 
venom preincubated with extracts of Dracontium croatti. The results showed that this group 
presented a 45% survival rate, while a control group injected with the same amount of non-
preincubated venom had a survival rate of 10% (Otero et al. 2000a). This type of experiment in 
no way reflects what happens in a clinical envenomation, because such an exclusive and direct 
interaction between venom and plant components is not possible in normal circumstances. 
Factors such as absorption, dose, and metabolism are not considered in this in vitro testing. 
However, it can be used to select plant species with therapeutic potential for further analysis.

Other studies focus on the neutralization of particular venom activities using very similar 
approaches. One study in Costa Rica also analyzed the venom of B. asper, one of the most 
medically significant snakes in the region, the bites of which cause severe local and systemic 
hemorrhage (Castro et al. 1999). Hours can go by before a patient bitten by B. asper in this 
region is treated with antivenom; therefore, delaying or stopping the hemorrhagic activity of 
the venom is of crucial importance. The ethanolic extracts of 48 species of plants were prein-
cubated with 10 minimum hemorrhagic doses (MHD), and results showed that 10 of the 48 
completely neutralized this activity. Neutralizing extracts were subsequently characterized, 
and the main components identified were flavonoids. The authors propose that these compo-
nents may be acting as zinc-chelating agents, inactivating hemorrhagic metalloproteases. This 
is an example of a mechanism that affects neutralization when tested in vitro, but given the lack 
of specificity for venom components, this neutralization would most likely not be maintained 
on in vivo experiments.

Another study evaluated the capacity of some of the previously described plants to neutral-
ize the lethal and enzymatic activity of Bothrops atrox venom, this time using in vivo rescue 
and protection experiments (Otero et  al. 2000b). After preincubation experiments with the 
alcoholic extracts of 82 plant species, 10 venom samples were selected for analysis and tested 
for lethality. In the next set of experiments, extracts of selected plants were administered by 
different routes (oral, intravenous, intramuscular, and intraperitoneal) before or after inocula-
tion of 1.5 LD50 doses of venom, also inoculated through different routes (intravenous, intra-
muscular, and intraperitoneal). Extracts administered orally and intraperitoneally 60 minutes 
before intramuscular inoculation of venom provided a low protective effect. Also, two of the 
extracts were partially effective when administered intravenously 15 minutes after intramus-
cular inoculation. One of them resulted in a 50% survival of mice when inoculated 5 min-
utes after intramuscular administration of venom. The authors also reported that the extracts 
delayed time of death in most cases.
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In China, various products based on plant extracts are used to treat snakebite. An example 
of this is the “Yuang snakebite drug,” created using the soluble extracts of 11 plant species. It 
was reported that the oral administration of the drug 40 minutes before the injection of Naja 
atra and Gloydius halys venom into mice resulted in 66.1% and 52.4% survival rates, respec-
tively (Yuliang et al. 1979). A number of similar works have been done claiming the efficacy 
of various other plants with similar methodological and practical limitations. Table 4.1 shows 
a few of the plant species that have been studied for their effect on snakebites. Unfortunately, 
the observation of a positive effect in rescue or preventive experiments does not prove that the 
tested plant is able to neutralize snake venom, and most performed experiments have obtained 
partial results like those of the previously discussed examples. However, these results do sug-
gest that some plants may have a positive effect when treating certain envenomations. Isolation 
of the components responsible for the apparent therapeutic effects and the characterization of 
their mechanisms of action could further understanding of the treatment of bites from specific 
snake species. Whereas none of these should be expected to replace the use of specific antive-
nom, some compounds could be found that help to reduce the damage caused by snakebite in 
cases where arrival at a clinic with available antivenom may not be possible for several hours 
following a bite.

To conclude, no plant remedy has been systematically proven to have a beneficial effect 
on snakebite envenomation in humans, and no clinical study has shown an improvement of 
outcome in patients treated with a specific plant. Still, much research remains to be done in 
this field, and some of the discussed studies have hinted at the presence of components that 
may have therapeutic benefits for the treatment of snakebite. On the other hand, the dangers 
of application or ingestion of unknown substances are considerable. Many plant-derived sub-
stances are extremely toxic. The monkey fruit used by Zulu Sangomas for snakebites contains 
strychnine, an extremely toxic alkaloid (Philippe et al. 2004). Application of poorly washed 
leaves and parts of plants over damaged tissue could also cause infection. No remedy should 
be applied without full understanding of its risks and the extent of its therapeutic potential.

4.4.2 VITamIN C

Ascorbic acid, or vitamin C, has been recommended for the treatment of many diseases, rang-
ing from burns and the common cold to diabetes (Klenner 1971). High doses of intravenous 
vitamin C (> 1 g/kg) have been claimed to be effective treatment of envenomations in both 
humans and animals (Stone 1972). Some physicians and veterinarians have even suggested its 
use as an alternative to specific antivenom. Much of this information is published on Internet 
blogs, and evidence in favor of it typically consists of case reports and references to its use in 
treatment of diseases completely unrelated to envenomation (Kumar et al. 2004). No viable 
mechanism of neutralization of any venom component by vitamin C has ever been proposed. It 
has been suggested that the ingestion of antioxidants, such as vitamin C, can have a beneficial 
effect in the treatment of snake envenomations based on the observation of a decrease in anti-
oxidant levels in snakebite cases (Suat et al. 2013). Even if this is the case, the beneficial effect 
would probably be minimal and far from a direct neutralization of venom components. No 
adverse effects of administration or ingestion of high doses of vitamin C have been observed, 
even when taken periodically for long periods of time, because the excess of this compound is 



Table 4.1: plant species analyzed for antivenom effect

Plant species
Part 
useda Preparation

Administration 
routeb

Showed 
beneficial 

effect 
experimentally

Experimental 
methodc Reference

Allamanda 
cathartica

LE Unknown Unknown No P Castro et al. 
1999

Aristolochia 
ovalifolia

RO Pulverization Oral Not tested — Hernández, 
Bello, and 
Mávil 
2007

Citrus limon RF Juice Oral, external 
bath, poultice

Yes P, Prot, R Otero et al. 
2000a; 
Otero 
et al. 
2000b

Clinacanthus 
mutans

LE Decoction Oral No Prot Cherdchu 
et al. 1977

Dorstenia 
contrajerva

LE Poultice Poultice Not tested — Piojan 2008

Dracontium 
croatti

RH Decoction Oral, external 
bath

Yes P Otero et al. 
2000a; 
Otero 
et al. 
2000b

Hemidesmus 
indicus

RO Alcoholic 
extract

Oral Yes P Alam, 
Auddy, 
and 
Gomes 
1994

Hibiscus 
tiliaceus

SE Alcoholic 
extract

Oral Not tested — Hernández, 
Bello, and 
Mávil 
2007

Trichomanes 
elegans

WP Decoction External bath Yes P, Prot Otero et al. 
2000a; 
Otero 
et al. 
2000b

a Plant part used as remedy: RH = rizomes; LE = leaves; RO = roots; RF = ripe fruits; SE = seed; WP = whole plant.
b Administration of plant species by traditional medical practitioners.
c Method used to test effect of plant: P = preincubation; Prot = protection; R = rescue.



Ineffective Techniques for Treatment of snakebite  87

excreted in urine (Levine et al. 1996). However, unfounded belief in this practice could delay 
the use of an effective therapy.

4.4.3 aLCOhOL

The use of various drugs, particularly alcohol, is an old folk cure for snakebites. In the United 
States, alcoholic beverages, particularly whiskey, were given to snakebite patients in the belief 
that venom and alcohol were antagonists and would neutralize each other. Laypersons, along 
with physicians, thought that snakebite would have no effect on a patient intoxicated with alco-
hol. Many cases of such treatments are available in the literature. For example, two envenomed 
horses were “successfully treated” in 1867 by oral administration of half a pint of whiskey and 
half an ounce of ammonia together with the use of tobacco leaf poultices (Nature 1870). In 
1855, a physician reported the “successful treatment” of an Agkistrodon contortrix bite with 
alcohol. The latter clearly illustrates the use of several remedies at the same time. Saltwater 
washing, excision of the area, scarification and suction, tourniquet, cauterization with silver 
nitrate, and oral administration of strong brandy were all used on the same patient during the 
course of three days (Kunkler 1855). The fact that he fully recovered is probably more related 
to the characteristics of the venom than to any of the applied remedies. The venom of this spe-
cies usually causes severe edema and pain, but severe or fatal envenomations are uncommon 
(Bhakta, Morgan, and Borys 2009). The case of alcohol resembles that of many other folk rem-
edies in that belief in its efficacy is mainly based on such misinterpretations as those previously 
described. Alcoholic beverages have also been used in snakebites to take the patient’s mind off 
the situation. Ingestion of a depressant chemical while the patient is under a multidimensional 
chemical attack will at the least mask symptoms and at the worst potentiate effects. Alcohol 
is also a vasodilator and thus may potentiate the spread of venom. Therefore, the ingestion of 
alcohol is not only ineffective but may make matters worse.

4.5 sNaKe RepeLLeNTs

Motivated by fear, people have hunted and killed snakes in order to keep them away from their 
homes and families. Snake repellents are, of course, a less drastic alternative, and thus hun-
dreds of measures have been proposed for this purpose. These include an incredibly diverse 
array of practices that range from charms made of snake parts to patented chemical mixtures 
and electronic pulse emitters. The identification of a substance that could keep snakes away 
from human dwellings, minimizing undesired encounters, would probably prove beneficial 
for both parties.

Various patented mixes with claimed snake-repellent properties are presently available on 
the market; none has been proven effective. One, called Dr. T’s Snake-A-Way, was tested for 
its effects on the behavior of a nonvenomous species (Pituophis melanoleucus) and venom-
ous species (Crotalus viridis). The experimental design consisted of dividing a room into four 
quadrants with two 12-inch-wide lines of the granular repellent and measuring the number 
of times the snake crossed over the lines. It was observed that gopher snakes were “completely 
undaunted by the repellent,” given that all of the tested individuals crossed the repellent line 
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at least once. Rattlesnakes appeared to dislike the smell, but one of the two tested individu-
als was reported to have crossed the lines twice (Marsh 1993). Several toxic chemicals, such 
as DDT, dieldrin, and toxaphene, were considered snake repellents in the 1950s and 1960s. 
Subsequently, it was recognized that their apparent repellent nature was just a consequence of 
their high lethality (Savarie and Bruggers 1999).

An experiment was performed to test numerous substances that were claimed to repel 
snakes (San Julian 1985). Among them were mothballs, sulfur, gourd vines, cedar oil, and king 
snake musk. None of them was observed to cause a reaction in the tested snakes, and there-
fore no evidence was found that any of them acted as a repellent. Most of the recent scientific 
research on snake attractants and repellents has been done in an attempt to control popula-
tions of Boiga irregularis on Guam, where it has been introduced and has caused numerous 
ecological and medical difficulties (Chiszar, Rodda, and Smith 1997; Savarie and Bruggers 
1999). Unfortunately, a suitable repellent has not been identified thus far.

After these and other experiments made the effectiveness of chemical snake repellents very 
questionable, some manufacturers claimed that their products were only useful when snakes 
were in their natural environments. Manufacturers did not discuss the reasons for these dis-
crepancies, and supposed evidence of its effectiveness is given through testimonials (Chemical 
Solutions 2014). Another article addressing the matter of discrepancies between laboratory 
and field experiments concluded quite the opposite. It noted that repellents that appear effec-
tive in laboratory tests are not necessarily useful for snakes in the wild and drew attention to 
the methodologies used to test attractant and repellent substances that are to be used in the 
field (Chiszar, Rodda, and Smith 1997).

In Australia, the use of pulse-emitting electronic snake repellents has become popular. 
Unfortunately, no evidence exists that these devices repel snakes; on the contrary, several pro-
fessional snake catchers claim that they remove more snakes from gardens that have pulse 
emitters than from those that do not.

No substance or electronic device has been scientifically validated as capable of preventing 
snakes from approaching a certain area in field tests. However, research on potentially repel-
lent substances continues.

4.6 CONCLUsION

After an extensive analysis of the available literature concerning traditional remedies for 
snakebites, it appears evident that very few such measures provide any therapeutic advantage. 
Many traditional remedies and alternative treatments for snakebite, in fact, pose serious risk 
of worsening envenomation or causing damage by themselves. Furthermore, these techniques 
can significantly delay the seeking of effective treatment.
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5.1 sUmmaRY

This chapter is written with the intent that it may be used as a citable reference for applica-
tions to institutional animal ethics or biosafety committees and that the protocols contained 
within represent standards of “best practice.” However, we recognize that the guidelines may 
not be practical or economically feasible for all facilities. Thus, allowances must be given to 
smaller endeavors in this regard, and suitable alternatives may be instituted. For herpetolo-
gists, toxinologists, venom producers, and zookeepers, maintenance of a healthy collection of 
animals for research, venom-extraction purposes, and educational outreach is crucial. Proper 
husbandry practices are a must for ensuring the health of any institution’s collection. In addi-
tion to concerns associated with animal health, numerous daily activities involving the routine 
care and maintenance of a venomous collection can pose significant risks to employee safety. 
Not only must proper safety precautions be taken to minimize the risks associated with col-
lection maintenance, but steps must also be taken to minimize stress placed on the specimens 
themselves, thus promoting a healthy collection that will sustainably yield the venom required 
for research. Although such situations are avoided in “best practice,” in cases where staff 
must work alone with venomous reptiles, it is absolutely essential that there is an on-person 
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panic-button alarm system in place, so that communication in the event of a bite does not rely 
on mobile-phone contact.

5.2 INsURaNCe

Full workers’ compensation and public liability insurance must be maintained at all times. 
All participants or workers need to make sure that they qualify for full workers’ compen-
sation and public liability insurance for the activities they will be performing. The level of 
insurance for these activities may vary between workers and volunteers. Workers should be 
covered under their employers, but volunteers and external collectors may only have limited 
accident insurance coverage. Volunteers may need to take out additional personal insurance 
to ensure that they are covered against the possible consequences of accidents, particularly 
loss of wages because of time off after an injury. Volunteers also need to be registered with 
the establishment in control of the fieldwork or activity in which they are taking part, so that 
there is a record of their qualifications, medical considerations, next of kin, and emergency 
contact details.

5.3 WORKpLaCe saFeTY

5.3.1 saFeTY meThODOLOGY aND RIsK assessmeNTs

Risk assessments must be in place for tasks. A risk assessment is a risk-management approach 
that should be adopted for all work activities and must be documented. There are three basic 
safety categories to be considered:

 1. Hazard: A source of physical harm or a source of potentially damaging energy.
 2. Risk: The likelihood of the hazard resulting in damage to people or property.
 3. Control: The action required to eliminate a hazard or reduce the risk to an 

acceptable level.

Risk management is hazard identification and assessment and the controlling of risks 
resulting from a particular hazard. The risks to be controlled are those that a person, an orga-
nization, or the environment may be exposed to. All participants must have a good under-
standing of all tasks that need to be performed. Knowledge- and competency-based training 
tasks to be accomplished must be signed off on by both the trainer and the trainee. Areas of 
emphasis for risk-management training include the following:

•	 Approach	 handling	 and	 restraint	 each	 time	 as	 a	 novel	 encounter.	Complacency	 or	 a	
casual approach, no matter how experienced the handler, can result in serious accidents.

•	 Only	 interact	with	venomous	animals	when	 in	prime	mental	and	physical	condition,	
never when sick, fatigued, mentally stressed, distracted, drowsy, or under the influence 
of drugs, including alcohol and medications, that may affect alertness or reaction time.

•	 Always	work	at	least	in	pairs,	never alone.
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•	 Be	prepared	for	a	bite,	maintain	current	first	aid	training,	have	a	stocked	first	aid	kit,	
have a bite protocol in place and easily accessible for a hospital trip, and arrange a 
bite-management plan with the local hospital.

•	 Possess	 (or	have	access	 to)	appropriate	antivenom,	with	sufficient	stock	 levels	 for	 two	
severe bites (see section 5.3.7).

•	 Never	manipulate	venomous	reptiles	unless	absolutely	necessary.
•	 Do	not	work	with	venomous	species	during	periods	of	severe	weather	when	the	possibil-

ity of power loss is elevated or rapid transport to the hospital is restricted by poor road 
conditions.

•	 Avoid,	if	possible,	manipulating	venomous	species	when	professional	and	reliable	emer-
gency aid may not be readily available such as after normal business hours or during 
holidays.

•	 Avoid	answering	phone	calls,	emails,	SMS	messages,	using	radios/TV,	or	other	devices	
that might distract the handler.

5.3.2 sTaFF TRaINING

Staff training must be standardized, frequently updated, and flexible so that the training pro-
cess is tailored to the individual. For example, consideration must be given to whether the per-
son is right- or left-handed. All staff must be fully versed in, and follow, all aspects of the safety 
protocol. Yearly refresher courses are required for all employees on topics relating to animal 
handling, management, and health and safety issues. It is also imperative that all employees 
be trained to respond properly in the event of an envenomation. Training must include the 
following:

•	 Every	staff	member	must	hold	a	current	occupational	first	aid	certificate.
•	 PPE	(personal	protective	equipment)	must	be	available	to	facilitate	the	safety	of	the	staff	

member and the welfare of the animal (see  chapter 5.3.3).
•	 Staffers	must	have	knowledge	of	basic	husbandry	needs	in	addition	to	species-specific	

and individual specimen requirements (see  chapter 5.4).
•	 Venom-extraction	 SOP	 (standard	 operating	 procedures)	 for	 delivering	 a	 consistent	

product must be followed (see  chapter 5.10).
•	 Training	must	cover	emergency	measures,	what	to	do	in	the	event	of	an	escape	or	an	

envenomation. (For more details regarding envenomation treatment, including first aid 
and anaphylaxis treatment, see  chapter 2.)

Additional aspects may warrant coverage, depending on the institution, and these may be 
delegated to a small subset of employees:

•	 Knowledge	of	local	or	international	laws	regarding	field	collection	of	specimens	and/or	
venom or DNA samples; knowledge of importation/exportation laws if additional ani-
mals are to be brought into the collection from captive or wild-caught sources or if there 
are arrangements to send animals to another institution (see  chapter 5.10).

•	 Quarantine	protocols	and	preventive	care	(see		chapter 6).
•	 Proper	registration	of	new	specimens	(see		chapter 5.10).
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During annual training refreshers for staff, the modules themselves must be reviewed and 
updated to include potential new tools that have become available or to implement new ideas 
or methods.

5.3.3 peRsONaL pROTeCTIVe eQUIpmeNT (ppe)

As Benjamin Franklin said, “An ounce of prevention is worth a pound of cure.” With this 
in mind, species-appropriate PPE is mandatory at all times while working with venom-
ous reptiles. It is as vital as proper handling tools in maintaining handler safety (also see 
appendix 5.1). The following equipment is a must for any institution maintaining venomous 
reptiles:

•	 Sturdy,	bite-resistant	boots	with	slip-resistant	soles	and	long	pants	must	be	worn	at	
all times while working with venomous reptiles. It must be stressed that at no time 
should boots, gloves, or other PPE be considered “bite-proof” and thus providing 
total safety.

•	 Safety	 glasses	 must	 be	 worn	 at	 all	 times	 while	 working	 in	 any	 room	 containing	
venomous reptiles. Full-face shields must be worn at all times while working with 
Hemachatus and spitting species of Naja. A  lab coat or gown must also be worn 
while working with any spitting species in order to avoid having clothing covered 
in venom. Once any protective device becomes soiled with venom, special attention 
must be given to cleaning it, as dried venom easily becomes airborne dust and is a 
significant health and safety risk involving allergy induction. Washing on a hot cycle 
will remove the venom. For cleaning of face shields and goggles, only nonabrasive 
soft cloths or sponges must be used, as brushes will damage the plastic or Perspex. 
Certain chemicals may also damage plastic or Perspex, so only appropriate cleaners 
must be used.

•	 Disposable	 gloves	 are	 to	 be	 worn	 while	 cleaning	 venomous	 reptile	 enclosures.	
Double-gloving is useful for replacing gloves, which can become difficult with inevitably 
damp hands. The outer glove must be replaced once it is damaged. Remove it by grasp-
ing the top of the glove and pulling along the fingers; then remove the second glove by 
grasping the top of it with the removed glove and folding the gloves into each other so as 
not to touch the exposed surfaces.

•	 After	the	specimen	is	removed,	when	cleaning	enclosures	of	spitting	species	or	large	spe-
cies such as Pseudechis australis that leave significant amounts of dry venom in the cage 
while feeding, a double-cartridge particulate-filter mask, sealed eye protection (such as 
clear swim goggles), and disposable latex gloves must be worn. In addition, the enclo-
sures of these species must be immediately sprayed down thoroughly, in order to lightly 
saturate all substrate, walls, and enclosure décor before cleaning. This reduces the risk of 
venom particles becoming airborne.

•	 Species-appropriate	handling	tools,	gloves,	hooks,	tongs,	tubes,	pin	boxes,	trap	boxes,	or	
tweezers are to be used at all times while manipulating venomous reptiles.

(For risk assessment and safe operating procedures, see appendices 5.1–5.4.)
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5.3.4 sTaYING aLeRT aND FOCUseD

Alertness and focus are two vitally important factors of individual safety that may be more 
difficult to maintain in an institutional environment than in a private setting. Staff schedul-
ing and cross-training should be at such a level that if one employee is sleep-deprived (such 
as from having a newborn child at home) or recovering from a virus or other illness, that 
this person can be assigned to a task not requiring direct interaction with venomous reptiles. 
Venom extraction in particular is to be restricted until the staff member is back to full capabil-
ity. A staff member should take a five-minute break at least once an hour in order to maintain 
focus. Under no circumstances should any work with venomous reptiles occur after alcoholic 
intake during the same day, including a single beer with lunch, or excessive consumption the 
night before. The same goes for medications that can produce side effects that affect alertness 
(particularly those that cause drowsiness or nausea), such as strong antihistamines. It is also 
essential to budget the necessary time to perform each task, as one should never be rushed 
while working with venomous reptiles. As in any other scientific workplace, personal food 
and liquids must not be consumed in the facility. Similarly, smoking around the animals will 
negatively affect their health and should thus be prohibited within 15 meters of any building 
containing live animals.

5.3.5 WORKING IN paIRs

Working in pairs is mandatory at all times. In addition, other staffers must be immediately 
contactable by means such as alarm buttons, radio communication, intercom systems, or 
mobile phones. Both persons must be well trained in handling and emergency procedures 
involving venomous reptiles.

5.3.6 BITe pRepaReDNess aND pROTOCOLs

All staff members must annually retake their certification in an occupational first aid course. 
If regionally appropriate, or if the facility possesses applicable species, this should include 
a subsection on the use of pressure immobilization bandages (PIB) for species that are 
potently neurotoxic or coagulopathic but without severe local tissue effects (see  chapter 2.4). 
Administration of adrenaline injections to treat anaphylactic shock must be included as part 
of the course. There must be at least one clearly marked first aid station in every room that 
contains a venomous reptile. These kits must include elastic crepe bandages (if applicable) and 
injectable adrenaline, preferably in ready-to-use design such as an EpiPen or Ana-Kit, along 
with injectable antihistamine. Inhalers such as salbutamol/Ventolin may be useful in helping 
to reduce breathing restrictions. There must also be an eyewash station in each room housing 
a venomous animal, with the first aid kit located near this. EpiPens must be stored at the tem-
peratures stated in the package insert.

Where an institution has venomous reptiles housed in more than one room or where 
employees are required to work with venomous reptiles in an isolated area, a suitable com-
munication system must be in place for emergency notification. This may include installed 
emergency switches (connected to a siren or monitoring system) in each room or intercoms, 



94  VeNOmOUs RepTILes aND TheIR TOxINs

radios, or mobile phones. Each species must have a laminated card that includes the scien-
tific name, signs and symptoms of envenomation, and antivenom requirements (including 
the storage location of the antivenom if it is not stored on site or at the local hospital). In 
the event of an envenomation, this card must be placed around the bitten person’s neck on 
a loose cord.

If antivenom is stored on site, a printout of the treatment protocol is to be stored within 
the antivenom’s ready-to-use travel container (with each antivenom type in a different, clearly 
labeled box). This protocol can then accompany the staff member to the hospital. Members of 
the local ambulance service and designated emergency room staff should annually be given 
a tour through the facility so that they are familiar with the location and with the differing 
first aid treatments for bites from various species, particularly whether or not to use PIB. An 
emergency-coordination meeting, with personnel from local medical facilities in attendance, 
must be held yearly and include training in how to properly treat a bite. The importance of 
building a positive working relationship with all medical personnel who may be involved in 
the event of an envenomation cannot be overstated. In addition, a formal medical management 
plan should be in place with the designated receiving hospital, and a copy of this plan should 
accompany the bitten patient to the hospital. Depending on local regulations, a management 
plan may also need to include investigational review board (or local equivalent) approval for 
emergency use of foreign antivenoms for the treatment of bites from exotic species.

(For more details regarding envenomation treatment, including first aid and anaphylaxis 
treatment, see  chapter 2.)

5.3.7 aNTIVeNOm CONsIDeRaTIONs

For nonnative snakes where local hospitals do not stock appropriate antivenom, enough anti-
venom to manage at least two severe envenomations must be obtained and stored in an eas-
ily accessible location. Holding antivenoms involves significant cost and burden because of 
import permits, expiration dates, and storage provisions. Thus, it is acceptable to collaborate 
with other nearby institutions in a network to distribute the cost and storage of antivenom 
holdings. Cooperating facilities should be no farther than four hours’ travel time apart or from 
the common hospital to which a bite victim would be transported.

Antivenom stored on site must be kept in a clearly marked, dedicated refrigerator (contain-
ing no food or drink or laboratory supplies). The inventory (including expiration dates) must 
be updated biannually. Each type of antivenom is to be stored in a separate plastic container. 
Each bin should be a different color, matching the color code on the emergency card on each 
enclosure. In an emergency, this reduces the chance of selecting the wrong antivenom. In order 
to accommodate color blind staff, bold text should also be written on each bin label detailing 
the contents.

Medical practitioners should be notified of governmental policy for administration 
of foreign antivenoms. For instance, in the United States, some antivenoms have received 
marketing approval from the FDA, meaning that hospitals may stock them for routine 
use, like any other drug, when treating envenomation by native snakes such as Crotalus 
atrox. In the United States, only CroFab currently has marketing approval for treatment of 
envenomations by pit vipers. For a physician to use an alternative antivenom for pit viper 
bite, or a foreign product for an exotic envenomation, compliance with federal law requires 
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that they proceed under the terms of an Investigational New Drug Application (INDA). 
Unless an INDA is in place with advance approval by the hospital’s IRB, doctors may be 
reluctant to administer foreign antivenom, even if research data have been published sug-
gesting that other products, such as Instituto Bioclon’s Antivipmyn used for American 
Crotalus species, may actually be more effective. If an IRB-approved INDA product is 
not already in place, then the doctor may administer an appropriate antivenom (such as 
SAIMR polyvalent for bites from Bitis gabonica), using the insert that comes with the 
antivenom serum. Under these circumstances, however, it is necessary for the physician 
to obtain emergency IND approval from the FDA (301-827-2000 or 301-827-1800  days, 
301-796-8240 or 866-300-4374 nights and weekends), with after-the-fact reporting to 
the hospital IRB and to the FDA. It must not be assumed that an attending emergency 
physician will know this information or will accept the burden of legal and reporting 
requirements on short notice. Thus, formal meetings must be held between the institu-
tion maintaining the venomous animals and the ER director or other designated INDA 
Principal Investigator (PI) of the local hospital in order to discuss these details ahead of 
time. A  record of the contact information for the hospital PI should be included in the 
emergency antivenom kit; and a memo can be posted on the bulletin board where all phy-
sicians will see it.

5.3.8 VeNOm BIOsaFeTY CONsIDeRaTIONs

Standard chemical PPE must be worn while working with any quantity of venom; this includes 
but is not limited to closed-toed shoes, eye protection, laboratory coat, and gloves. Extra 
care must be taken when using a syringe for the injection of venom into a laboratory animal. 
However, the entire quantity in the syringe used in such experiments is typically sublethal for 
humans, and the amount coating the needle is typically capable of causing only trivial symp-
toms. For this reason, antivenom is not required to be stored by institutions working only with 
venom (rather than with venomous animals), as the likelihood of a severe envenomation is 
almost zero.

From an institutional biosafety committee perspective, the primary risks to consider in 
the occupational handling of venom are allergy related issues. Thus, large quantities of dried 
venom (50 mg or more) must be manipulated only in a fume hood to avoid contaminating the 
rest of the laboratory with powdered venom. Smaller quantities may be worked with outside 
the fume hood, but when quantities greater than 5 mg are being manipulated, it is mandatory 
that the researcher or technician wear a particulate filter in addition to sealed laboratory gog-
gles. Allergies are readily developed through nasal or ocular exposure to venoms, and this may 
lead to anaphylactic shock following envenomation (see  chapter 2). Other than this allergenic 
risk, venoms are inert by inhalation, ingestion, or touch and thus do not count as “dangerous 
goods” from the perspective of the International Air Transport Association with regard to 
transport or storage. However, as they are lethal substances upon injection, special precautions 
must be taken when significant quantities of venom are in a syringe, such as during antive-
nom production. In addition, considering their potential for misuse, all venom stocks must be 
stored in locked freezers if they are kept in rooms that are not otherwise locked at all times. 
(See also appendix 5.2.)
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5.3.9 esCapes

Upon the initial entry (each morning) into a room in which venomous snakes are being housed 
should be conducted with a view to the possibility that an escape has occurred and a snake is 
loose in the room. Walk in cautiously and slowly, being observant of surroundings. Make an 
initial scan of the room to look for signs of an escape such as an askew lid, a broom tipped over, 
or a bowl on the floor. If an escape is discovered, leave the room, lock the door, and call all staff 
on hand to assist in finding the escaped individual. The department or facility head must be 
notified immediately. All nonessential personnel are to be escorted from any room containing 
specimens, and all doors are to be locked until the animal is found and secured.

5.4 haNDLING TeChNIQUes

Streamlined protocols and procedures facilitate safety (see color plate 16). Essential handling 
equipment includes gloves, hooks, tongs, and clear tubes. Specialized equipment such as 
full-face shields may be employed while working with spitting species, while heavy polyvinyl 
aprons may be employed for trunk protection from large, agile species such as Oxyuranus spe-
cies. During enclosure cleaning and maintenance, animals need to be properly secured in hold-
ing containers. Appropriately sized and secure (lockable) containers or bins should be obtained 
for this purpose. These holding containers should also be appropriately labeled: “Venomous 
Animal.”

Practice makes perfect, and it is highly recommended that persons with limited expe-
rience in handling venomous animals become comfortable with the techniques by first 
handling aggressive, nonvenomous reptiles that behave in a similar manner to their ven-
omous counterparts. Pseustes, Ptyas, Spalerosophis, or Stegonotus are examples of suitable 
trainer snakes for developing the skills required in handling typical elapid snakes. Handling 
Acanthophis, a nontypical elapid snake, requires experience with trainer snakes similar to 
those appropriate for developing skills for handling viperid snakes; in this case, Candoia or 
the various species of blood pythons are examples of suitable trainer snakes. In all cases, the 
chosen species are snakes that are not averse to biting, thus discouraging complacency while 
handling.

5.4.1 hOOKs

Hooks may be custom-made or purchased commercially from numerous vendors. The 
hook-and-tail method for handling many venomous snakes is probably the most commonly 
used technique worldwide because of its effectiveness, versatility, and relative safety (for expert 
handlers). It involves using a reptile hook that is longer than the snake’s strike range to sup-
port the cranial third of the snake while the handler controls the caudal aspect of the animal 
by grasping the snake’s tail base in the pericloacal area. It should be noted that holding the tail 
below the cloaca provides less control for the handler and can cause injury to the snake. Most 
larger venomous snakes can be handled using this method. However, extreme caution must 
be exercised with elapids that have prehensile-tail capabilities such as Dendroaspis viridis and 
other similar species. Do not let the area posterior to the cloaca make a full loop around the 
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free hand with this method. In addition, this technique should never be attempted with small, 
short-bodied venomous snakes (such as Acanthophis, dwarf Bitis, or Atractaspis).
Large, heavy-bodied vipers (such as Bitis species) should be handled with two hooks (with 
wide, flat bases) at once, rather than hooked and tailed, so that the animal’s weight can be 
evenly distributed. Utilizing this method ensures that the animal will feel more comfortable 
and therefore will more likely want to remain on the hooks during transport to the holding bin 
or permanent enclosure. Additionally, this method of handling large-bodied vipers minimizes 
the risk of rib injuries caused by too much pressure being placed on a small area.

5.4.2 sNaKe TONGs

A large range of commercially available snake tongs provide a means of grasping a snake 
securely at a distance. Midwest Tongs are the highest-quality equipment currently on the 
market. Better-quality snake tongs allow the snake to be grasped securely while minimizing 
the chance of damage to the snake’s spine by limiting the amount of pressure that is applied. 
Appropriately sized tongs must be used; otherwise, more slender specimens may be able to 
twist out of the tongs’ grasp. Many snakes do not tolerate the use of tongs very well; the restric-
tive grasp causes some snakes to respond violently. For this reason, tongs are not generally rec-
ommended as the main form of equipment for everyday handling and should be utilized only 
in certain difficult situations (such as extracting an animal from a tree) or when restraining a 
particularly agile or aggressive specimen. Modification through the addition of high-friction 
surfaces and padding may improve performance.

5.4.3 pINNING sTICKs

Pinning sticks, or “jiggers,” can be very effective when used appropriately. They are often cru-
cial pieces of equipment for venom extraction, where they are employed to facilitate the secur-
ing of the head of the specimen to be venom extracted. In addition, they may be necessary in 
general husbandry, when the head of the specimen must be secured in order to allow examina-
tion of the cranial end of the reptile or so that veterinary procedures such as stomach tubing, 
removal of retained spectacles, and tracheal intubation can be performed. Double-pinning so 
that the second pinner acts as a shock absorber for body movement reduces the chance that the 
snake will be able to jerk its head free.

Using tubes and pinning tools together in some procedures (i.e. eye cap removal, cleaning 
caught debris in snake’s mouth, etc.) can prove very effective. This requires two people; one for 
holding the snake/tube and the other person using the pinning device and securing the head 
using the proper grip technique (see Section 5.4.6).

5.4.4 NeCK BRaCes

The techniques mentioned above have some major disadvantages. Particularly for species 
with long, delicate necks, there is the potential for the snake to damage itself by struggling 
while being pinned. As the main aim is to support the snake’s neck prior to actually grasping 
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the animal behind the head, a neck brace facilitates both increased safety of handling and 
decreased risk of damaging the snake. The size used will vary by species; for example, for 
Crotalus durrissus, the brace could be a 24-cm length of 55-mm-diameter plastic drainage pipe 
cut in half lengthwise, attached to an 85-cm handle by a pair of angle brackets with flat-headed 
coach bolts. All edges have been smoothed off and the inside surface padded with high-density 
foam. With the handler holding the hook in one hand, the snake is encouraged to straighten 
out sufficiently for the tool to be placed over the back of the neck, approximately 3 cm behind 
the head. Once positioned correctly, downward pressure is applied, and the head is then pinned 
with a jigger.

5.4.5 hOOp BaGs WITh seWN CORNeRs

Hoop bags are essential equipment for anyone working with or intending to treat venomous 
snakes. The sewn corners provide a “safer” area to hold or secure a bag containing an animal. 
The corners can be grasped with forceps or tongs to further minimize the chance of enven-
omation through the bag. There is a range of commercially available bags, but they can also be 
custom-made. It is important that the seams of the bag are tightly woven and double-stitched. 
The material chosen should allow both good ventilation and ease of knot tying. Bags must be 
made of dark material, as snakes will enter them more readily than those made from material 
of a lighter shade. Bags must be washed after each use and then closely inspected, as wear and 
tear and some disinfectants can degrade the material. Bags should be inspected before each use 
for holes or loose threads along the seams. Loose threads may entangle a snake in the bag and 
create an unnecessarily risky scenario for both animal and handler. If bags attached to rigid 
frames are not used, there is an increased envenomation potential; bags must be held open 
with a pair of tongs by a second person to reduce this risk.

It is recommended that bags used for venomous snakes be retired every 2–3 years. Retired 
bags can be used for non-venomous species as long as no holes or ripped seams are present.

5.4.6 CLeaR pLasTIC ResTRaINT TUBes

Clear plastic circular tubes are very useful for restraining venomous snakes for examination, 
administration of medication, and induction of anesthesia. It is vital that a correctly sized tube 
is selected. The general aim is to have a snug-fitting tube that is wide enough to allow free for-
ward movement but slim enough that it is impossible for the snake to double back and reverse 
out of the tube. As some snakes are hesitant to enter a tube initially, it can be helpful to present 
a larger-diameter tube for the snake to crawl into and then feed tubes of narrower diameter 
down until the desired snugness is reached. Tongs may be used to gently bring the snake to 
the edge of the tube. The tongs also prevent the snake from reversing once inside, allowing the 
snake’s body to be safely grasped.

Clear tubes are best, as they allow for easy visual inspection and observation; however, 
some snakes may become wary of entering the tube as time progresses. It is advantageous to 
paint the last 15 to 20 cm of the tube end black; this encourages the snake to enter the tube and 
also provides a visual indicator of when it is safe to pick up the tube (once the snake’s head is 
past the painted portion).
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An effective and safe way to use restraining tubes is to take the tube in one hand and a pair 
of snake tongs in the other. Use the tongs to gently hold the snake while the tube is presented to 
the snake. Usually, the snake will crawl quickly into the tube, but it may take a few tries. Once 
the snake is in the tube, hold the snake with the mouth of the tongs butted up against the end 
of the tube so the snake cannot back out. Then slide the hand that is holding the tube down 
the full length of the tube toward the snake. The last step is to carefully transfer the tube and 
the snake by grabbing the end of the tube and the snake while releasing pressure on the snake 
tongs. Pressure should be on the snake through the entire transfer process so the snake does 
not have an opportunity to pull free or back out.

Another technique is to place the snake in a bin and then slide the tube over the snake’s 
head as it climbs the bin’s vertical wall. Alternatively, vipers can be placed along a wall or other 
barrier. As the snake moves along the surface of the wall, place the tube in its path. It is critical 
that the keeper moves slowly and exercises extreme patience. Oftentimes, it takes a few tries to 
get the snake safely into the tube. If you try to rush the snake, you will most likely not get the 
desired results. Work slowly but deliberately.

Regardless of the method used, start with a larger tube at first, and feed narrower tubes 
down through the larger tube, removing the larger tube each time a narrower one is properly 
in place. Restraint tubes can be modified to the caretaker’s preference. Many herpetologists fit 
a lockable entrance hole to the venomous snake’s enclosure or shift box to which a tube can 
be connected. The snake can then be gently encouraged into the tube without the need for 
removal from its enclosure, further minimizing the risk of envenomation.

It is mandatory to clean and disinfect tubes after each use. Not only is this important for 
disease control, but snakes will smell other snakes that have been in the tube previously, and 
this may make them reluctant to enter.

5.4.7 BITe-ResIsTaNT GLOVes

Commercially available thick gloves are very useful when attempting to restrain venomous 
lizards. The use of these gloves for handling venomous snakes is more controversial. The choice 
often depends on personal preference, and many clinicians and herpetologists prefer thinner 
gloves (or none at all) to allow for more dexterity. When used with venomous snakes, gloves 
must not be relied on as a sole means of defense, but when used properly, they may be consid-
ered a good secondary line of defense. They are particularly useful for elapids with fang lengths 
less than the thickness of the gloves. They are also useful for pit vipers in masking the heat 
signature given off by hands.

The material chosen will vary by intended use. Puncture-resistant material (such as that of 
the Hexarmor gloves) is useful for terrestrial venomous snakes, although prolonged chewing 
by elapids may puncture the gloves and result in an envenomation. While neoprene material 
of at least 5 mm is appropriate for most sea snakes, very large species of Hydrophis (such as 
H. stokesii [formerly Astrotia stokesii]) may have fangs approaching 1 cm in length, and this 
must be taken into account.

The bladelike teeth of varanid lizards are best defended against with heavy leather gloves, 
while helodermatid lizards may be handled with similar gloves or with gloves made of 
needle-stick-resistant material.



100  VeNOmOUs RepTILes aND TheIR TOxINs

5.4.8 eNCLOsURe aCCess FOR haNDLeRs

Institutions employing a large number of handlers who have varying levels of handling experi-
ence should enact a tiered system utilizing shape- and color-coded stickers on each enclosure 
to identify what level a person must be at to work with the animal within a given enclosure. It 
is important to use shapes, as some staffers may be color-blind. In addition, as clone locks are 
typically used to reduce the number of keys needed, all enclosures of a particular tier should 
have locks requiring the same key but with different lock-and-key combinations for each tier. 
Only staffers trained for a particular tier are issued the relevant key. This prevents accidental 
or intentional access to animals that staffers are unqualified to interact with.

The lowest tier will contain all nonvenomous reptiles. Requirements to work with non-
venomous reptiles will vary by institution, but universities require completion of Institutional 
Animal Care and Use Committee (IACUC) training before work with vertebrates is allowed. 
Tier 1 animals, with the exception of constrictors more than 2 meters in length, can be handled 
alone by anyone with training.

Venomous reptiles can be categorized into three levels, with individuals being allowed to 
work with any level that is at or below the highest level for which they are cleared. The clas-
sification of level 1 venomous reptiles will vary by institution and country, but as a general 
guideline, they should include the easier-to-handle genera (such as smaller Crotalus, Vipera) 
that are native to the region. Once again, all handling should be done with two qualified 
handlers present in the room. Level 2 genera require that two people be present, at least one 
of whom has level 3 clearance. Examples of level 2 genera are the larger Crotalus, larger Bitis, 
most elapids, and non-front-fanged genera such as Dispholidus, Rhabdophis, or Thelatornis. 
Level 3 animals require two level 3 handlers to be present. Examples of level 3 genera include 
fast-moving, agile elapids (such as Dendroaspis, Oxyuranus, and Pseudonaja) and the larger 
Bothrops.

5.4.9 pROCeDURes FOR haNDLING DeaD speCImeNs

While odor can indicate the presence of a dead snake, it may be impossible to differentiate 
between a dead snake and a regurgitated prey item. Under no circumstances must a staff mem-
ber assume that a venomous reptile is dead without first ensuring that the smell is not from 
a dead prey item. In addition, a venomous snake that is suspected of being dead must still be 
handled with great caution, as some snake species are known to “sham” death. It is critical 
to note that dead snakes still have the capacity to envenomate for an hour or two after death 
because of nerve reflexes. To confirm that the animal is indeed dead, carefully turn the snake 
over or pinch the tail with a pair of tongs. Care must be still taken, as some species (such as 
Hemachatus) have been known to continue to sham death even after these manipulations.

Once the reptile is determined to be dead, it should be removed from the enclosure with a 
hook or tongs and placed in a bag that is labeled with the animal’s scientific name, institutional 
identification number, sex, and date of death. Clearly mark all packaging holding the deceased 
animal as “venomous.”

As freezing causes cellular damage from crystallization and thus may negatively affect 
pathology studies, the specimen should be stored at between 0° C and 4° C and a necropsy 
performed within 24 hours. If a necropsy cannot be performed within this period, then the 
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specimen should be frozen for a more limited necropsy at a future date. The individual’s record 
sheet and the institution’s digital database should be updated.

The risk of being pricked by a fang is present even when the animal has been confirmed to 
be dead. Therefore it is imperative that the head is immobilized inside a plastic specimen jar; 
either while still attached to the snake or post-decapitation (see  chapter 6.2.11 and color plates 
24G/H).

If the specimen was captured in the wild, it should be deposited as a museum specimen 
after the necropsy. In preparation of this, the specimen is fixed in 10% neutral-buffered for-
malin and then stored in a jar containing 70% ethanol. A  label indicating the specimen or 
museum number should be sewn into the dorsal region of the specimen.

5.5 hUsBaNDRY

5.5.1 The BUILDING

The building should be of sturdy construction, built under the construction norms of the 
country. If the venomous reptile collection is housed in a region known to have earthquakes 
or climatic events such as cyclones, this must be taken into consideration in the building and 
enclosure designs. Entrance to the building should be limited to facility employees. The pri-
mary access to the building must be alarmed and locked at all times. In addition, the entrance 
to any room housing venomous reptiles must have escape-proof doors that are locked at all 
times, and only employees cleared to handle venomous species should have access to these 
rooms. Access gates and emergency exits must be in place and fully operational. Ceilings and 
finished surfaces in rooms must be smooth to prevent escapes. If possible, rooms should have 
their own sinks and water faucets to facilitate enclosure cleaning and provide a readily acces-
sible source of water for the animals. Each sink must have a permanent mesh filter over the 
drain to prevent escapes via the plumbing. Similarly any air vents on the floor or near the floor 
should be given extra mesh covering so that an escaped snake can’t get access into the duct-
work of the room.

A complete set of handling instruments (including hooks, tongs, and forceps) must be 
kept in each husbandry room, to avoid contamination and the transfer of potential pathogens 
throughout the facility. Each room containing venomous reptiles must have a printed record 
and a digital record, kept separately from each other, detailing the species and number of spec-
imens within for use during catastrophic events such as earthquakes, cyclones, and tornadoes 
and for use by first responders. Knowing the contents of each room is vital in the event of an 
escape or any other emergency. This record must be stored as a hard copy with the institutional 
or departmental head and must also be digitally accessible off site.

Emergency lighting that remains operational in the event of a power outage is an absolute 
must, multiple high-quality rechargeable flashlights (with indicator lights for finding them 
in the dark) should be available just inside all rooms, and emergency snake hooks and/or 
tongs should be stored by each door. In collections maintained in cold climates, backup power 
sources must be available for use in the event of electrical-system failure.

Temperature alarms must be installed in each room containing live specimens so that 
an alarm is activated and notifications (such as text messages to multiple mobile phones) are 
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automatically sent if temperatures go either above or a below a predetermined acceptable level. 
In order to reduce heat from solar radiation, windows should have solar-reflective coating, 
and in order to avoid heat loss in cold climates (or decrease in air-conditioning efficiency in 
hot climates), windows should be double-glazed. Any rooms containing specimens must have 
daylight-spectrum fluorescent tubes connected to a time-control mechanism. Doors leading 
to rooms housing animals should, if possible, have a glazed panel that allows for the floor 
area to be viewed prior to entering. Double entry systems with sliding glass doors can also be 
employed to reduce the risk of escape.

When keeping snakes or other venomous animals, the rule of three barriers to prevent the 
animal’s escape from the building must be followed. In the majority of facilities, those three 
barriers are the enclosure, the room, and the building. Thus, keepers should observe that each 
barrier is properly designed to fulfill its role. For example, to prevent any possible escape, all 
doors in the building must have no more than a 5-mm gap from door bottom to floor, ideally 
no gap at all, bearing in mind that small snakes may be able to squeeze through a gap of only 
a few millimeters. All floor drains must also have screen-mesh coverings with holes no larger 
than 5 mm. All rooms and areas must be kept free of clutter. The bottoms of enclosures and 
racks should be at least 250 mm above the floor so that a quick scan of the entire room can be 
made upon entering. Areas under sinks must be examined for holes or other escape routes.

It is absolutely imperative for all ovoviviparous species that all cage ventilation openings 
be additionally covered with fly screen in order to prevent escapes by the very small live young. 
Such species are notorious for sometimes not displaying any sign of pregnancy until babies 
are noticed. Cages containing ovoviviparous species should always be approached as if there 
are freshly born neonates within. While this is particularly important for cages containing 
mixed-sex groups or containing arrivals within the last six months, this must be standard 
practice even for cages containing only females, as parthenogenesis has been documented for 
such snakes (Booth et al. 2012).

5.5.2 DIssemINaTION OF CODes OF pRaCTICe

Copies of the emergency procedure to be followed in the event of a bite should be posted in 
an obvious location in all rooms that contain venomous reptiles and in any room where a 
venomous animal will be handled. The code of practice (COP) for the handling of venom 
must be posted on the laboratory fume hood and also in any room where venom is to be 
handled in any form. Copies of all COPs also must be stored in the office of the institutional 
or departmental head.

5.5.3 eNCLOsURes

5.5.3.1 Enclosure Basics
In addition to a removable laminated enclosure card, all enclosures should be separately labeled 
with the specimen’s scientific name (genus, species, and subspecies), common name, locality 
(if known), arrival date, and specimen identification number. Such cards must also address 
whether pressure immobilization has been contraindicated as treatment for a bite because the 
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venom is rich in tissue-destroying SVMP (see  chapters 2.4 and 23 and color plates 12C, 12D, 
14G, and 14H) or cytotoxic 3FTx (see  chapter 8.4.3 and color plates 13 and 14A–F). Genera and 
species with venoms rich in SVMP include most viperids, Atractaspis species, and some elapid 
snakes such as Demansia species. Species with venom rich in cytotoxic 3FTx include African 
spitting cobras, with some populations of Naja nigricollis being particularly rich.

Provided that their “minimum requirements” are addressed, most species will thrive in a 
basic enclosure setup (see color plate 17). Particularly for large collections, the more basic and 
generic an enclosure setup is, the more efficiently husbandry and maintenance procedures 
can be carried. Some species, such as sea snakes, require extremely specialized enclosures, 
while others (such as large elapid snakes or large varanid lizards) require very large enclosures. 
Determining which aspects of a species’ habitat and behavior need to be addressed in a captive 
situation requires sound knowledge of the species’ ecology.

Generic setups must be modified appropriately to suit the particular requirements of the 
species kept. Variables such as temperature, humidity, air flow, provision of hides, and climb-
ing substrate are some of the easiest things to identify and modify. For example, species that 
utilize an ambush-hunting strategy (most viperid snakes) can generally be kept in smaller 
enclosures than those suitable for similarly sized active-foraging species (most elapid snakes). 
The minimum sized to facilitate a proper thermal gradient is an enclosure that is at least 1.5 
times body-length long and 0.5 times body-length deep. We do recognized that this is “best 
practice” ideal and that such spacious cages may not be practical or feasible for all institutions.

Some species require more particular microhabitats. For example, arboreal species are 
accustomed to drinking during rain and therefore must be given water via spray bottles or 
misting machines. Others require extremely specialized habitats. Azemiopis feae is an extreme 
example demonstrating the need of some montane species for cool, moist microhabitats with 
ambient temperatures of 22° C to 24° C and brief warm periods of 26° C in the hot zone. These 
snakes are from high-elevation cloud forests and are prone to dehydration via cutaneous water 
loss; they require regular cool misting in order to avoid critical fluid loss. Screen lids should 
not be used, as they not only provide poor insulation but are also a safety hazard. For species 
requiring well-ventilated enclosures, such as Atheris species, these needs can be met with the 
use of small fans (such as computer fans) mounted on the outside of the cage over vents.

The venomous reptiles that require the most specialized care are sea snakes and sea kraits. 
Sea snakes in particular require very large enclosures containing thousands of liters of sea-
water. Only generalist species such as Hydrophis curtus (formerly Lapemis curtus), Hydrophis 
hardwickii (formerly Lapemis hardwickii), or Aipysurus laevis adapt well to captivity and then 
only if collected as juveniles. Specialists such as Hydrophis elegans fare extremely poorly in 
captivity. Sea snakes have a natural lifespan of only four to five years because of the high meta-
bolic rates that result from the energy expenditure of swimming. Consequently, they need to 
feed every one to two days. The stress of capture and the failure to provide unique microhabitat 
requirements mean that sea snakes will not readily feed in captivity and often starve to death 
in as little as two weeks. Sea snakes should be placed into fresh water containers overnight 
once a month to drink as they rely on fresh water in the wild for hydration rather than entirely 
hydrating through the filtering salt out of saline water (Lilywhite et al. 2008).

Sea kraits also require specialized environments but are much more robust than sea 
snakes. Unlike sea snakes, sea kraits lay eggs on land and also come onto land to bask. As a 
result, they are harder-muscled and adapted to physical disruption, as they are tossed and 
turned by waves as they come and go from the land. Sea kraits do not stress out as much  
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from handling, and wounds can be treated out of the water (see  chapter 6). It is crucial, 
however, that humidity be maintained at high levels to avoid cutaneous water loss. As 
with sea snakes, sea kraits should be monthly placed in fresh water overnight in order to 
 properly hydrate.

5.5.3.2 Plastic Tubs
These are a cost- and space-efficient option for housing large venomous reptile collections and 
have the additional attractiveness of being time-efficient for hygienic maintenance and read-
ily sterilizable. Another benefit of tubs is that they can be sourced in a wide range of sizes and 
varieties, making them suitable for the maintenance of a wide variety of species. In addition, 
unlike with fixed enclosures, staffers have the ability to move a specimen around the facility 
without having to come into physical contact with the animal. Such systems are commonly 
arranged in tight-fitting rack systems, which secure the lid in place, significantly reducing 
the likelihood of escapes. The rack system should be built so that each column or row in the 
system can be locked. A simple method is to use pipe fitting brackets and PVC pipe to make a 
“catch bar”; holes can be drilled to allow a padlock to lock the entire column). In areas prone to 
earthquakes, the racks must be secured to the wall to prevent them from toppling over during 
such an event.

5.5.3.3 Fixed Enclosures
These can be made of a wide variety of materials, generally wood, but plastic is becoming more 
popular (such as PVC foam boards). These types of enclosures allow for more specialization in 
design in order to meet the particular needs of certain species and can facilitate safer interac-
tions for the handler. Fixed enclosures come in a variety of designs (such as front-opening or 
top-opening) that have different functional advantages, disadvantages, and applications. Such 
enclosures are generally harder to keep clean (more time-consuming, with sharper corners 
or joints) and generally take up more space in comparison with tubs. Another drawback is 
that some models also come prefabricated with an upper and lower lip (above and below the 
entrance to the cage) that the animal can wedge itself into, posing a significant hazard to an 
unsuspecting caretaker. In addition, extraction of an animal that has decided to wedge itself 
in the lip can be a long and dangerous process. To solve this problem, expandable foam can 
be used to seal off the lip. For very large or active species, fixed enclosures are the preferred 
option in order to provide the minimum enclosure space needed to satisfy husbandry require-
ments. Exposed wood must be waterproofed with marine polyurethane. Postconstruction, 
such enclosures must be heated for a minimum of two weeks in a well-ventilated area to allow 
for all solvents to evaporate.

5.5.3.4 Outdoor Enclosures (Pits)
Outdoor enclosures give reptiles better exposure to seasonal environmental fluctuations 
(essential for reproduction in some species) and extremes in husbandry parameters (mainly 
temperature) that cannot easily be replicated inside. However, such enclosures are generally 
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harder to maintain hygienically and may interfere with husbandry observations and feed-
ing regimes. This option is also not practical for most large-scale facilities, as space is a 
constraint.

5.5.3.5 Trap Boxes and Hide Boxes
Trap boxes must be able to be closed from outside the enclosure (or easily from within the 
enclosure through the use of a long hook or tong), isolating the reptile inside in order to facili-
tate safe enclosure cleaning and transport of the individual. Trap boxes should not be per-
manently fixed to the enclosure. This allows the box to be removed for maintenance and also 
utilized for other enclosures (sterilized between uses). Additionally, many snakes are generally 
ambush predators, with thick, slow-moving bodies, and subsequently appear to relax when 
they are able to get into a tight hiding place (thigmotaxic behavior). In nature, they will back 
themselves into “corners” or up against rocks, since these areas provide some security against 
an attack. Regardless of species, hide boxes give any reptile a feeling of security in its environ-
ment. Reptiles are more likely to feed naturally in captivity if this method is employed, as 
stressed reptiles often refuse food. No physiological measurements or venom composition can 
be expected to be “normal” when the animal providing the data is in a constant state of stress. 
At the same time, when the lights are out, the reptile may want to get out of its hide and move 
around the rest of the enclosure a bit, and it should be able to do this if it demonstrates the 
desire to do so. The physical and “psychological” well-being of reptiles in captivity will lead 
to longer life spans and increase the likelihood of captive propagation. Additionally, for large 
enclosures, sliding dividers are essential, allowing for an individual to be isolated on the other 
side while husbandry procedures, cage cleaning, and maintenance are carried out. Isolation 
of the reptile in a confined area of the enclosure will also allow close examination without 
using physical restraint. Large, agile snakes (such as adult Dendroaspis polylepis) can be easily 
and safely bagged using a modified trap box. In such an apparatus, a cover with a clear tube 
attached to a black bag can be affixed while the snake is secured inside. When the tube is in 
place, the door to the box can be removed, allowing the snake to leave the box and enter the 
tube and thus the bag.

5.5.3.6 Substrates
Substrates should not be abrasive and should be easily cleaned. Newspaper is used in many 
facilities and is a cheap alternative. However, once wet it becomes quite messy. In addition, 
some newspaper inks contain toxic chemicals. A preferable alternative is butcher’s paper. 
Such substrates are ideal for tubs heated from below but should be used only for species that 
occupy dry microhabitats. They are unsuitable for fossorial or leaf-litter-dwelling genera 
such as Calliophis, Denisonia, Micrurus, or Vermicella. For such types, the setup should 
be moderately damp peat moss with a layer of less damp sphagnum moss on top. These 
substrates are rich in tannins and other antifungal or antimicrobial chemicals, which help 
to reduce the cleaning burden. For such setups, heating is more complicated and is best 
accomplished by keeping the enclosure in a room set at a constant 26° C to 28° C. These 
species are typically active above ground only at night and thus are not exposed to the same 
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temperature extremes as diurnal species. For sea snakes and sea kraits, with their high 
metabolic rates and high frequency of defecation, very large filters should be used, with a 
turnover rate of one hour.

5.5.3.7 Heating
The first consideration for heating is the room itself, in which the ambient temperature 
should not drop below 18° C and should preferably not exceed 28° C in order to allow 
the animals to thermoregulate. Thus, thermostat-guided heating and cooling must be uti-
lized, particularly during annual extremes. As thermostat failure is a common cause of 
mass death in such systems, the heating systems must be regulated by at least two thermo-
stats in case one fails. Further, backup systems must be in place to cover for the event of 
electricity loss.

Specific temperature requirements will vary greatly between species, and each cage 
must be measured using a temperature gun on a regular basis before an animal is placed 
inside it to ensure that proper temperature conditions are being maintained. If prolonged 
periods are spent directly under the heat lamp (more than 30 minutes), then modifications 
must be made so that this hot spot is able to reach a higher temperature, as this signifies 
that the heating needs of the animal are not being met. With this in mind, varanid liz-
ards must be provided with a basking spot of 50°C to 60°C, which is best accomplished 
by having a large raised area, allowing for a proper temperature gradient. Sea snakes must 
be maintained in water 28°C to 30°C. Species very sensitive to warm temperatures (such 
as Azemiops feae) must not be kept in rooms with ambient temperatures exceeding 22°C. 
Similarly, heat-sensitive fossorial species such as Calliophis, Micrurus, Sinomicrurus, and 
Vermicella are best kept at relatively cool ambient temperatures no higher than 22°C, with 
a gradient to a maximum of 25°C to 26°C.

As reptiles benefit from exposure to UV, which boosts the immune system (Gillespie et al. 
2000), UV-emitting bulbs, such as mercury vapor, should be used where possible. Small fans 
(such as computer-cooling fans) mounted on the outside of the cage above the heat bulbs will 
drive the warm air down through the vent. This increase in heating efficiency will dramati-
cally reduce electricity use. Having small vents at one-third of the level from the bottom will 
allow warm air to escape, creating a significant cool gradient below this, facilitating the abil-
ity of the reptile to thermoregulate. The heating of very large enclosures may require several 
heat sources such as heat panels in combination with heating bulbs that also emit ultraviolet 
light (such as mercury vapor bulbs). This will allow for heating but without the overprovision 
of UV light. Outdoor enclosures may require supplemental heating or an air-conditioned 
refuge. Even burrowing species (such as Heloderma suspectum) may spend an appreciable 
amount of time basking, either daily or during seasonal fluctuations, and must also be pro-
vided with basking areas. For rack systems, heating is accomplished through the use of heat 
tape, which is placed on only one end of the enclosure. This creates a thermal gradient, allow-
ing the reptile to thermoregulate.

Care must be taken to avoid burns; protective cages over the bulbs are recommended for 
snakes. For varanid lizards, such barriers are absolutely required, as there have been many 
cases of lizards starting fires by pulling out lighting wiring.
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5.6 CLeaNING

5.6.1 CLeaNING BasICs

It is important to understand the difference between cleaning and disinfection. Cleaning an 
enclosure is the process of removing unwanted matter and does not result in a sterilized enclo-
sure. For example, sifting out a sand substrate may remove some unwanted matter but will not 
kill bacteria or fungi present in the sand. Disinfecting is the process of killing or removing 
microorganisms (germs). The best practice is to clean the enclosure frequently and also to dis-
infect it regularly using a safe and appropriate disinfectant. Proper maintenance will not only 
keep the animals healthy but will also cut down on potentially unpleasant odors, an important 
concern if the animals are on public display. Proper maintenance includes cleaning all surfaces 
of each enclosure and all pieces of equipment, using a suitable disinfectant that will not harm 
the animals but will still kill microorganisms. F10 veterinary-grade super-concentrate disin-
fectant diluted to a ratio of 1:125 is an effective option, as are Quatricide PV by Pharmacal and 
Nolvasan Solution. To minimize the likelihood of transferring diseases, handling and feed-
ing tools and temporary animal holding bins should be room-specific and never transferred 
between rooms.

5.6.2 eNCLOsURe CLeaNING

Remove waste material from the enclosure, and place it in the appropriate receptacle. Spray all 
surfaces with disinfectant, and allow 15 minutes for the product to take full effect, then wipe 
down all surfaces using warm water. Clean all glass surfaces in the same manner. Clean water 
bowls with disinfectant, rinse thoroughly, and then refill (or replace if using disposable bowls 
made out of recyclable plastic). Place clean substrate, hide areas, and water bowls back in the 
enclosure. It is important to note that many species will immediately defecate upon being put 
back into a clean cage. However, if a small piece of shed skin or urate is left in the cage, the 
snakes are less likely to exhibit this territory-marking behavior.

5.6.3 eQUIpmeNT CLeaNING

Between uses in different enclosures, spray all equipment surfaces with disinfectant, or wipe 
them down with a washcloth that has been dipped in disinfectant and wrung out. This is cru-
cial for disease management.

5.7 FeeDING aND WaTeRING

Hungry reptiles actively anticipate food and often become more alert and active at feeding 
time; therefore, it is vitally important that handlers exercise extreme caution during feeding. 
Food items should be introduced quickly with the aid of long forceps or tongs (as appropriate), 
and the enclosure should then be immediately secured. Venomous reptiles housed in large 
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vivaria may first be isolated in a trap box that can be secured by pulling a wire from outside the 
enclosure. The enclosure can then be safely entered, the food delivered, and the enclosure once 
again exited and secured before the trap box is reopened to release the reptile.

Two of the most important requirements for feeding are proper temperature and hydra-
tion. Most reptiles will not eat outside their optimal temperature range. A temperature gradi-
ent must be present in the enclosure so that the specimen may thermoregulate. As a general 
principle, the gradient includes a “hot zone” of no more than 40° C maintained by heat tape or 
heat bulbs and a “cool zone” with an ambient temperature that must not drop below 20° C at 
night or exceed 30° C during the day.

Water requirements for all species vary considerably. Some desert species require only 
light misting once or twice a year, as they obtain most of their water metabolically through 
consumption of prey items, while species from tropical and subtropical environments often 
require a constant supply of clean water to help maintain adequate levels of humidity, par-
ticularly in buildings with refrigerated air-conditioning, as this removes water from the air. 
Keeping the water source clean at all times will help to stave off opportunistic infections and 
keep reptiles in good health. In addition, if the reptile is not adequately hydrated, it will not 
eat. Dry air is very detrimental to some species. Drying of the mucosal membranes lining 
the airways may lead to inflammation, and subsequently to serious infection (see  chapter 6). 
Adequate humidity levels must be maintained as necessary with the use of misters, damp sub-
strate such as sphagnum moss, or placing water near a heat source. However, great care must 
be taken not to overwater, as this may promote the growth of fungus. Even some desert dwell-
ing species need a microclimate of high ambient humidity within their cage. This can be easily 
accomplished by making a small humidity box that has slightly dampened spaghnum moss 
and an entrance hole. In enclosures with high humidity, it is essential to have moss (peat or 
sphagnum) as substrate, as it is naturally rich in tannins and other chemicals that are potently 
antimicrobial.

5.7.1 FOOD sUppLY

It is important to be creative and flexible when working with an individual that will not feed. 
Snakes will refuse to feed if their health is compromised or husbandry requirements have not 
been appropriately met. Sometimes using a different food item, such as a juvenile rabbit instead 
of a rat, or even a different size class (fuzzy versus hopper mouse) can induce a reluctant snake 
to feed. Taking a previously thawed rodent and then warming it up under a warm heat lamp 
for 10–15 minutes will elicit a strong feeding response with pit vipers. An effective method, 
primarily for sit and wait predators, is to slowly show the dead prey via long hemostats of tongs. 
Once close to the snake, pull the prey away and then repeat by slowly bringing the prey back 
to the snake and pulling away again. Typically, after the third or fourth time the snake will not 
want to take a chance on that prey leaving for good and a strong feeding strike typically ensues.

The natural dietary preference of each species must be taken into consideration (see color 
plate 18). Venomous lizards are generalists and will readily take a variety of prey items, includ-
ing insects, week-old chickens, and rodents. Similarly, most species of vipers and elapids accept 
rodents and other small mammals as prey, and even those snakes that do not feed frequently 
on mammals can learn to do so in captivity. The newborn of many venomous species can 
be fed easily with pinky mice (less than one week old). However, for smaller snake species 
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(Bothriechis, Porthidium), geckos such as Hemidactylus (or their tails dusted with vitamin 
powder) can be offered to the newborns. Research facilities that maintain venomous snakes 
often produce their own lab rats and/or mice, to be used as laboratory animals or for feeding 
purposes. It is important to keep track of the quality of the rodents produced as food supply 
and never to feed snakes with mice that are sick, have parasites, or have been used previously 
in toxinological assays.

Some snake species (such as in the genera Atractus, Geophis, and Ninia) can be bred as 
food supply for strictly ophiophagus (snake-eating) snakes; likewise, fish (such as Poecila and 
Gambusia) can be used to feed piscivorous (fish-eating) snakes. Many coral snakes, genus 
Micrurus, include fish eels, genus Synbranchus, as minor prey items, and in captivity, they 
learn to feed on other species of fish (Chacon et al. 2012). The health of species that are special-
ist feeders in the wild may be compromised by a rodent diet, as the fat levels and fiber content 
of rodents differ considerably from those of their natural prey. Thus, under the “best practice” 
ideal, species such as Ophiophagus hannah should ideally be fed snakes, not rodents. We do 
recognize that this may not always be practical or feasible. Forcing rodents down into the 
stomach of a dead snake and sewing the mouth shut with dissolving stitches is one method 
for increasing the amount of food taken by a snake that will only eat other snakes. Stitching 
together several dead, shaved rodents using absorbable sutures is an efficient manner of feed-
ing Ophiophagus hannah in the event that snakes are not available as a prey item (see color 
plates 18F/G). Other specialist feeders such as young Echis will also feed on locusts and other 
invertebrate prey such as scorpions. Sea kraits will readily feed on eels presented on forceps or 
tongs. It is important to note that feeding live, wild-caught prey comes with significant risk of 
introducing parasites or other diseases. Thus, any such prey must be deep frozen (−80°C) to 
kill such pathogens.

5.7.2 FeeDING ReGImes

Feeding regimes will vary greatly according to species, age, reproductive cycle, time of year, 
venom-extraction demands, type of prey (nutritional value), and prey size. Activity levels are a 
major variable, with active sight feeders such as elapid snakes requiring one appropriate-sized 
food item every 7 days (adults) or one feed every 4 days (juveniles), while ambush feeders such 
as viperid snakes (or elapid snakes that have convergently evolved the same hunting strategy, 
such as Acanthophis) require one feed every 14 to 21 days (adults) or one feed every 10 days 
(juveniles). Monitor lizards should be offered small items daily or every other day and large 
items on a weekly basis. Helodermatid lizards are less active than monitor lizards, so they 
require less food volume and on a less frequent basis. Care must be taken not to overfeed indi-
viduals, as this is also detrimental to their health.

An important consideration for animals having venom extracted on a regular basis is that 
they will use more energy to continually replenish their venom stores and therefore need more 
food and more frequent feedings than a similar-sized counterpart that is not being extracted 
from regularly.

Sea snakes in particular have special food needs. They will take dead fish such as whit-
ing offered with long poles or tongs. It must be stressed that oily fish are never to be fed, as, 
like crocodilians and turtles, sea snakes have difficulty processing the oil, resulting in lethal 
metabolic toxicity (Fry, personal observations). It is recommended to supplement the diets of 
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captive sea snakes with vitamins once a week. Offering an appropriate-sized fish every second 
day is an appropriate feeding regime for sea snakes.

5.7.3 assIsT-FeeDING

There are several gradations of assist- or tease-feeding, ranging from “normal feeding” on one 
side and “liquid-diet feeding” on the other. Assist- or tease-feeding can be used at the cura-
tor’s discretion. A specimen may be alert and healthy but may not be able to recognize the 
offered prey type. This is particularly the case for ophiophagus species that are offered rodent 
prey items.

Three basic methods can be used for assist-feeding

•	 The	animal	remains	in	the	enclosure	(tree	dwellers,	ambush	hunters)	while	forceps	or	a	
thin, straight wire are used to present a small prey item, with the length chosen to maxi-
mize both safety for the keeper and calmness for the specimen. The specimen is now 
“teased” with the prey item. Watch closely for a response. Is there a tongue flick? Does it 
assume a strike position? If so, tease it some more. Maybe gently tap it on the head, body, 
or tail (the last will often work well with species that display caudal luring). Be careful, 
though; if this method is used too aggressively, the snake will retreat. Observe what hap-
pens when the snake does strike. If it hangs on to the prey item, do not move; just sit and 
observe. The snake may “switch on” and suddenly recognize that the piece of meat it is 
holding is actually food. Wait until the snake has swallowed the prey completely before 
you move or close the lid or the sliding door.

•	 In	the	case	of	fossorial	snakes	(such	as	Atractaspis, Calliophis), the animal is removed 
from the enclosure and tubed. A  prey item is placed on a clean table (or paper or 
plastic sheet). The head of the snake is allowed to exit the tube on one side and is care-
fully manipulated toward the prey. Hovering the snake over the prey item or slightly 
touching its head to the prey item may trigger a feeding response. If the snake holds 
on to the prey item and starts swallowing, you can gently let go of the snake and the 
tube. Supervise the snake while it eats, and transfer it carefully into a bin or enclosure 
once it’s done.

•	 Some	snakes	are	reluctant	to	strike,	but	once	there	is	something	to	chew	on,	they	will	
start swallowing. In such cases, the snake can be tubed and the prey item then placed in 
the snake’s mouth with forceps.

5.7.4 LIQUID-DIeT FeeDING

Force-feeding should be done with liquid diets via a catheter tube and not with solid objects. 
Liquid force-feeding is faster, resulting in less stress to the specimen and also less contact time, 
thus reducing risk while also allowing the effective deliverance of medication and rehydration 
(see  chapter 6). In contrast, force-feeding involving the manual pushing down of a prey item 
(such as a mouse) subjects the specimen to great stress and can result in bruising or tissue dam-
age. The liquid-diet steps are as follows:
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•	 Commercially	produced	liquid	diets,	such	as	Carnivore	Care,	are	well	balanced	and	easy	
to use. Alternatively, prepare the liquid diet by blending at high speed a 1:1 mixture of 
veterinary-quality puppy food with water. Cat food is not to be used, as it often contains 
large amounts of fish oil, which reptiles have difficulty processing, leading to death from 
metabolic toxicity. Strain the liquid through a fine mesh to remove large particulates 
that may clog the catheter.

•	 Place	a	1-cc	syringe	with	the	plunger	removed	and	the	end	where	the	needle	is	attached	
cut off (resulting in a smooth barrel) in the snake’s mouth. This ensures not only that the 
feeding catheter does not enter the trachea but also that when the animal bites down, it 
is not biting on the catheter, which would interfere with the threading into the stomach 
and may also result in punctures to the catheter, allowing liquid to enter the trachea 
(potentially resulting in the animal drowning because of fluid in the lungs).

•	 Use	the	thinnest	round-ended	urinary	catheter	practical	for	the	volume	of	food	being	
delivered. Premeasure the catheter, and place a guide mark at the spot that would corre-
spond to at least one-third but no more than one-half of the length of the snake (or about 
one-third of the way into the trunk of a venomous lizard). Attach a liquid-diet-filled 
syringe to a lubricated catheter, and prefill the catheter with liquid to remove air con-
tained inside the catheter. Alternatively, a tube designed for the artificial insemina-
tion (AI) of dogs can be used. This type of tube is rigid but has a rounded end. It can 
be attached directly to the syringe filled with food and pushed down the throat of the 
snake. The advantage is that a tube can be used and the snake can be fed without having 
to hold it by hand, as the AI tube is rigid enough to be pushed down the esophagus even 
if the specimen is struggling. Extreme care must be used not to puncture the esophagus. 
Lubrication, along with a gentle touch, helps prevent injury to the snake.

•	 Gently	thread	the	catheter	or	AI	tube	through	the	syringe	barrel,	and	continue	until	the	
guide mark is reached. Slowly depress the plunger to deliver the liquid diet. As a guide, if 
feeding liquid diets such as Hill’s a/d, use 1% of body weight (10 mL/kg) and then dilute 
1:1 with water.

•	 Feeding	frequency	will	depend	on	the	metabolism	and	general	health	of	the	specimen,	
on average, elapids every 14 days and viperids every 21 days. For very debilitated and 
cachectic specimens, feed smaller amounts, less concentrated and more often.

5.8 BRUmaTION

For captive reproduction of some species of venomous reptiles (generally those from tem-
perate or desert localities), a winter brumation period is required to facilitate gametogenesis 
(ovulation and sperm production). The duration and magnitude of the temperature reduction 
required for successful brumation is variable; however, a six-to-eight-week gradual reduction 
(and subsequent increase) of temperature to 18° C is typically sufficient. Prior to beginning the 
brumation cycle, animals should be fed more regularly than normal to mimic the late-summer 
“feast” season and then not fed so that they will defecate their last meal at a normal tempera-
ture. Otherwise, undigested meals will rot in the stomach, resulting in the death of the animal. 
The period of fasting will depend on the relative metabolism of the species. For species with 
fast metabolisms, such as elapid snakes and varanid lizards, three weeks is sufficient, while for 
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species with slow metabolisms, such as viperid snakes and helodermatid lizards, a minimum 
of six weeks of fasting is required. At the end of the brumation cycle, warm in waves over two 
weeks, with each day a bit warmer and longer than the previous. Only once normal tempera-
ture parameters are reached should the animals be fed.

Commercial grade wine chillers come in a variety of sizes that make great brumation 
centers. Animals can be placed in ventilated and secured plastic boxes with several inches 
of substrate (making sure it is never damp) and a small water dish. These wine chillers allow 
the keeper to gradually cool the animal to the desired temperatures over several weeks. 
Refrigerated rooms or rooms with air conditioning can also be utilized depending on how 
many animals need to be cooled.

5.9 VeNOm exTRaCTION

During the extraction process (see color plate 19 and appendix 5.1), the handler is exposed 
to the highest risk of envenomation because of the close proximity of the person’s hands to 
the fangs of the snake. Because of this, extreme caution must be taken, and extraction should 
never be undertaken by anyone not in optimal mental and physical condition (such as when 
sick or sleep-deprived). The handling techniques required also vary from those used in stan-
dard husbandry. Regardless of whether venom is extracted for antivenom production or for 
research purposes, it must be obtained under hygienic conditions, including the use of sterile 
containers and the immediate deep-freezing of venom samples with liquid nitrogen or dry ice 
or in a -80° C freezer.

5.9.1 TRaINING

Employees should undergo intensive training before taking part in the extraction of venom. 
This training is beyond the minimum training standard detailed above, as there are special 
risks involved. Training records and a competency assessment must be kept for each employee. 
Safety assessments should occur for each employee on a yearly basis.

5.9.2 exTRaCTION TeChNIQUes

A venom-extraction safety checklist must be completed before starting each extraction. 
Extraction from sick animals or those undergoing treatment is to be avoided. In order to mini-
mize stress, venom extraction should not occur at intervals of less than six weeks for any 
animal. Water should be removed from the enclosure 3 to 24 hours before extraction to ensure 
that the snake does not drink just prior to being handled, thus avoiding any water entering the 
trachea during the extraction process. If not already housed in the extraction room, the ven-
omous reptiles should be transferred in a secure container to the collection area. After venom 
extraction, the specimen is returned to a secure transport container and transported back to 
its enclosure.

To avoid any cross-contamination between samples and to decrease the risk of exposure 
to venom particles, any pipette, cup, or piece of parafilm should be immediately placed in a 
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sealable plastic bag and discarded after a single use. Reusable glassware or plasticware needs 
to be properly cleaned and treated between uses. An example of a suitable process is as follows:

 1. Soak with bleach (to denature any remaining venom).
 2. Wash with soapy water (to remove any particulate matter).
 3. Rinse with alcohol (to remove residue of bleach and water).
 4. Heat sterilization at 230° C for 60 minutes.
 5. Keep glassware in a sealed sterile environment until use during extraction.

5.9.2.1 Sedation
For front-fanged species, venom extraction may be facilitated by light sedation. Nonhelodermatid 
lizards and non-front-fanged caenophidian snakes should always be sedated, followed by the 
subcutaneous injection of pilocarpine, adjacent to the venom gland, to stimulate venom pro-
duction (see  chapter 6.2.4.4). For a discussion of cooling to 16° C to 18° C as a form of behavior 
management, see  chapter 6.2.4.5. The use of carbon dioxide gas (CO2) to render the animal 
unconscious comes with significant animal-welfare issues (see  chapter 6.2.4.5).

5.9.2.2 Venom Extraction Using Head Pinning
The “classic” approach for head pinning (see color plates 16C and 16D) is to remove the animal 
from its container with an appropriate-sized hook and place it on a hard surface covered by 
a material that provides a cushioning effect (such as a piece of carpet). The reptile’s head is 
pinned with the flat part of the U-shaped part of a hook or by using a specially constructed pin-
ner. The animal is carefully grasped behind the head, then presented with and induced to bite a 
plastic container covered by an artificial membrane (such as parafilm) (see color plates 19A–C).

Some front-fanged caenophidian snake species are difficult to extract venom from, such as 
those that produce smaller volumes of venom (such as small elapids), larger elapids with short 
fangs (such as Pseudonaja), or snakes that like to chew and are reluctant to release a beaker 
(such as Pseudechis, Ophiophagus). An alternative form of venom extraction is to use a pipette 
tip slipped directly over the fang (see color plates 19D and 19E).

Helodermatid lizards are venom extracted by allowing them to chew on soft rubber tubing 
over a sterile container and then collecting the venom that drips into the container below (see 
color plate 19F). Varanid lizards however are most efficiently venom extracted using the same 
protocols developed for venom extraction of non-front-fanged snakes: anesthesia followed by 
pilocarpine stimulation, with the secretion pipetted off (see color plate 19G).

5.9.2.3 Venom Extraction Using Tubes
Snakes may be tubed and their heads allowed to exit the opposite end and then induced to bite 
a parafilm-covered cup that is presented by the use of tongs (see color plate 19C). This works 
exceptionally well for species that are easily stressed (e.g. dwarf Bitis such as B. atropos), for 
species with very short necks and very mobile heads (such as Aspidelaps), or for Atractapis 
species (which cannot be safely pinned because of their highly mobile fangs [see color plate 
5F]). Since pinning is avoided, not only is stress to the animal reduced, but so is the risk of 
envenomation to the handler.
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5.9.2.4 Venom Handling and Storage
As venom is highly allergenic, with induced hypersensitivity resulting in the risk of anaphylac-
tic shock in the case of envenomation, working with dry venom must be done either in a fume 
hood or with the user wearing a double-cartridge particulate-filter mask, eye protection, and 
disposable latex gloves, with paper placed on the working surface (and disposed of immediately 
afterward). Surfaces of nondisposable implements are then to be sprayed with 70% ethanol to 
denature venom proteins. Venom extraction waste should then be treated with strong bleach 
solution. (For handling of venom post-extraction, see  chapter 7.2; see also appendix 5.2.)

5.10 FIeLD COLLeCTION

If possible, all attempts should be made to acquire captive-bred individuals before resorting to 
field collection. This is not only an issue of environmental ethics but also because captive-born 
animals adapt better to maintenance in a research or production facility. It is also benefi-
cial from the perspective of disease management, as captive-born animals will be relatively 
disease- and parasite-free. However, as venom profiles are well documented to vary within 
geographical regions of a single species, field collection may be necessary to obtain species 
or geographic variants not already present in captivity or to obtain additional individuals to 
increase the genetic diversity of captive breeding colonies. Relevant data to be collected at the 
time of capture include but are not limited to GPS coordinates, vegetation type and canopy 
cover, microhabitat selection, substrate, 1.5 m temperature, 1 cm and 1.5 m relative humid-
ity, time of day, and moon cycle. If field collection is deemed necessary, steps must be taken 
to observe appropriate rules and regulations as well as the safety of field collectors. (See also 
appendix 5.3.)

5.10.1 peRmITs

A complex web of regulations surrounds the establishing of a professional collection of ven-
omous reptiles, including institutional, city, state/provincial, federal, and international reg-
ulations regarding the keeping and selling of native and exotic animals, collecting native 
animals from the wild, and approvals for movement of animals across state lines. Approval 
from an institutional animal ethics committee and a biosafety committee is also required. 
In addition to permits from wildlife-control agencies, obtaining land-use permits and per-
mission from government and private individuals may also be necessary. Approvals may 
also need to be obtained for the importation of antivenom or venom from other countries. 
Any research involving live animals requires approval from the relevant local animal ethics 
committee.

5.10.2 FIeLD saFeTY

Additional safety concerns arise during fieldwork beyond those discussed in sections 5.3 and 
5.4 above and also in appendices 5.3 and 5.4. Every possible safeguard must be employed when 
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working with venomous snakes in the field. This is an uncontrolled situation. Transparency 
between employees, supervisors, managers, and external experts ensures that there is meaning-
ful and effective communication about matters that may affect health, safety, and welfare. This 
is critical for the creation of a culture in which safety is the first consideration and zero harm to 
both animal and person is acceptable. What is considered professional in this area of specialty 
might not translate to others with less knowledge or confidence or those facing a language barrier.

Poor communication may result in the following:

•	 A lack	of	proper	preparation.
•	 Losing	time	as	tasks	are	repeated	when	not	done	correctly	the	first time.
•	 An	unclear	message	that	may	lead	people	to	the	wrong	conclusion	about	institutional	

policy.
•	 Misguided	assumptions	in	a	number	of	project-related areas.
•	 A lack	of	evaluation	with	regard	to	the	communication	needs	of	differing	social	cultures	

(such as language barriers).
•	 An	organizational	culture	of	“shooting	the	messenger.”

A detailed fieldwork plan needs to be developed and acknowledged by all fieldworkers 
before participation. This plan needs to include the following:

•	 Destination	GPS	coordinates	(if	possible).
•	 Main	activity.
•	 Weather	conditions.
•	 Trip	participants,	 including	their	contact	details	and	contact	details	of	next	of	kin	 in	

case of an emergency.
•	 Travel	details,	dates,	times,	location	of	accommodation,	if	applicable.
•	 Details	and	registration	of	vehicle	used	and	whether	it	has	a	built-in	GPS	locator	or	panic	

button.
•	 Site	 destinations;	 if	 national	 parks	 or	 state	 forests,	 name	 of	 local	 ranger	 and	 contact	

details; if in the wilderness, name of closest emergency services or police station and 
contact details.

•	 Risk	assessments	relating	to	the	activity,	signed	acknowledgments	that	all	persons	in	the	
field party have read and understand the risks involved with the activity.

•	 Communication	 devices,	 satellite	 phone	 including	 number,	 distress	 beacon	 (EPIRB,	
PLB) ID number and confirmation that it has been registered and is ready for use and 
charged and that its usage date has not expired.

•	 Whether	personal	GPS	trackers	for	remote	locations	are	available.
•	 Communication	plan: how	to	keep	in	contact	while	out	in	the	field;	if	at	night,	whether	

light beacons are displaying the locations of the vehicle and individuals on foot.
•	 Checklist	of	all	PPE	required	on	field trip.
•	 Other	safety	considerations,	such	as	water,	first	aid	kits,	torches,	insect	repellent,	vac-

cinations, certificate of medical fitness if required on long adventures, evacuation plan 
in case of bush fire or other catastrophic emergency.

•	 Reviewing	the	level	of	understanding	of	any	communication	to	check	that	the	intended	
meaning has been understood; this may involve a signature to validate receipt of infor-
mation and understanding of content.
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•	 Emergency	contacts	back	at	base	and	security	phone	numbers	in	protocols	provided	to	
designated safety officer.

Each team member must be familiar with the shortest route to a local hospital (if avail-
able). Never manipulate a venomous snake in the field unless it is absolutely imperative. 
Envenomations in remote locations are truly a worst-case scenario. Field collection of reptiles 
often occurs in remote locations and during the wet season, so it is essential that vehicles used 
are equipped for difficult driving conditions, with a winch, a snatch kit, and tire-repair kits. 
It is mandatory that all drivers have completed an occupational four-wheel-driving course, 
including sand driving. In addition, a satellite telephone or EPIRB should be taken to facili-
tate emergency extraction. As cellular telephone service is often not available in remote loca-
tions, long-range walkie-talkies should be used to facilitate communication between field team 
members. Field collecting has an added difficulty:  working in the dark. Headlamps should 
always be used when collecting venomous reptiles in the field at night. Each person must carry 
spare batteries and a secondary light source. A  binder containing the bite protocol should 
be kept in the vehicle, with bite procedures, hospital locations, phone numbers, and medical 
sheets. Making a predeparture checklist of all necessary materials is essential so that impor-
tant tools and supplies are not left behind.

Other than special difficulties posed by low-light, uncontrollable situations, safety con-
siderations for the handling of venomous reptiles during field collection largely match those 
detailed above for husbandry purposes. In short, proper handling tools (such as hooks and 
tongs) must be utilized, alcohol and medications that may cause drowsiness must be avoided 
at all costs, and field collecting should be conducted in pairs or groups. In addition, the loca-
tion the collectors are visiting must be given to colleagues, along with the expected date of 
return, and daily telephone check-ins are essential. If cellular telephone service is not available, 
then the team must carry at least one satellite telephone. These safeguards will help protect 
field collectors in the event that an issue arises that renders them unable to return under their 
own power.

5.10.3 FIeLD COLLeCTION TeChNIQUes

For many snake species, driving slowly along quiet roads at night is an effective technique. The 
sealed roads remain warmer longer than the soil. A snake encountering the road may view it 
as a large flat rock on which to warm itself. Unfortunately, this results in high snake mortality 
rates on roads with appreciable amounts of traffic. Such specimens, however, are not only use-
ful indicators of target species being in the area, but if they are freshly hit and still alive (even 
if mortally wounded), the specimens can be venom extracted and euthanized, with the venom 
glands removed for transcriptome studies (although this may provide suboptimal mRNA lev-
els). In addition, even long-dead specimens may be useful for genetic studies.

For off-road collecting, in addition to visual spotting by walking, turning over suitable 
rocks and logs and utilizing traps may be efficient collection methods for some species. 
Be mindful to return all overturned items back to their original resting positions so that 
microhabitat conditions may remain as close to preturned levels as possible. For snakes and 
small varanid lizards, drift-line and funnel-trap combinations are extremely efficient (see 
color plate 20D). Heavy fly screen supported by stakes is used for the drift-line material, 
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and the bottom is partially buried to prevent animals from easily passing underneath. Pairs 
of funnel traps are clamped onto the drift line using bulldog clips. It is important to have 
soil leading up the funnel edge to the opening. This not only masks human scent but also 
discourages the animal from going under the trap. It is essential to cover the trap with 
heavy shade cloth and weigh this down with sticks to keep it from blowing off. This will 
prevent stress or death from heat, which is particularly important for nocturnal species 
present in the trap before the morning trap checks are completed. Laying out cover boards 
for snakes to conceal themselves underneath is also useful for sites to which repeated visits 
are expected.

5.10.4 COLLeCTION aND TRaNspORT

During transport to the facility, animals must be placed inside porous black bags that allow 
sufficient air flow. The animals must be double-bagged, with one bag tied or taped securely 
and then placed inside a second bag, which is also tied or taped securely. These bags must 
then be placed inside a rigid lockable container, which is clearly labeled as containing a ven-
omous reptile. Temperatures within the transporting vehicle must be monitored constantly 
so that they remain within acceptable limits for the animal being transported. Containers 
must be kept out of direct sunlight and the air-conditioning run to keep the entire vehicle 
at no warmer than 24° C. In the event that the species in question requires elevated humid-
ity levels, this may be managed by placing a damp cloth inside a plastic container that has 
holes drilled in it and placing this container inside the bag containing the specimen. The 
bag itself must not be wetted, as this may block air flow and result in suffocation of the 
specimen.

Transport of sea snakes requires special modifications. They must be in an enclosed con-
tainer, bucket, or polystyrene box with a wet towel at the bottom. The snake must be in a 
mesh bag; as a cotton bag (for example) would saturate with water, drowning the animal. This 
arrangement will allow the snakes to stay hydrated. If the animal is being transported during 
the day time in temperatures greater than 24°C then a frozen iceblock should be placed under-
neath the towel.

It is of paramount importance to keep good records of each specimen, not only for man-
agement purposes but also to enhance knowledge of the species. Arrival data linked to the 
institutional registration number must include (but are not limited to) locality of origin, date 
of arrival, collector or contact person, size and weight, and health status. In addition, quaran-
tine protocols must be followed (see  chapter 6.4.1).

5.11 VeNOmOUs RepTILe CONTROL 

(CaLLOUTs) aND TRaNsLOCaTION

Often, institutions become the first phone call for locals dealing with an unwanted reptil-
ian visitor (see color plates 21 and 22). Similarly, industrial sites such as mines may approach 
institutions seeking risk-management protocols and training for on-site personnel who may 
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encounter venomous reptiles. In any interaction between a venomous reptile and a human, 
there are several options:

•	 Leave	the	animal alone.
•	 Translocate	the	animal	within	its	estimated	home range.
•	 Translocate	the	animal	outside	its	estimated	home range.
•	 Euthanize	the	animal,	and	submit	it	as	a	voucher	specimen.
•	 Maintain	the	live	animal	for	educational	purposes	at	an	approved	institution.
•	 Kill	the	animal	(putting	the	person	at	great	risk	of	envenomation	and	likely	in	violation	

of wildlife laws).

For those of us who love venomous creatures (such as the authors of this book), leaving the 
animal where it was found seems to be the obvious choice. However, mitigating factors such as 
an ingrained fear of snakes, the proximity of children and pets, or the need to conduct work 
in the area (such as clearing of vegetation) often necessitate the animal’s removal or relocation. 
Which of the above options (excluding the last one) is most appropriate therefore needs to be 
determined on a case-by-case basis. Organizing an educational outreach program in order to 
build strong ties with the local community is the best way to obtain the most positive outcomes 
for people, venomous reptiles, and the environment.

Callouts often include the resident wanting the scaly “intruder” removed regardless of 
whether it is venomous or not. Numerous factors for both the reptile and the human residents 
must be taken into account in deciding whether a reptile can be or should be safely and ethi-
cally relocated or if it must be subsequently maintained in captivity (rendering it ecologically 
dead). Factors to be considered during any reptile relocation are training, safety, community 
perceptions, effects on the relocated animal, and whether the reptile belongs to a protected 
species.

5.11.1 TRaINING

Reputable courses that provide appropriate education and training in handling ensure optimal 
occupational wildlife control and rescue operation safety (see color plates 16–22). In many 
countries, wildlife authorities require the completion of an accredited course for relocators 
before issuing the appropriate permits. In some cases, the institution or facility is requested to 
train emergency and first-response personnel (fire fighters, ambulance, police) in the removal 
of venomous animals. The learning environment must be large enough to handle venomous 
reptiles safely and also include graded instruction in reptile handling, starting with nonven-
omous reptiles and gradually progressing to venomous reptiles. Such courses must include the 
following as key competency modules:

•	 Identification	of	local	venomous	reptile	species	and	their	mimics.
•	 Identification	of	a	suitable	reptile	habitat,	whether	natural	(such	as	nearby	woodlands)	

or artificial (such as flat pieces of plywood), and factors that may attract venomous rep-
tiles (such as climatic conditions, junk piles, spilled feed from chicken farming facilitat-
ing an increase in the local rodent population, backyard aviaries).
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•	 Conformation	to	general	occupational	safety	and	health	requirements	in	venomous	rep-
tile handling and transport (see section 5.3). In addition, there are unique hazards in 
removing venomous reptiles from industrial areas because of concurrent hazards such 
as poor lighting, heavy machinery, toxic chemicals, glass, and restricted access. Such 
hazards may involve additional PPE requirements, specific to each site, beyond the mini-
mum for working with venomous reptiles (see section 5.3), for example, steel-cap boots 
and hard hats.

•	 Conformation	to	specific	local	legislation	regarding	removal	and	translocation.
•	 The	necessity	of	working	in	teams	of	at	least	two,	so	that	there	are	spotters	not	only	for	

the venomous reptile being removed and any possible additional snakes but also to keep 
an eye out for industrial hazards while the venomous reptile is being secured.

•	 Training	in	first	aid	and	the	effects	of	snakebite	(with	a	particular	focus	on	local	species).
•	 Handling	equipment	and	techniques	(see	section 5.4).

5.11.2 saFeTY

Safety for both human and reptile must be the first aspect taken into account during any call-
out. As previously mentioned, additional hazards may be present not only in industrial set-
tings but also in residential areas (such as cars). In the event that the species of reptile captured 
is harmless, there is no safety issue for residents that would preclude release of the animal on 
site. There are, however, potential safety issues for the reptile. If the property owners suffer 
from ophidiophobia, no amount of reasoning is likely to get them to agree to have a snake 
(or often even a lizard) released back on their property. Refusal to remove a reptile may lead 
homeowners to take matters into their own hands, likely resulting in the death of the reptile 
and potentially (if the reptile in question is venomous) the envenomation of the person.

5.11.3 COmmUNITY peRCepTION

How well are venomous reptiles perceived in the community? Are they seen as valuable mem-
bers of the local ecosystem, or are they considered vermin? This is the key in determining 
whether residents will accept short-distance relocations being performed in their area for ven-
omous species. With this in mind, it would be a good idea to establish a working relationship 
with the local community. Annual or biannual talks about how to identify local species of ven-
omous and nonvenomous reptiles and the importance of venomous reptiles to the local eco-
system are a great start for gaining acceptance of venomous reptiles as cohabiters and reducing 
the number of calls (and therefore travel expense) for nonvenomous species. For long-term 
success, it is beneficial to give talks at local schools, as children are much more receptive to new 
information than adults who have had their prejudices ingrained for years. If compassion for 
all of the animals in the ecosystem can be kindled in children, they may successfully pressure 
their parents to be more accepting of reptiles. Reach out to organizations such as Boy Scouts 
and Girl Scouts, which do many camping trips, and teach them how to avoid negative interac-
tions with venomous snakes, how to properly identify native species, and, most important, 
how to enjoy observing them from a safe distance. Local emergency-service departments also 
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benefit from additional training; the public often contacts them to request that they remove 
“nuisance” venomous reptiles.

Only through education will barbaric practices such as “rattlesnake roundups” be made 
illegal on animal-cruelty and also conservation grounds (see color plate 23). The stated goal 
of venom collection for research purposes is fallacious, as venom collected at such round-
ups falls well short of accepted best practice as detailed in  chapter  7.2. Since the venom is 
pooled from many specimens, it becomes at the very least a mixture of regional variations 
within that species. Such variation has a direct and immediate impact on venom action and 
antigenicity, and therefore the source of a sample must be identified in venom research. In 
some cases, the venom collected is a mixture of entirely different species. Furthermore, the 
venom is often not snap-frozen immediately after collection, rendering it useless for research 
purposes or antivenom manufacture. Roundups are also unethical for a number of reasons. 
First, the snakes are kept alive for months without food, water, or shelter. This is in violation 
of all best-practice animal-welfare legislation. The animals are decapitated while alive, which 
is not a humane form of reptile euthanasia (see  chapter  6.2.10). This is because the reptile 
brain remains conscious for 15 minutes or longer after the head is severed. Not only is this 
horrendous animal cruelty, but it also creates a dangerous situation with a high potential for 
accidental envenomation. University researchers must receive approval from animal-welfare 
and biosafety committees, both of which, in addition to considering the statutory legislation, 
take into consideration the ethics at all levels within the project. Thus, work on samples origi-
nating from rattlesnake roundups would not be approved on scientific grounds (poor-quality 
material) and also on animal-ethics grounds.

5.11.4 eFFeCTs ON ReLOCaTeD aNImaLs

A detailed understanding of the ecology of a given species is necessary in order to be able 
to make an informed decision about whether to relocate an individual. Unfortunately, this 
information is not known for many species. Translocation of animals may be carried out on 
two different distance scales. Short-distance translocation (SDT) is defined as transport of an 
animal to a location near or within its normal or estimated home range (less than 1.6 km for 
most species of snake). Long-distance translocation (LDT) is defined as transport of an ani-
mal to a location outside its normal or estimated home range (Hardy et al. 2001). While large, 
active species such as Ophiophagus hannah may have a home range of up to 6 sq. km, some 
ambush vipers have been shown to have home ranges of roughly a hectare or less (Glaudas and 
Rodriguez-Robles 2011; Maritz and Alexander 2012).

LDT does not appear to be an appropriate solution for resolving reptile-human con-
flict, as it has been found to negatively affect reptiles in terms of altered movement pat-
terns (Reinert and Rupert 1999; Plummer and Mills 2000; Nowak, Hare, and McNally 
2002; Sullivan, Kwiatkowski, and Schuett 2004; Butler, Malone, and Clemann 2005a; 
Butler, Malone, and Clemann 2005b) and increased mortality rates (Reinert and Rupert 
1999; Plummer and Mills 2000; Nowak, Hare, and McNally 2002). Translocated Crotalus 
horridus that managed to survive their first overwintering period after LDT exhibited 
more extensive movement patterns than resident snakes during the following active sea-
son. However, they appeared to establish a more resident-like pattern of movement during 
this second year (Reinert and Rupert 1999). Additional factors that must be taken into 
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account for LDT are the potential for disease transfer (Cunningham 1996; Hardy et  al. 
2001; Shine and Koenig 2001; Seigel and Dodd 2002; Sullivan, Kwiatkowski, and Schuett 
2004) and the impact on the receiving population’s genetic structure (Dodd and Seigel 1991; 
Stockwell, Mulvey, and Vinyard 1996; Whiting 1997; Hardy et al. 2001; Shine and Koenig 
2001). However, LDT may prove viable for repatriation attempts of sensitive species (King, 
Berg, and Hay 2004).

SDT, on the other hand, avoids the risk of disease transfer and potentially detrimental 
genetic exchange for the receiving population; however, SDT is not without its own poten-
tial drawbacks. Although body condition, behavior, mortality rate, and home-range size were 
shown not to vary after SDT in two rattlesnake species (Sealy 1997; Brown, Bishop, and Brooks 
2009), recapture rates of translocated animals remained high (Sealy 1997; Hardy et al. 2001; 
Sullivan, Kwiatkowski, and Schuett 2004; Brown, Bishop, and Brooks 2009). A high recapture 
rate has the potential to upset residents and could eventually lead to their deciding to kill the 
snakes in hopes of preventing future encounters. Not all studies had high recapture rates for 
SDT individuals (Hare and McNally 1997; Sealy 1997), but this may have been a result of meth-
odological differences.

5.11.5 pROTeCTeD speCIes

Occasionally, the animal to be removed may belong to a species with protected conservation 
status. This adds another dimension to the callout, as there may be federal, state, county, or 
local laws that stipulate how the animal must be dealt with regardless of the landowner’s per-
sonal feelings. Additionally, unless the respondent has the proper permits, they may not be 
legally allowed to touch the animal in question. It is advised, therefore, that an institution 
acquire such permits for employees charged with going on callouts in order to remain compli-
ant with all regulations. An unfortunate consequence is that if the homeowners realize that 
their desired result does not align with legislation, they are likely to stop calling for help and 
instead dispatch the animal in a way they see fit, which in most cases means the death of the 
animal.

Each institution must ensure that employees who go on callouts are educated about local 
protected species and any special rules pertaining to such species. For example, Heloderma 
suspectum often wander into urban areas, and because of public fear and misconceptions 
surrounding this species, translocation is often the only option. The Arizona Game and 
Fish Department requires that Heloderma suspectum be translocated no more than 400 
meters from where they were found. However, research has shown that SDT of H. suspec-
tum like this is ineffective in keeping them out of populated areas (Sullivan, Kwiatkowski, 
and Schuett 2004). Thus, education is the best way to help homeowners coexist with the 
species. If a H.  suspectum is found in an urban environment in Arizona and there is no 
suitable desert within 400 meters, then it cannot be released and must spend the remainder 
of its life in captivity.
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appeNDIx 5.1

RIsK assessmeNT FOR VeNOm COLLeCTION, 

CapTIVe maINTeNaNCe, aND COLLeCTION 

OF VeNOmOUs RepTILes

The following is applicable to all interactions with live venomous reptiles. The institutional 
safety officer must be informed of the location and duration of field trips before the trips 
begin. Venomous reptile species will be collected from various habitats, both terrestrial and 
aquatic. Collection areas may be subject to extreme weather conditions such as flash floods and 
cyclones. Thus, the team must be aware of and keep updated about extreme weather warnings 
posted by local weather services. In the event of an emergency, the relevant local emergency 
services will be contacted by phone. A satellite phone must be available in case of an emergency 
in areas without mobile-phone coverage.

haZaRDs

Hazard identification:

Envenomation of personnel.
Allergy induction.

Other hazards:

Injury from tripping over random objects (such as logs and rocks).
Animal bites other than envenomations.
Vehicle accident traveling to and from collection site.
Injury while scuba diving.

Biological hazards:

Substance MSDS Conc. Physical form Hazardous
Venom No Dilute Liquid Yes (only by 

injection)

Conc., concentration.

Health effects
Acute toxicity Chronic 

toxicity
Corrosive Irritant Sensitizer Carcinogen Mutagen Teratogen Asphyxiant

Yes (injection 
only)

No No No No No No No No

Hazardous reactions
Explosive Flammable Spontaneous reactivity Water reactive Oxidizer
No No No No No
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CONTROLs

Hazards are reduced by using proper handling equipment (see section 5.4). In the particular 
case of sea snakes, hazards are reduced by wearing 7 mm neoprene gloves and arm cuffs during 
collection activities, as sea snake fangs are typically less than 3 mm (except for large species 
such as Aipysurus laevis, Hydrophis elegans, Hydrophis (Astrotia) stokesii, etc.)

Biological hazards:

Routes of exposure
Inhalation Ingestion Skin absorption Eye contact Injection/needle 

stick
No No No Yes Yes
Evidence of Exposure
Presence of dust/

odors
Leaks/spills/

residues
Worker 

symptoms
Direct contact Duration of 

exposure (per 
procedure)

Yes No Yes No < 4 hrs

Hazard Associated risk
Envenomation If victim is untreated, death is a possibility. Any bite requires observation in a 

hospital. Signs that snake antivenom is required include severe myotoxicity 
(evidenced by presence of myoglobin in urine and also indicated by severe 
muscle pain), neurotoxicity (evidenced by loss of control of skeletal or 
eye muscle control), or coagulopathy (evidenced by changes in clotting 
times). Satellite phone must be available in case of emergency in areas 
without mobile-phone coverage. All team members must possess a current 
occupational first aid certificate.

In the event of an envenomation:
•	 Pressure	immobilization	will	be	applied	for	appropriate	species	such	

as any elapid, neurotoxic viperids or coagulopathic non-front-fanged 
genera such as Dispholidus, Rhabdophis species, and Thelatornis species.

•	 Transport	will	be	brought	to	the	victim.
•	 The	nearest	hospital	(which	will	have	already	been	contacted	with	

notification of the field research being undertaken and to confirm 
antivenom stocks) will be contacted by phone or radio.

•	 The	victim	will	be	transported	to	the	hospital	promptly	but	without	
undue haste, as a car wreck from rushing would only further complicate 
the situation.

Envenomation by 
other organisms 
while in the 
field

The risk of fish envenomation will be minimized by wearing appropriate 
clothing such as dive boots or reef-walking shoes and displaying caution 
and awareness of the surroundings. The only octopus species of medical 
importance to humans is the blue-ring octopus. As these are small and 
with very small beaks, they are not able to penetrate dive gloves and may 
thus be safely handled with gloves. Deaths have been only very rarely 
recorded.



Allergy induction While envenomation is often the primary concern when working with 
venomous species, development of an allergy is a much higher risk. This 
may only cause sneezing and other “hay fever”-like symptoms in lab 
workers and thus be nothing more than an inconvenience; however, in staff 
interacting with snakes in the field or in captivity, an allergy could result 
in catastrophic anaphylactic shock in the event of an envenomation. Thus, 
chronic exposure to dried venom must be avoided, either through the use 
of a P1 half-face particulate filter or opening containers in the fume hood 
when working with quantities > 50 mg of powdered venom.

Bites by various 
organisms 
while in the 
field

Bites other than envenomations, such as bites by mosquitoes and sand flies, 
may occur during collection, with the accompanying possibility of disease 
transmission such as dengue and malaria. The risk of disease is minimized 
by wearing appropriate clothing (such as enclosed shoes, long pants, and 
long-sleeved shirts), vaccination (where possible), and use of appropriate 
bug spray.

Other hazards:

Hazard Associated risk
Injury caused by 

tripping over 
ground terrain 
while in the field

Injury may be sustained by accidental tripping over objects on the ground 
such as logs and rocks. This risk may be minimized by being cautious 
and aware of surroundings.

Injury caused by 
boat/car/plane 
accident while in 
the field

Injury may occur during a boat, car, or plane trip to the collection location 
if there is an accident. Risk can be minimized by driver caution, 
defensive driving, and not driving while tired.

Extreme weather Collection areas may be subject to extreme weather conditions such as 
flash floods, cyclones, and heat. Be aware of and keep updated about 
extreme weather warnings posted by the local Bureau of Meteorology 
and sign up for an automated warning system (if available). Always 
hydrate properly (avoid coffee in hot conditions).



Risk analysis after controls are implemented:

Control measures:

Elimination or substitution controls
Potential 

elimination or 
substitution of 
hazards

Risk of envenomation will be minimized by using appropriate live-animal 
containers (suitable in rigidity and size), proper collecting technique, and 
appropriate equipment.

Allergy induction is eliminated through proper handling of powdered 
venoms.

Administrative controls
Administrative 

measures 
(such as health 
monitoring)

Collecting must never be carried out alone.
All team members must have current occupational first aid training, 

including (if relevant) the application of pressure-immobilization 
bandaging.

The collector should carry a first aid kit at all times while collecting, which 
includes (if relevant) a pressure bandage and sling.

Any worker who displays symptoms of allergy induction must be restricted 
from working with live snakes in the field or in captivity without having 
injectable adrenaline and injectable antihistamine present at all times.

Training
Required training Staff should be experienced in the collection of venomous animals or, 

alternatively, be trained by staff experienced in the collection of venomous 
animals. Furthermore, all research staff involved in fieldwork must possess 
a current occupational first aid certificate. Documentation must be kept of 
trained people and their first aid certificate details.

Training SOPs will cover:
•	 Protective	clothing.
•	 Methods	for	capture.
•	 Methods	for	transport.

Possibility Frequency Impact Score
Remotely possible Very rare Very serious Low
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appeNDIx 5.2

RIsK assessmeNT FOR WORKING WITh 

VeNOms IN The LaBORaTORY

The following is applicable to all processes (such as proteomics or bioactivity testing) in which 
crude venom, purified toxins, or synthetic variants are handled. The animal venom/toxin may 
be in liquid or solid (lyophilized) form.

haZaRDs

Hazard identification:

Envenomation of personnel.
Allergy induction from chronic exposure to powdered venom.

Chemical hazards:

Substance MSDS Conc. Physical form Hazardous
Venom No Dilute Liquid Yes but only by 

injection

MSDS, Material Safety Data Sheet; Conc., concentration.

Health effects
Acute 

toxicity
Chronic 

toxicity
Corrosive Irritant Sensitizer Carci- 

nogen
Mutagen Teratogen Asphy-  

xiant
Yes but 

injection 
only

No No No No No No No No

Hazardous reactions
Explosive Flammable Spontaneous reactivity Water 

reactive
Oxidizer

No No No No No

Routes of exposure
Inhalation Ingestion Skin absorption Eye contact Injection/needle 

stick
Yes No No Yes Yes
Evidence of exposure
Presence of dust/

odors
Leaks/spills/

residues
Worker 

symptoms
Direct contact Duration of 

exposure (per 
procedure)

Yes No Yes No < 4 hrs
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CONTROLs

•	 Avoid	inhaling	aerosolized	venom;	use	only	in	well-ventilated	areas.	Quantities	>	50	mg	
must be used only in a fume hood or while wearing a P1 half-face particulate filter.

•	 All	personnel	handling	animal	venoms/toxins	 should	attend	a	biosafety	 seminar	and	
receive appropriate training in the handling of animal venoms/toxins from experienced 
supervisors.

•	 Caution	must	be	used	at	all	times	when	handling	animal	venoms/toxins.
•	 Personal	 protective	 equipment,	 including	 nitrile	 gloves,	 lab	 coat,	 and	 appropriate	

enclosed footwear, must be worn when handling animal venoms/toxins.
•	 Creating	aerosols	and	fine	dust	with	animal	venoms/toxins	must	be	avoided.
•	 Animal	venoms/toxins	must	be	stored	 in	clearly	 labeled	and	sealed	plastic	containers	

(never glass).

Biological hazards:

Hazard Associated risk
Envenomation Envenomation will only occur through a needle stick and then depression of 

the syringe to deliver dilute venom. Thus, this is an extremely unlikely event. 
Therefore, the storage of antivenom is not necessary, as these are extremely 
unlikely events. Venom in syringes should not be at concentrations such that 
an estimated human lethal dose is in a volume < 100 μl (such as 100 mg/mL for 
highly toxic venoms such as Naja naja, which has an estimated human lethal 
dose of 10 mg). As needles are only used in situations such as in vivo testing, 
the amounts being worked with at any given time are less than the estimated 
human lethal dose (e.g., a typical rat injection would be only 10–50 μg).

Venom, however, should always only be stored in plastic containers, never in 
glass. Thus, if the container is dropped onto the floor, there is no combined 
hazard of glass fragments and venom.

Allergy 
induction

While risk of envenomation when not working with live animals is a minuscule 
possibility, development of an allergy is a much higher risk. This may only 
cause sneezing and other “hay fever”-like symptoms in lab workers and thus 
be nothing more than an inconvenience; however, in staff interacting with 
snakes in the field or in captivity, such an allergy could result in catastrophic 
anaphylactic shock in the event of an envenomation. Thus, chronic exposure 
to dried venom must be avoided either through the use of a P1 half-face 
particulate filter or opening containers in the fume hood when working with 
quantities > 50 mg of powdered venom.



Control measures:

Elimination or substitution controls
Potential elimination 

or substitution of 
hazards

Risk of envenomation will be minimized by using personal protective 
equipment including safety glasses, nitrile gloves, lab coat, and 
appropriate enclosed footwear and by following protocols. Allergy 
induction is eliminated through proper handling of powdered venoms/
toxins in quantities > 50 mg.

Administrative controls
Administrative 

measures 
(such as health 
monitoring)

Any worker who displays symptoms of allergy induction must be restricted 
from working with live snakes in the field or in captivity without having 
injectable adrenaline present.

Training
Required training All handlers of animal venoms/toxins are required to undertake training 

sessions led by experienced personnel.

Risk analysis after controls implemented:

Possibility Frequency Impact Score
Remotely possible Very rare Very serious Low
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appeNDIx 5.3

TempLaTe saFe OpeRaTING pROCeDURes FOR  

BOaTING aND DIVING FIeLD TRIps

sTaFF, VOLUNTeeRs, aND sTUDeNTs

•	 Conduct	mandatory	discussion	session	with	person	in	charge	regarding	field	trip	proce-
dures, activities, risks, and risk assessments.

•	 Complete	and	acknowledge	risk	assessment.
•	 Complete	and	submit	authorized	volunteer	forms	if	required.
•	 Fill	out	appropriate	paperwork	for	working	away	from	the	facility.

NOTIFICaTION OF LOCaL sCIeNTIFIC peRmITTING aGeNCIes

•	 E-mail	 notification	 prior	 to	 each	 field	 trip,	 with	 information	 regarding	 dates,	 times,	
sampling type, locations, activities, vessel(s), and all personnel on board.

•	 Upon	return,	e-mail	report	for	each	field	trip	to	relevant	authorities	within	mandated	
time frame.

WeaTheR CheCK aND FINaL CONFIRmaTION OF TRIp

•	 Two	days	before	intended	trip,	check	local	weather	and	boating	forecasts	via	Bureau	of	
Meteorology or local weather information supplier, and either confirm or postpone trip.

•	 Make	final	weather	check	on	morning	of	field	trip.	If	weather	has	changed	and	 looks	
poor, cancel trip by phoning all participants as early as possible.

ReseaRCh sTaTIONs aND VesseLs

•	 Complete	station	form	on	arrival;	information	recorded	includes	all	staff,	students,	and	
volunteers; room number for each person at station; signature of each person; daily con-
tact detail of trip leader and signature.

•	 If	relevant,	complete	boating	and	safety	record	form	online	each	day	before	departure	
from research station; information recorded includes dates, times, destinations, vessel 
names, all personnel on board each vessel, boat skipper, and activities including whether 
diving, swimming, or snorkeling is involved. Record confirmation of checks of weather 
and boating conditions for the day, and supply contact details (phone and radio channel).
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•	 Complete	research	station	whiteboard,	if	applicable,	before	departing	the	station	each	
day; this includes date, departure time, ETA back at research station vessel, destinations, 
and number of people on board.

•	 Complete	boating	safety	gear	form;	this	checklist	list	must	be	completed	and	signed	off	
by master of the vessel each day. This is a detailed form on which the presence of each 
safety item is confirmed, the amount of fuel carried is recorded, and confirmation that 
vessel and all gear are in excellent working order is established, including expiration 
dates of flares and EPIRBs.

•	 Complete	boat	log	at	end	of	each day.

RaDIO CheCKs

•	 Conduct	radio	check	back	to	base	each day.
•	 Make	radio	call-in	within	30	minutes	of	vessel	launch,	to	check	that	radio	is	working	and	

confirm that all is well and boating conditions are satisfactory.
•	 Make	radio	call	toward	end	of	day	to	notify	base	of ETA.
•	 Have	extra	radio	call	during	the	day	to	inform	base	or	research	station	of	progress,	con-

ditions, and intentions.
•	 Keep	radio	on	all	day	in	order	to	receive	calls	from	base,	research	station,	Coast	Guard,	

and weather alert.



appeNDIx 5.4

TempLaTe CheCKLIsT OF haZaRDs/RIsKs aND 

OTheR ITems WheN pLaNNING DIVING WORK

Risk factor Lower risk Moderate risk Higher risk
Boat traffic Infrequent traffic

Depth > 5 m
Some traffic depth > or < 

5 m SSBA dive
High traffic/shipping 

lane depth < 5 m
SSBA dive

Dive (duration) At least 2 repetitive 
groups less than 
no-decompression 
limit

1 repetitive group 
less than 
no-decompression 
limit

Dive to 
no-decompression 
limit

Dive (multiple ascents) None 1 or 2 3 or more
Dive (profile) “Ideal” profile “Square” profile “Reverse” or “sawtooth” 

profile
Dive (repetitive) No more than 2 dives/

day
3–5 dives/day > 5 dives/day

Dive (time since last) < 3 months 3–6 months > 6 months
Hazards (entrapment) Unobstructed ascent Obstructed ascent
Hazards (marine life) General observation Observation of 

dangerous animals
Spearfishing or 

manipulation 
of dangerous or 
venomous animals

Hazards (task-related) Use of equipment such 
as slates or cameras

Use of handheld 
pneumatic tools and/
or small lift bags

Use of heavy tools/
frames and/or large 
lift bags

Local knowledge Know site well Some experience with or 
knowledge of site

Little knowledge of site

Medical assistance < 30 mins away 0.5–2 hrs away > 2 hrs away
Personnel 2–3 divers (multiples)

1 boat handler per team
2–3 divers (multiples)
No boat handler

Single diver

Personnel (experience) > 50 hrs 20–50 hrs < 20 hrs
Site (current) Nil to weak Moderate Strong
Site (depth) < 18 m 18–30 m > 30 m
Site (exposure) Sheltered Exposed
Site (location) Location not remote

Sheltered embayment
Uniform bottom profile

Exposed site
Close location

Exposed site
Remote location

Time of day Start and finish in full 
daylight

Start at/before dawn and 
finish near/after dusk

Night diving

Weather and sea Calm, settled weather 
pattern

Calm, unsettled weather 
pattern

Rough

SSBA dive = surface-supplied breathing apparatus.
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VETERINARY CARE OF  
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6.1 sUmmaRY

This chapter has been written with the intent that it may be used as a citable reference for appli-
cations to institutional animal ethics or biosafety committees. It contains a description of “best 
practice” procedures under optimal conditions, and thus, the guidelines may not be practical 
or economically feasible for all facilities. This is particularly likely to be the case for smaller 
endeavors, and it is recognized that there may be alternatives to the practices described herein 
that are more suitable for certain circumstances. The challenges presented in the examination 
of venomous reptiles are not in the general principles but in the specifics. In recent years, the 
number of species documented to produce venom has been vastly expanded to include the 
majority of snakes and numerous lizards. However, many of these species are unlikely to pose a 
threat to humans in the event of an accidental bite. For the veterinary practitioner, to consider 
all reptiles that possess venoms as potentially dangerous is not realistic or practical. On the 
other hand, certain species possess exceptionally potent venoms and are more than capable of 
delivering a potentially life-threatening bite. Veterinary care of these species presents specific 
challenges requiring special considerations, techniques, and skills. Therefore, in addition to 
the usual veterinary concerns of any zoological collection, work with venomous animals pres-
ents special considerations and difficulties to the veterinarian. However, while it is imperative 
that veterinarians be aware of the potential risks of envenomation when conducting an exami-
nation on a venomous reptile, it need not compromise the examination. A  set of protocols 
and principles guide “best practice” in the management of exotic and potentially dangerous 
wildlife for which veterinary care is being given. These general protocols are presented here, 
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and in keeping with the theme of this book, this chapter will also address specific aspects of 
veterinary medicine that are uniquely applicable to the care of venomous reptilian patients, 
including safety considerations for the veterinarian.

6.2 BasIC VeTeRINaRY TasKs aND pROCeDURes

6.2.1 GeNeRaL pRINCIpLes

The same principles apply to the treatment of both venomous reptiles and nonvenomous rep-
tiles. Repetitive handling should be avoided where possible, both to reduce stress for the ani-
mal and to minimize risk to staff. After making a diagnosis, a well-thought-out treatment plan 
should be developed with the following considerations (Johnson 2011):

•	 Where	possible,	utilize	medications	with	 longer	duration	of	action	 to	 reduce	 the	 fre-
quency of administration.

•	 Use	suture	materials	and	wound-closure	techniques	that	reduce	the	need	for	handling	
postsurgery, such as self-dissolving or subdermal sutures that do not require removal.

•	 Whenever	possible,	treat	the	animal	at	its	place	of	residence	rather	than	at	the	veteri-
nary practice. In the veterinary setting, this is often preferable for minimizing staff risk 
and animal stress. In order to achieve this, the owner of the animal needs to be able to 
administer the prescribed medications safely.

•	 Choose	medications	based	on	ease	of	administration	for	the	caretaker	or	snake	owner.	
For example, if an oral medication is needed, is it possible to provide the medication in 
a food item?

6.2.2 GeNeRaL examINaTION

A general examination of any ill or injured patient often includes a physical examination in 
conjunction with diagnostic procedures such as blood collection, radiography, and possibly 
ultrasound. Beginning with a thorough physical examination as part of any diagnostic inves-
tigation is essential. Observation of the patient’s movement and behavior prior to handling or 
anesthesia can greatly assist with identifying abnormalities such as paralysis or neurological 
deficits that may be overlooked if the practitioner proceeds straight to restraint or anesthesia. 
For example, when examining sea snakes, it is imperative that these animals are placed in a 
large tub of water or a pool to observe swimming and diving behavior before any restraint. 
As they are not adapted to movement on land, they will often appear uncoordinated or even 
lethargic when out of the water.

A standard stepwise method of examination ensures that all areas of the animal’s body are 
examined, and the order of examination often comes down to personal preference. Universally, 
the most adopted method for examination is to start at one end of the animal (either cranial 
or caudal) and work toward the other end. The eyes, nostrils, oral cavity, vent, and entire body 
(including joint manipulations) should be thoroughly inspected for abnormalities before mov-
ing on to diagnostic sample collection. It is important to have at least two people conduct the 
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examination; at least one person is required to adequately restrain the specimen, while another 
performs the examination. In case of an accidental envenomation or escape, it is also impera-
tive to have assistance close at hand.

6.2.3 ResTRaINT

When examining a venomous reptile, accidental envenomation can occur if adequate safety 
measures are not in place (see  chapter 5.4 and color plates 16, 24A and 24B). It is paramount 
that all appropriate equipment necessary for restraint, diagnostic sampling, and induction of 
anesthetic and all medications that may be required are on hand and in place before an exami-
nation begins in order to minimize the risk of envenomation. Clear plastic restraint tubes 
are an efficient, safe, and humane means of restraint for venomous snakes. Most examina-
tions include diagnostics such as blood collection, radiography, and ultrasound, in addition to 
sex identification, all of which can be performed with the snake safely restrained in the tube. 
Further procedures, such as anesthesia, radiography, microchipping, tagging, and humane 
euthanasia, can also be performed at this time. Large venomous lizards may require multiple 
persons to restrain them adequately and safely. It is important to have control of the tail, hind 
legs, and head at all times. If the animal must be restrained for longer than 10 minutes, seda-
tion is recommended.

6.2.4 aNesThesIa

Veterinarians treating venomous reptiles must be comfortable with all manner of restraint, 
including chemical restraint (Read 2004; Mosley 2005; Schumacher and Yelen 2006), before 
embarking on an examination. Minor procedures may be performed under manual restraint 
alone but may be less stressful for the patient if sedation or light anesthesia is used. Delivery 
methods for sedatives or anesthetics vary greatly and may include gaseous inhalation and 
intramuscular or intravenous injections. Because of the tendency many reptiles have of hold-
ing their breath when gaseous anesthetics are used for induction, administration is more com-
mon via intravenous or intramuscular routes.

Some procedures, such as the removal of a retained spectacle or venom extraction, may be 
facilitated by light sedation (Read 2004; Mosley 2005; Schumacher and Yelen 2006). However, 
handling techniques that utilize methods such as cooling animals in ice water or in a refrigera-
tor should never be used, as they are painful and can be extremely detrimental to the animal’s 
health (Schumacher and Yelen 2006). Close attention must be paid to temperature exposure 
in any examination; overheating or thermal burns from tabletop heat mats can occur inadver-
tently when animals are sedated.

6.2.4.1 Snakes
If the examining veterinarian is familiar with the delivery of intravenous injections to snakes, 
this method provides rapid immobilization and is relatively well tolerated by most snakes. 
It does, however, require manual restraint of the animal (often in a Perspex tube), and the 
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duration of anesthesia can be relatively short, depending on the drug selected. Despite this, 
the duration is usually more than sufficient to perform short procedures such as blood col-
lection, radiography, sexing, cloacal swabs and washes, and ocular and oral examinations. 
Intravenous drugs commonly used include alfaxalone (10 mg/kg), propofol (1–5 mg.kg), or 
tiletamine/zolazapram (3 mg/kg) administered via the ventral coccygeal vein. Alfaxalone IV 
has a short duration of action and is thus the preferred anesthetic for use in sea snakes, as these 
patients are aquatic and drugs with longer durations of action may lead to death by drowning. 
It is always recommended that sea snakes having undergone any sort of anesthesia or sedation 
be given time to recover in a confined enclosure lined with moist towels and not placed in 
any water. These animals should be left in this state for a minimum of 12 to 24 hours and be 
assessed for full mobility before being placed back in water.

Intramuscular administration may be an easier option for those not familiar with 
intravenous access, but this route does take significantly longer to take effect, particularly 
if the snake is not at optimal body temperature at the time of injection. Depending on 
the species, intramuscular injection of tiletamine/zolazapram/Telazol at 10 mg/kg will 
provide a long-lasting state of indifference or torpor adequate for safe handling for pro-
cedures such as blood drawing, radiographs, oral and eye examination, manipulation of 
joints, sexing, cloacal swabs or washes, tracheal washes, or suture removal. The advantage 
of injectables such as tiletamine/zolazapram is that they can be intramuscularly injected 
while the animal is still secured in a bag, eliminating unnecessary stress or risk to animals 
and handlers. When a large number of snakes must be examined (such as following con-
fiscations of shipments or in research settings where a large number of animals is amassed 
for morphometrics and sampling), sedating all the animals concurrently with injectable 
drugs allows safe and efficient processing. Aside from tiletamine/zolazapram, other drugs 
that can be administered intramuscularly include alfaxalone (10 mg/kg) or combinations 
including alpha-2-agonists and ketamine, which produce similar results (xylazine, deto-
midine, medetomidine, or dexmedetomidine combined with ketamine). Benzodiazepines 
(diazepam and midazolam) used alone have proven unreliable in the anesthesia of venom-
ous reptiles. However, they can be used to potentiate dissociative agents such as ketamine 
or opioids such as butorphanol.

When procedures may be painful, appropriate injectable analgesic agents should be admin-
istered. Administration immediately before or shortly after induction is considered accept-
able and ensures a plane of analgesia during and after the procedure. Alternatively, injectable 
local anesthetics such as lignocaine or bupivacaine can be utilized at the site of preserved pain 
or surgery. When using local anesthetics, the total dose should be calculated based on body 
weight to prevent overdosage, which is a particular problem in small patients.

Gaseous anesthesia can be used as an induction agent but is more commonly used for 
prolonged anesthesia of already anesthetized or sedated patients by delivering measurable 
amounts of vaporized anesthetic and oxygen via a non-rebreathing circuit. Gas anesthesia also 
is indicated for painful procedures, as injectable sedatives often provide inadequate analgesia 
or anesthetic depth. Gaseous anesthesia for induction can be delivered via the restraint tube, 
in an induction box, by mask, or by direct intubation. If the snake is already restrained in a 
tube, the anesthetic tubing can be taped to the end of the tube to facilitate induction. This 
method has been used with reasonable success for many venomous species. Induction in a 
chamber using precision vaporizers may be accomplished with isoflurane (up to 5%) or sevo-
flurane (up to 8%). Cotton wool soaked in isoflurane and dropped into the induction box will 
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greatly speed up the process, and many field biologists use this method. Clearly, these high 
concentrations are detrimental to the health of the patient if exposure is prolonged, and once 
the animal is anesthetized, it must be placed on an anesthetic circuit for continued anesthesia 
and ventilation. Direct intubation with assisted ventilation provides the fastest induction but 
requires direct handling of the patient. In order to avoid discomfort to the animal and risk 
to the practitioner, it should only be done if the animal is already sedated and lignocaine is 
applied to the epiglottis.

If the patient has had an endotracheal tube inserted, it can be ventilated manually or 
with an electronic ventilator for the duration of the procedure if the animal is not breath-
ing on its own. In mammals, spontaneous respiration is stimulated by high CO2 levels. 
Conversely, in reptiles spontaneous respiration is stimulated by low O2 levels. Thus reptiles 
placed on 100% oxygen commonly cease to breathe and manual or mechanical ventilation 
often is required.

Ceasing anesthetic delivery shortly before finishing the procedure, while continuing venti-
lation with oxygen or air, will speed up recovery from anesthesia considerably.

6.2.4.2 Lizards
The principles and precautions for anesthetizing venomous lizards are similar to those for 
snakes, as are anesthetic dosages. Because of the likelihood of breath holding, gaseous induc-
tion is not a suitable anesthetic technique for this group. However it must be noted that 
inter-species differences exist even within a genus. For example Varanus komodoensis have 
proven to be readily amenable to gaseous anesthesia but other varanids such as V. bengalensis 
and V. salvator breathhold (Martelli personal observations). Lizards possess a caudal coccygeal 
vein similar to that in snakes, but intravenous access can also be gained through the jugular 
and ventral abdominal veins in some species. For prolonged anesthesia, lizards should be intu-
bated and maintained on gaseous anesthesia. Some individuals may spontaneously ventilate; 
however, ventilation support often is required.

6.2.4.3 Monitoring
Reptiles are challenging anesthetic patients to monitor. Most techniques used to monitor anes-
thesia in mammals or birds are not applicable to reptiles. A reptile’s heart may continue to beat 
for hours after the animal has died, even in specimens with crushed skulls or pithed brains. 
Thus, a Doppler flow device, ECG, or esophageal stethoscope may produce a feedback of dubi-
ous meaning to the anesthetist as these devices may indicate continuing functional activity 
when in fact the animal may have expired.

Regardless, it is important to audibly monitor heart rate—a Doppler flow device placed 
over the heart of any reptile species provides audible monitoring of heart rate and is recom-
mended for any anesthetic procedure. In addition to this, there should be regular checking 
of cloacal tone, jaw tone, and pinch reflex of the toes in lizards, and the animal must be con-
stantly observed for any movement that may indicate lightening of anesthesia. Generally, 
in reptiles, a lighter plane of anesthesia is most desirable (particularly where adequate anal-
gesia has been provided) and will ensure good recovery of the patient at the end of the 
procedure.
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6.2.4.4 Use of Sedatives and Pilocarpine to Extract Venom 
from Nonhelodermatid Anguimorph Lizards and 
Non-Front-Fanged Caenophidian Snakes

The use of anesthesia such as tiletamine/zolazapram followed by periglandular injection of 
pilocarpine (10 mg/kg) is a safe and effective manner of facilitating venom extraction from 
anguimorph lizards and non-front-fanged caenophidian snakes (Hill and Mackessy 2000; Fry 
et al. 2003c; Fry et al. 2009b).

6.2.4.5 Use of Low Temperatures and Carbon Dioxide 
(CO2) Gas prior to Venom Extraction

“Behavioral management” of snakes used in venom production must strike a balance between 
operator safety and animal welfare. The role of cooling and the use of CO2 in routine venom 
extraction are contentious issues. Both have been used by large venom-harvesting laboratories 
such as Venom Supplies in Australia and Instituto Butantan in Brazil. Anecdotally, the snakes 
have not suffered distress or health effects. But it must be stressed that neither technique has 
been subjected to controlled trials, and thus, the mid- to long-term health effects are unknown.

At the time of the writing of this book, Venom Supplies has used this cooling method (with 
animal-ethics approval) for 8,000 venom extractions over a ten-year period. Records kept by 
the consulting veterinarian do not suggest any detrimental health effects. Thus, there appears 
to be no evidence-based objection to overnight cooling to 16° C to 18° C. The caveats are that 
the snake has not been fed within the previous six days, the cooling period does not exceed 
12 hours, and the frequency of cooling events is not greater than monthly. It is reasonable to 
assume that species with wide temperature variation in their natural environments may be 
more tolerant to this practice.

The use of CO2 gas to induce unconsciousness for the purposes of venom extraction, how-
ever, carries with it a much greater risk of adverse health effects and/or avoidable distress or 
suffering.

6.2.5 DRUG aDmINIsTRaTION ROUTes aND pRINCIpLes

It is important to remember that for optimal drug uptake and utilization, reptiles must be at 
their preferred body temperature. Administration of any medication to a cold reptile is unlikely 
to have the desired effect. Drug administration routes are very similar to those of nonvenom-
ous species, with the intramuscular, subcutaneous, intravenous, and topical routes commonly 
used. Occasionally, intraosseous (lizards only), intracoelomic, or oral routes are used.

The epaxial musculature in snakes and lizards provides an easily accessible area for injec-
tion. For many years, it was thought that injection into the caudal third of a reptile’s body 
should be avoided because of the effect of the renal portal system. The two potential effects 
include a “first pass” effect, in which some of the drug could be carried to the kidney and 
excreted before entering systemic circulation, and the potential for increased toxicity when 
nephrotoxic drugs such as amikacin are carried at high concentrations directly to the kidney 
by the renal portal system. Some studies (Holz et al. 1997; Holz et al. 2002) have suggested that 
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this is not of clinical concern and is more of an academic phenomenon. Further research into 
this area is needed to truly evaluate its clinical relevance. While Holz’s work suggests little 
clinical relevance, until more is known, it is best to err on the side of caution and give injections 
in the cranial two-thirds of the body.

The subcutaneous route of injection is not ideal in most species of snakes, because the 
subcutis adheres tightly to the skin and muscle fascia and does not distend easily. If this route 
is chosen in snakes, multiple injection sites may be needed. The ventral lateral body wall at the 
costo-abdominal junction offers a better site for injecting most species of snakes. The dorsolat-
eral body wall of other venomous reptiles often provides a more easily obtainable site for sub-
cutaneous injection. In addition, many lizards have a lateral skin fold between the front and 
rear legs where the skin is loose, and this site is also suitable for subcutaneous fluid injection. 
In all venomous reptiles, the intravenous administration of medications can be difficult to 
perform on a repeated basis unless a venous catheter is placed. Even with the use of a catheter, 
restraint of the animal is typically required for administration. This is not practical to perform 
on a regular basis and may have a detrimental effect on the patient; therefore, this route of 
drug and fluid administration is not commonly used in clinical practice except in severely 
debilitated patients where other methods of administration are unlikely to be effective. Oral 
administration is an alternative route for the delivery of fluids and medication, and these may 
also be inserted in food.

Topical medications (creams, pastes, gels, and other solutions) work well in some situa-
tions; however, they often require regular application to be effective, and this may result in 
stress to the animal or increase in risk to staff. It is important to consider each case on an 
individual basis, comparing the pros and cons of repetitive handling to those of administra-
tion of topical medications. Some topical medications (such as betadine and acaricides) may 
be administered via baths or paint brushes with minimal disturbance to the animal or risk.

6.2.6 FLUID TheRapY

It can be assumed that most sick reptiles are suffering from some level of dehydration. In 
general, reptiles have a high tolerance for dehydration, so its presence often indicates chronic 
disease or inappropriate husbandry. Reptiles that are severely dehydrated often present with 
sunken eyes, dry and loose skin folds, depression, and anorexia (Donoghue 2006). In these 
cases, diagnosing dehydration is easy, although the degree of dehydration may be challeng-
ing to quantify. The parameters used to quantify dehydration in reptiles include mucous 
membrane moisture, skin elasticity, and position of the ocular globe (Martinez-Jimenez and 
Hernandez-Divers 2007). Mucous membrane moisture level can be a helpful indicator of dehy-
dration. Skin elasticity in most reptile species is a poor indicator because of scale cover and the 
thickened and highly keratinized integument. In principle, the use of sequential assessment 
of packed cell volume (PCV) and total protein (TP) can aid in quantification of dehydration; 
however, the interpretation of the results can be quite subjective. It is critical to keep in mind 
that lymph dilution is common and unpredictable. A 5% to 10% dilution by lymph will not be 
noted when drawing blood, but in the laboratory, it may lead to the diagnosis of hemodilu-
tion resulting in the clinician concluding (wrongly) that rehydration has taken place. Changes 
in PVC and TP over time will reflect changes in hydration status, and trends may be more 
indicative than specific numbers, but excessively high PVC and TP may indicate dehydration. 
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If available, data from a clinically normal conspecific kept under similar conditions should be 
used for comparison.

As quantification is difficult, many veterinarians will apply the following general rules:

•	 Patients	 with	 suspected	 or	 mild	 dehydration:  Shallow	 warm-water	 baths	 daily.	This	
provides rehydration by offering a chance for the animal to drink. Water temperatures 
should be measured and adjusted to mimic cage temperature and prevent hyperthermia. 
From a practical standpoint, use water between 25° C and 32° C.

•	 Moderately	dehydrated	patients: Subcutaneous	or	oral	fluid	therapy	using	either	hypo	
or isotonic replacement fluid at 30–50 mL per kg of body weight per day. The same fluid 
rate can also be given intracoelomically. It is often advisable to spread the total daily 
dose over 2–4 smaller doses. For example rather than giving 30 mL once daily, instead 
give 10 mL three times daily. This is important to minimize patient pain from the skin 
stretching from large volumes of subcutaneous fluids and also to avoid over-distending 
the gastrointestinal system if oral fluids are given.

•	 Severely	dehydrated	patients: Rehydration	by	intravenous	or	intraosseous	fluid	therapy	
where possible. This is often beneficial in unresponsive moribund patients; note that rep-
tiles can remain moribund for weeks. The rate of the fluid therapy varies on the degree 
of dehydration, however, the general principles are similar to other species: replace the 
maintenance requirements (1–3% of body weight) plus 25–33% of the dehydration deficit 
per day (Mader 2006). This allows the animal to be rehydrated slowly over 3–4 days and 
minimize the risk of over-hydration.

A multimodal approach to fluid therapy often yields the best results.

6.2.7 VeNOUs aCCess

Reptilian hematology and biochemistry is complex, and reported results are rarely reliable as 
a standalone indicator of disease. For this reason, they should always be interpreted with care 
and used in conjunction with other diagnostic findings and a thorough physical examination 
when formulating a treatment plan or to confirm a diagnosis.

The right palantine-pterygoidean vein provides reasonable venous access and rapid 
induction in large snakes but requires a cooperative patient and excellent restraint or general 
anesthesia. Therefore, this vein is not recommended for the administration of intravenous 
injections to venomous species. Complications can include postvenipuncture bleeding and 
hematoma formation. Pressure should be applied with a cotton-tipped applicator after the 
blood draw, and some practitioners recommend soaking the applicator in dilute epinephrine 
to assist with vasoconstriction. In most venomous species, blood can be collected easily and 
safely from the ventral coccygeal vein, which runs horizontally along the midline of the tail, 
just ventral to the coccygeal vertebrae. The ventral abdominal vein can also be used in larger 
venomous lizards, and both vessels are suitable for the intravenous delivery of drugs or flu-
ids. Cardiocentesis can be performed in larger snakes (> 300 g) by immobilizing the heart 
between two fingers. Sedation is required for cardiocentesis, both to prevent the patient strug-
gling and to provide analgesia. Because of the potential of iatrogenic damage such as heart 
muscle laceration and hemorrhage, a risk/benefit analysis should always be performed prior 
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to using this technique, and it is not recommended for animals that are to be immediately 
released into the wild.

Long-term IV access may be needed for some treatments; however, catheterization can 
be challenging in reptiles and may require ultrasound guidance and/or a surgical approach 
in many species. The jugular vein is intracoelomic in snakes and generally requires a surgical 
“cut-down” procedure to access it; in lizards, it is generally lateral and can be located on a line 
drawn between the tympanum and the shoulder. In many lizards, the lateral saphenous vein 
is readily accessible via an incision parallel to the tibia. In lizards, the tissue around the ves-
sel can be dissected to provide access to approximately 2 cm of vein. In lizards, catheterizing 
with a normal IV catheter is optimal. It is necessary to apply a bandage to protect the catheter, 
as most lizards will try to scratch and pull it out. For long-term venous access in snakes, the 
jugular vein is accessed cranial to the heart. The cut-down technique and catheterization pro-
cedure is similar to that described above for lizards; however, in snakes, a long segment of the 
polyethylene catheter is directed cranially when inserted and advanced toward the head. The 
point of entry of the catheter is very small and allows the vein to seal by itself. The free end of 
the catheter is then fed a short distance subcutaneously before being pulled through a separate 
opening in the dorsal costal wall a short distance away from the incision point. The catheter 
is managed as above. While snakes do not try to pull the catheter out and generally a bandage 
is not needed, stay sutures may be utilized to hold a portion of the catheter tube to the snake’s 
body to prevent its becoming caught on something and being pulled out. In addition, furni-
ture in the enclosure should be evaluated with regard to its potential to snag the catheter. If a 
sufficient length of polyethylene tubing is left protruding, the IV line can be managed without 
disturbing the patient.

6.2.8 ULTRasOUND aND RaDIOGRaphY

Radiographs can often be performed without the need for restraint by leaving the ani-
mal in a bag or transparent container. Radiographs also can be taken through clear plastic 
restraint tubes. Lateral views are best obtained by using horizontal beams or with animals 
under anesthesia, as they may require unnatural positioning of the animal, which is poten-
tially stressful. It is worth noting that some species can be sexed by radiograph (through 
the visualization of the hemibacula or the presence of eggs), thus avoiding unnecessary 
handling. For ultrasounds, gel should be liberally applied. In some cases, it may be neces-
sary to warm the gel up slightly to allow it to penetrate between the scales and minimize 
the degree of artifacts created by air. Alternatively animals can be placed in water baths 
during the ultrasound procedure to eliminate air between the transducer head and the 
patient. Snakes are best scanned along the ventral surface of the body to avoid interference 
from the ribs. Lizards are also examined through their ventral surfaces. While holding 
the animal on its back, the ultrasonographer can get very good images. In some animals 
with heavy scalation, the image quality achieved may be poor because of attenuation of the 
ultrasound beam.

For all radiographic and ultrasound assessment, a minimum of two orthogonal views 
should be taken.
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6.2.9 mICROChIppING

The microchipping of venomous reptiles has been used as a means of identification in many 
wild populations and in some large collections. The techniques are the same for equivalent-sized 
nonvenomous reptiles. There are many differing opinions on where to insert microchips, with 
the subcutaneous route (often dorsolaterally along the body wall) being the most commonly 
used. Try to be as caudal as possible, and insert the microchip from the cranial direction; this 
will help prevent migration of the microchip out of the skin. It can often be helpful to place 
a small drop of surgical-grade tissue glue over the microchipping site to prevent migration 
of the microchip outward before the skin has had adequate time to heal. There is a range of 
different-sized microchips commercially available, allowing reptiles of almost any size to be 
microchipped.

6.2.10 eUThaNasIa

Euthanasia is an important part of veterinary medicine and, if done well, is quick, easy, and 
peaceful for all involved. As for all animals, a “two-step” euthanasia technique is recom-
mended, in which the animal is first sedated or anesthetized. Once adequately sedated or anes-
thetized, the animal is then given an intravenous or intracardiac injection of a barbiturate. 
One of the most commonly used barbiturates is pentobarbitone with a dose of 150 mg/kg. It 
is important to remember that the reptilian heart may continue to contract for a consider-
able period after death. For this reason, it is often advisable to destroy the brain by pithing or 
blunt trauma. An extremely effective method to both pith and chemically inactivate the brain 
in sedated snakes has been described (Martelli, Luz, and Meyer 2001). Care must be taken 
to prevent accidental envenomation when handling the carcasses of venomous animals (see 
color plates 24G and 24H). The fangs or entire heads should be removed and placed in sharps 
containers. Decapitation without prior deep sedation is not considered humane in reptiles. If 
decapitation is done, the brain should be immediately pithed with a probe or by blunt trauma 
to rapidly end brain function.

It must be emphasized that freezing reptiles is not recognized as a humane method of 
euthanasia and is not a method that would be approved by any animal-welfare committee or 
authority. Also, decapitation alone of a conscious reptile is not considered humane, as the head 
will remain fully conscious for 15 minutes or longer, during which the animal is assumed to 
be feeling great pain and distress. Again, this is not a method that would be approved by any 
competent animal-welfare committee or authority.

Two useful resources are AVMA Euthanasia Guidelines (www.avma.org/kb/policies/docu-
ments/euthanasia.pdf) and the Central CITES guideline for the humane euthanasia of reptiles 
(www.blv.admin.ch/themen/tierschutz/04013/index.html?lang=en).

6.2.11 NeCROpsY

Necropsy is an essential health-management tool for all collections. A thorough necropsy is 
generally needed to reveal or confirm cause of death and to help identify disease processes that 
are difficult to diagnose premortem and may threaten the rest of the collection. It is important 
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that if tissue samples are to be analyzed, the animal should be refrigerated after death and not 
frozen. Freezing causes ice crystals to form in the tissue, destroying their microscopic struc-
ture and rendering them useless for histopathological evaluation.

Care must be taken to prevent accidental envenomation when handling the carcasses 
of venomous animals. It is always advisable to use appropriate safety equipment (such as a 
snake hook) to handle the carcass until death can be confirmed, as, particularly in the case 
of snakes, very sick animals or even healthy specimens of certain species can lie dead still or 
mimic death. Specific necropsy occupational health and safety recommendations vary in each 
state or country, but general principles are often the same. Gloves, protective eyewear, and 
an appropriately fitting face mask are recommended to prevent potential spread of zoonotic 
disease. If the oral cavity needs to be examined, great care must be taken to minimize the risk 
of accidental envenomation. If the brain is of interest for histopathology, it can be removed 
from the skull of large specimens by careful dissection; alternatively, the whole head of a small 
specimen can be removed and placed in 10% buffered formalin. A pathology laboratory can 
then decalcify the specimen in order to examine the fixed brain. It is advisable to contact the 
preferred laboratory first and confirm that this method is an option before sending; some labs 
will refuse to process heads from venomous species. The specimen jar should be clearly labeled 
with a warning of the venomous nature of its contents. If the oral cavity, eyes, brain, or other 
head structures are not of concern, it is often advisable to decapitate the animal and place the 
head in a crush-proof container for disposal (Johnson 2011). Alternatively, an empty syringe 
case or urine-specimen cup can be securely taped over the head or upper jaw to shield the fangs 
during postmortem examination and/or disposal of the body. (For additional discussion of the 
handling of deceased specimens, see  chapter 5.4.9.)

6.3 DIsease CONTROL aND pReVeNTION

Most reptile pathogens are spread by direct contact, fomites, or aerosolization (Chitty 2011). 
There is a suspected association between the presence of mites and respiratory disease in snake 
collections, although this remains to be conclusively proven in controlled studies. All newly 
acquired reptiles should be housed in a quarantine facility completely separate from the main 
collection. In larger collections where turnover of reptiles is high, it is advisable to have mul-
tiple rooms in the quarantine facility to allow further segregation of ill and apparently healthy 
animals (Stahl 2001). Any newly acquired reptiles should be seen to after all routine tasks 
with resident reptiles have been completed. The best practice is to have a keeper who deals 
solely with the reptiles in quarantine (Miller 1996). All newly acquired reptiles should be kept 
separate in individual caging to allow individual identification of disease and to minimize any 
intraspecies aggression or dominance (Pasmans et al. 2008). Newly acquired animals are often 
more susceptible to infection because of stress and subsequent immunosuppression associated 
with handling, shipping, and new environments (Schumacher 2006). Simple, easily cleaned 
enclosures and equipment are important. Plastic containers or tubs that can be easily cleaned 
and disinfected are preferred for quarantine purposes. The stress of being in a new environ-
ment can be minimized by ensuring that the enclosure is appropriately set up for the indi-
vidual species being kept and that the reptile is not just kept in a plain plastic container or tub 
without any hides or cage “furniture.”
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In addition, there should be cage- or section-specific sets of supplies and equipment 
that come into direct contact with the animals or cage furnishings (such as handling tools, 
surfaces, and holding tubes). Such dedicated equipment should be disinfected before and 
after each use. Routine disinfection may be accomplished with a 1:125 dilution of F10 SC 
or by using potassium monopersulfate spray (such as Virkon), while 5% sodium hypochlo-
rite must be used on enclosures between changing cage inhabitants or before storage. It is 
important that bleach is thoroughly rinsed away before new inhabitants are introduced to 
an enclosure.

6.3.1 QUaRaNTINe

6.3.1.1 Quarantine Principles
The importance of good quarantine practices cannot be overstated. Many people have “learned 
the hard way,” losing a valuable animal or even their entire collection by overlooking this 
critical component of husbandry. Despite this being a regular occurrence, many herpetologists 
and institutions still fail to implement effective quarantine strategies. One of the reasons for 
this is the conservative nature of protocols found in the literature, coupled with the difficulty 
of testing for diseases of primary concern. Keeping detailed quarantine records is essential, 
regardless of the size of the collection. Basic data such as feeding records, shedding dates, 
medical concerns and treatment, weights, and waste production (feces or urates) should all be 
documented (Stahl 2001).

Any animal that dies during the quarantine period requires a full necropsy. This is 
extremely important and may provide diagnoses that were elusive in the premortem animal. 
Histopathological analysis of all organs should be performed and appropriate bacterial cul-
tures undertaken. Frozen samples should be saved for viral testing. Wild-caught or delicate 
animals will also require more attention during the quarantine period in order to monitor 
their stress levels during adaptation to life in captivity. Therefore, staff time devoted to quaran-
tine animals will be higher than the relative staff time necessary for an equivalent number of 
animals postquarantine. Husbandry duties should proceed through the collection in chrono-
logical order, with the most recently added animals serviced last and with changes of gloves 
(latex or nitrile) between each cage. This can more easily be accomplished by wearing double 
gloves and changing the outer glove, as changing a single pair of gloves repeatedly can be dif-
ficult with sweaty hands.

The general principles of quarantine are as follows:

•	 Sound	acquisition	practices.
•	 Simple	and	clean	enclosures.
•	 Isolated	quarantine area.
•	 Thorough	physical	examinations,	fecal	analysis,	and	general	screening	tests	at	multiple	

points in time.
•	 Detailed	and	accurate	record	keeping.
•	 Servicing	the	quarantine	area last.
•	 Necropsying	animals	that	die	during	quarantine.
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6.3.1.2 Quarantine Time Frame
Recent advancements in our understanding of reptile virology indicate the necessity of quar-
antining newly acquired specimens for a period of at least six months (Pasmans et al. 2008). 
The six-month period is calculated from the date of the most recent arrival to the quarantine 
room. All animals are considered to be of the same quarantine age, with the time remaining 
in quarantine based on the most recent arrival. For example, if a venomous reptile had already 
been in quarantine for five months but a new animal is added to the same quarantine room, 
then that specimen has its quarantine age reset to zero. This demonstrates the value of having 
multiple rooms within the quarantine facility. We recognize that this may be impractical in 
some situations; the intent of this chapter is to provide “best practice” standards.

For some countries, international importation (such as into Australia) requires six-months 
prequarantine in full isolation (full gown in/gown out barrier style), followed by a 24-month 
surveillance period where separation is maintained and any health issues trigger full isola-
tion protocols again. Such protocols should also be implemented for animals acquired from 
high-quarantine-concern sources, for instance, facilities that have had a history of ferlavirus 
(paramyxovirus) or that maintain high concentrations of animals prone to such diseases.

6.3.1.3 Quarantine Veterinary Care
A good admission protocol is useful to minimize problems during quarantine. It is essential to 
weigh, hydrate, and deworm animals upon arrival and to provide a safe hiding box for snakes 
or suitable perching facilities for lizards to minimize stress and promote immunocompetence. 
A standardized screening by an experienced reptile veterinarian of all newly acquired reptiles 
is required, with subsequent treatment protocols implemented as necessary. The specific veter-
inary testing recommended depends greatly on the species of reptile, the local area, and where 
the reptile was sourced. General testing often includes repeated fecal examinations, complete 
blood counts, serum biochemistry panels, infectious disease screening (serologic and/or PCR), 
and thorough physical examination.

6.4 COmmONLY eNCOUNTeReD DIseases

6.4.1 paRasITIC INFesTaTIONs

The stress of being collected from the wild may result in the suppression of an animal’s immune 
system, which can make the animal vulnerable to infection by opportunistic parasites. It is 
important to identify any parasites that are present and treat accordingly. Using a blanket 
treatment of all animals coming into captivity can lead to problems with parasite resistance 
in addition to a higher risk of life-threatening drug reactions. However, acquisition of a large 
number of specimens in a short period of time may make testing of individuals impractical, 
and in such situations, blanket treatment may be appropriate.

The two broad groups of parasites are ectoparasites (outside the body) and endoparasites 
(within the body). Ectoparasites are generally discovered during thorough clinical examina-
tion, whereas many endoparasites require fecal analysis to identify.
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6.4.1.1 Endoparasites
Fecal examination provides a means to identify endoparasites and is an essential part of rou-
tine checkups. Wild-caught animals typically have greater parasite burdens than captive-bred 
reptiles. Exotic species of parasite may present unique treatment difficulties.

Many different endoparasites cause disease, and there is no single treatment that will be 
successful for all endoparasites. For this reason, thorough and repeated fecal examinations 
to identify the type and level of endoparasitic infestation present are vital, as they allow an 
appropriate treatment plan to be implemented. At least four samples, two to four weeks apart, 
must be taken. As the parasites normally stay in the gastrointestinal tract of the reptile, look-
ing at a gross fecal sample and not seeing visible worms does not demonstrate their absence. 
A fecal exam involves the concentration of a fecal sample in a hypertonic salt or sugar solution 
followed by microscopic examination for the presence of the ova of parasites. Multiple samples 
are recommended in case the parasites fail to pass ova in every sample. It is important that a 
sample of fresh feces, ideally less than three hours old (Pasmans et al. 2008), is analyzed to 
improve accuracy and to aid in successful pathogen identification, especially entamoeba. For 
laboratory submissions, it is advisable to place samples in a fecal container or zip-lock bag on 
ice within an insulated container and send them as soon as possible.

It is important to repeat fecal examinations after appropriate treatment has been com-
pleted to ensure that pathogens have been eliminated. The general rule for the confirmation of 
successful elimination is two negative fecal samples taken at two to four weeks apart (Pasmans 
et al. 2008). Most treatments kill adult nematodes but not always larvae. Thus, additional time 
must be taken to allow any remaining larvae time to mature into adults, producing ova that are 
detected in the fecal test. A second dose is recommended in two to four weeks. Ivermectin and 
fenbendazole are commonly used anthelminthics for the control of nematodes. If intestinal 
cestodes are identified, praziquantel is typically effective. Three once-daily doses of toltrazuril 
oral formulation are appropriate. Flagellate infestations can be treated with metronidazole 
(Flagyl), administered either by stomach tube or in a food item.

The intermediate or immature stage of the Spirometra tapeworm occurs in snakes that are 
frog- or reptile-eaters in the wild. Larval tapeworms (spargana) may appear as small distinct 
swellings under the skin but rarely cause disease. This condition does not occur in captive-bred 
animals that eat frozen/thawed mammalian prey items. Fecal testing is of no use in diagnosing 
this condition as the worms are in their larval stages—immature and not egg-layers. Regular 
worm treatments are ineffective (Johnson 2012).

6.4.1.2 Ectoparasites
Ectoparasite burdens are common in many reptiles and should also be considered a potential 
vector of infection and disease and in some cases a zoonotic risk (see color plate 24F.) A com-
plete and thorough examination of the animal’s external surfaces is necessary to identify 
ectoparasites. The most common implantation sites for ectoparasites are external ear canals, 
around the eye, in heat-sensing pits, between scales, in the crevices or folds of the inguinal and 
axilla regions of lizards, and in the mental groove and between the scales of the ventral chin of 
snakes. Magnification and good lighting aid detection. The most common reptile ectoparasite 
seen in captivity is the blood-sucking mite Ophionyssus natricis; however, additional species 
of mites, ticks, and leeches may also be found. Ticks are generally larger than mites and are 
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usually firmly attached to the skin. Mites are very mobile and will move along the reptile and 
also spread between cages and even rooms.

Adult mites are visible to the naked eye, often seen on paper substrate, reptile bags, or 
other equipment. Inspection of the head and eyes of the animal may reveal their presence. 
Snakes infested with mites may exhibit dysecdysis (difficulty sloughing skin) and spend long 
periods soaking in their water bowls. Mite infestation is directly related to poor hygiene and 
quarantine practices (Johnson 2012). Mites are very mobile, feeding on the reptile and then 
returning to a crevice to hide and breed. Mites can easily travel between rooms. Placement of 
white double-sided tape outside enclosures and examination of the water surface and feces for 
dead mites will assist the keeper in diagnosing an infestation. Mite treatment involves treating 
the enclosure with an appropriate antiparasite spray such as d-phenothrin (Reptile Enclosure 
Spray, Prevent-A-Mite). The animals themselves may be sprayed with fipronil (Frontline); 
excess spray should be wiped away after a few minutes. Desiccating agents and other products 
with “natural ingredients” are widely commercially available for snake mites but can dehydrate 
small reptiles. Ticks may be removed manually by gentle traction with forceps; care should be 
taken that the mouth parts are removed and that the tick is not crushed. An older treatment 
that has toxicity considerations is the use of triclorfon (Neguvon® or Masoten®) at a dose of 2 
g/L (0.2%) sprayed on the snake, in the cage, outside the cage and along the plinths and false 
ceilings is very effective and totally safe for reptiles of all ages and size. However, being a pesti-
cide it is very toxic to invertebrates including spiders and also to fish. Thus it may be considered 
as a treatment of last resort.

6.4.2 CRYpTOspORIDIOsIs

All Cryptosporidium species have direct life cycles. The two most significant in snakes are 
C. serpentis, which has gastric tropism, and C. varanii (formerly C. saurophilum), which has 
small intestinal tropism (Jacobson 2007a; Wellehan and Stahl 2013).

Cryptosporidiosis results in gastrointestinal disease and wasting. Reptiles can be infected 
with two species, one detrimental to the reptile and the other to humans. C. parvum, usually 
obtained from infected prey items, can pass through the digestive tract of reptiles without 
causing illness but poses a zoonotic risk to humans. C. serpentis infection results in debilitat-
ing illness in reptiles without any zoonotic potential. Clinical signs include regurgitation one 
to three days after feeding, a firm mid-body swelling caused by inflammation and swelling of 
the lining of the stomach, chronic weight loss, and poor growth.

Diagnosis is based on clinical signs and direct fecal examination. Antemortem diagnosis is 
made by detection of the oocysts in mucus-coated, regurgitated food, in gastric lavage samples, 
in impression smears of biopsy samples, or in feces by using acid-fast stains. Nested PCR with 
sequence analysis is (at the time of this book writing) available at the University of Florida or 
University of Tennessee for all Cryptosporidum species and should be used for identification to 
the level of species, as morphology alone cannot distinguish pathogenic from nonpathogenic 
(mouse) species. During quarantine, acid-fast screening of fecal samples with PCR sequenc-
ing of positive results should be considered. Shedding of the organism is transient, so multiple 
fecal samples may be required for diagnosis.

The course of the disease is often long and almost always fatal. There is no effective treat-
ment available commercially. Treatment is little studied and inconsistently effective but in 
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important cases can be considered. In experimentally infected Pogona vitticeps, treatment 
with paromomycin in saline (500 mg/5 mL) at 100 mg/kg every 24 hours for 7 days, then every 
84 hours for 72 days did not control shedding of oocytes. Subsequently, the lizards were treated 
with 360 mg/kg every 48 hours for 10 days, and histological examination confirmed the elimi-
nation of the infection from all specimens (Grosset et al. 2011). For animal-welfare reasons 
and because of the costs associated with control measures, supportive care, and quarantine 
facilities, serious consideration must be given to euthanasia of infected snakes and cage mates 
in the event of an outbreak of Cryptosporidiosis. The extensive reorganization of husbandry 
procedures that may be required in order to prevent the disease from being transmitted to all 
specimens in the facility is also an impediment to effective treatment (Johnson 2012).

6.4.3 FeRLaVIRUs (OphIDIaN paRamYxOVIRUs) 

aND sUNshINe VIRUs

Ferlavirus is an enveloped RNA virus 146 to 321 nm in diameter. It grows optimally at 30° C 
and has restricted growth at 37° C (Lunger and Clark 1979). Ferlavirus infections are associ-
ated with neurologic, respiratory, and acute immunosuppressive disease and have caused sig-
nificant mortality in snake collections. The disease has been identified in snakes in Europe, the 
Americas, and the Canary Islands but is likely distributed worldwide. Anecdotally, the disease 
is likely present in Australia, but this has not been confirmed. The shedding patterns of ferla-
virus are unknown (Jacobson 2007b). There are no controlled studies to support any claims 
regarding the existence of persistently infected shedding state or of snakes that mount an appro-
priate immune response and have cleared the infection (Hyndman, Shilton, and Marschang 
2013). It is reasonable to assume that ferlavirus can be transmitted between snakes by both 
oral secretions and cloacal excretions. Ferlavirus has not yet been isolated or detected by PCR 
from fomites or ectoparasites (Hyndman, Shilton, and Marschang 2013). There are currently 
no reports concerning vertical transmission of ferlavirus (Pasmans et al. 2008). The incuba-
tion period of ferlavirus in naturally acquired infections is unknown. There are claims that 
the incubation period for ferlavirus may be as short as 21 days (Hernandez-Divers 2006) but 
will generally exceed 90 days (Hernandez-Divers 2006; Ritchie 2006). However, these claims 
are not supported by controlled studies (Hyndman, Shilton, and Marschang 2013). Diagnostic 
tests may be unclear. The presence of circulating antibodies indicates exposure but not neces-
sarily infection. Reverse transcription polymerase chain reaction (RT-PCR) has the potential 
to produce false positives, and any resultant products must be sequenced to confirm the pres-
ence of the virus.

While belonging to the paramyxoviral group of viruses, “sunshine virus” is only dis-
tantly related to ferlavirus. First identified in a collection of pythons on the Sunshine Coast of 
Queensland, Australia, in 2008, the virus causes neurorespiratory disease in affected snakes. 
Clinical signs in infected animals may be neurological, neuro-respiratory, or non-specific in 
nature. Some infected snakes may show no overt signs of disease at all. Neurological signs 
include head tremors, opisthotonus, incoordination, diminished righting reflexes, uncoordi-
nated movement of the cranial and caudal body, and erratic mouth gaping. Respiratory signs 
include a mild discharge of clear viscous fluid from the mouth and dyspnea. Non-specific signs 
include anorexia, stomatitis, weakness, lethargy, regurgitation, and inappetence (Hyndman 
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et al. 2012). More recently dermatitis has been reported in pythons infected with Sunshine 
virus (Johnson and Hyndman 2014).

Little to nothing is currently known about its incubation period, carrier status, trans-
mission, or survival in the environment. The virus is detected using PCR, and at the time 
of this publication, no venomous species of snake has been found to be infected (Hyndman 
et al. 2012).

As with Cryptosporidiosis, outbreaks of paramyxoviruses such as the two described above 
pose a clear and present danger to the entire collection, and infected animals and cage mates 
should be immediately euthanized.

6.4.4 FUNGaL DIsease

All reptiles have fungi present on their skin (Paré et al. 2003). It is thus imperative to correlate 
histopathological and morphological characteristics of fungal elements in tissue sections in 
order to assign pathogenicity to these isolates or to dismiss them as contaminants. A critical 
review of the literature pertaining to fungal disease in reptiles indicates that only a very few 
species of fungi have been implicated in multiple cases of disease in squamates (Pare and Sigler 
2002; Pare and Jacobson 2007). Some of the fungi capable of causing disease in squamates 
under the right conditions include common environmental fungi such as Purpurocillium 
lilacinum, Fusarium solani, Metarhizium anisopliae, Beauveria bassiana, various aspergilla, 
and yeast such as Candida or Cryptococcus. Infection with these opportunistic fungi is usually 
associated with overwhelming exposure or, more commonly, with stress and immune compro-
mise from substandard husbandry conditions.

The Ascomycetous fungi in the order Onygenales are the most important fungal patho-
gens of squamates worldwide. Interestingly the most significant fungal pathogens of mam-
mals, including Blastomyces, Histoplasma, Coccidiodes, and Microsporum are contained 
within this order. While recent reptile isolates have been called the Chrysosporium anamorph 
of Nannizziopis vriesii (CANV), molecular genetic evidence shows that very diverse organisms 
are represented in reptile disease (more than 30 isolates of CANV have been cataloged and are 
now known to represent an assemblage of closely related fungi) and that CANV does not seem 
to be a common reptile pathogen (Pare et al. 2006; Lock and Wellehan 2014; Pare 2014).

The species of this group of related fungi most often identified as pathogenic in snakes 
is Ophidiomyces ophiodicola (formally Chrysosporium ophiodicola) (Sleeman 2013). Infection 
with O.  ophiodicola begins with cutaneous lesions, most commonly on the face, and often 
progresses to severe necrogranumatous dermatitis. The infection eventually disseminates 
and is often fatal. O. ophiodicola has likely been underdiagnosed, especially in earlier reports, 
due to unfamiliarity and changing taxonomy. O. ophiodicola has caused dermatomycosis in 
Pantherophis obsoleta (Rajeev et al. 2009) and Hoplocephalus bungaroides (McLelland, Johnson, 
and Reuter 2010). O. ophiodicola has been detected in wild snakes, with the majority of cases 
described to date in species of Crotalus (Allender et al. 2011; Allender et al. 2012), although 
it has also been detected in a wide variety of other caenophidian snakes. Facial disfiguration 
syndrome occurs in snakes with distorted heads caused by the facial lesions characteristic 
of O. ophiodicola dermatitis (Allender et al. 2012). The infection progressively hinders feed-
ing, and snakes become emaciated before death. This disease has been suggested as a possible 
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reason for the substantial decline in timber rattlesnake populations in the northeastern United 
States. Intraconazole, voriconazole, and terbinafine are all valid drug options for treatment.

6.5 VeTeRINaRY IssUes OF paRTICULaR 

NOTe IN VeNOmOUs RepTILes

6.5.1 ReTaINeD FaNGs aND FaNG sheaTh INFeCTION

Captive specimens of long-fanged species will occasionally accumulate fangs and develop 
inflammation or sepsis of the sheath of gum covering the fangs (see color plates 24C, 24D, 
and 24E). Some species, such as Bitis arietans, seem particularly prone to inflammation of the 
fang sheath. Trauma to the fangs of wild sea snakes, with associated mucosal abscessation and 
necrosis, has also been noted. Infections and trauma like this will eventually cause the snake 
to stop feeding, and infected material in the oral cavity can enter the blood and the airways. 
Surgical removal of retained fangs and debridement of the surrounding tissue are indicated. 
Clearly, this is best achieved under anesthesia for safety reasons and for optimal care of deli-
cate oral structures. Dental radiography is useful to image the extent of the damage to the 
short and mobile maxillary bone. Use of appropriate antimicrobials, based on culture and 
sensitivity testing, is indicated.

6.5.2 VeNOm GLaND aDeNITIs

Venom gland adenitis is not uncommon in snakes used for venom extraction when operators 
are too forceful in massaging the glands. It can also occur spontaneously. Marsupialization 
of the gland for drainage is tempting but ineffective because of the fibrinous caseous nature 
of reptilian pus. Surgical removal is preferable. The surgery consists of removing the gland as 
close as possible to the point of fang insertion. To perform this procedure, the skin over the 
gland is incised between scales. This exposes the thick, pearl-white capsule of the principal 
gland. Ideally, the ejector muscles are lifted at the point of their insertion over the gland cap-
sule in order to minimize bleeding and postsurgical deformity of the face. Care must be taken 
to minimize damage to the large vascular bundle that lies medial to the mid-body of the gland, 
which will bleed profusely if ruptured.

6.5.3 FRee-LIVING (WILD) aNImaLs

Free-living venomous reptiles are occasionally presented to private veterinary practices and 
wildlife veterinary facilities for treatment. These animals have often suffered trauma (such as 
injuries sustained during interaction with household pets and netting) and present with fairly 
obvious injuries (sometimes requiring immediate euthanasia); but others may appear to be 
suffering from more chronic conditions that require thorough investigation before a diagno-
sis can be reached. The same diagnostic techniques, handling methods, anesthetic regimes, 
and precautionary measures as those for captive specimens can be applied to wild patients. 
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Patients suitable for treatment will require some form of housing before returning to the wild, 
and enclosures and methods of feeding should be appropriate for the species in question. 
Additionally, if captive reptile patients are kept in the same facility, quarantine measures, as 
detailed above, should be employed. Use of simple, easily cleaned enclosures and equipment is 
important. Plastic containers or tubs that can be easily cleaned and disinfected are preferred. 
The stress of being in a new environment can be minimized by ensuring that the enclosure is 
appropriately set up for the individual species being kept and that the reptile is not just kept in 
a plain plastic container or tub without any hides or cage “furniture.”

Injuries sustained by free-living venomous reptiles differ considerably from those in cap-
tive collections. Animals are often injured on roads, by domestic dogs or cats, or by being 
entangled in fruit netting or fishing nets, or they may present with injures where the cause is 
unknown. In sea snakes, the etiology is often undeterminable, but injuries such as a fractured 
spine or jaw are likely attributable to blunt-force trauma, perhaps a result of impact with water-
craft or from trawling activity (Gillett et al., unpublished data). Trauma to the fangs of wild sea 
snakes has also been noted, with associated mucosal abscessation and necrosis, and could be 
associated with trauma during feeding.

When wild sea snakes are temporarily maintained in captivity, rostral abrasions may occur 
from rubbing against rough surfaces. This condition is difficult to treat in the aquatic envi-
ronment. When rostral damage occurs, the protocol is initial treatment with betadine and 
then ceftazidime (Fortum, Fortaz) 20 mg/kg intramuscular injection once every three days. 
Restricting handling will reduce stress and increase the chances of the snake feeding. However, 
the combination of the stress of handling for treatment and the discomfort from infected oral 
wounds typically results in the sea snake refusing to feed, often leading to anorexia and death.

Disease in free-living reptiles is not a common reason for admission, but it is an important 
factor to consider when investigating the health of a population or investigating mortality 
of unknown etiology. Many of the diseases and parasites mentioned in the section above on 
captive collection can occur in wild reptiles, but there the impact to the individual is often 
minimal. For example, the presence of internal parasites is considered normal in wild speci-
mens and generally does not appear to affect the animal’s health. Small numbers of exter-
nal parasites are also often encountered on wild reptiles but are kept in check by the natural 
process of ecdysis. The presence of heavy epibiotic infestations in sea snakes has been noted 
(Saravanakumar et al. 2012). In stranded animals, it may be an indication of debilitation or 
interference with the normal shedding process and has been noted in animals with fractured 
spines where natural ecdysis may be interrupted (Gillett et al., unpublished data). Neoplasia 
has also been identified in a number of stranded sea snakes, and in such cases, is considered a 
primary reason for stranding (Gillett et al., unpublished data) (see color plate 24F).

6.5.4 VeNOmOID sNaKes

Venomoid snakes are snakes that have had their venom glands surgically removed or the venom 
duct sectioned (see color plate 24E). Unfortunately, the popularity of this practice is increas-
ing among reptile keepers, and unqualified practitioners, in direct violation of animal-welfare 
legislation, often perform such procedures. Venom-gland surgery by amateurs is frequently 
performed without using analgesia or anesthesia, and such incidents constitute clear-cut cases 
of animal cruelty. These operations typically have poor outcomes resulting from the nonsterile 
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manner in which the surgeries are performed. Venomoid surgery in snakes is recognized as 
a cruel, disfiguring, and unethical procedure and should not be condoned (www.ava.com.au/
policy/31-surgical-alteration-natural-state-animals). Removal of venom glands should only be 
performed for valid medical reasons to improve the welfare outcome of an animal, as in the 
case of infection, trauma, or neoplasia. Not only does the practice of venomoid surgery cre-
ate serious concerns regarding animal welfare, as such surgery is often carried out inexpertly, 
but some venomoid snakes may still produce venom from residual secretory tissue. The false 
sense of security provided by the venomoid surgery therefore constitutes a considerable risk 
to human welfare in these cases. Incomplete gland removal may present a threat to the life of 
anyone handling the snake. In addition, use of venomoid snakes by exhibitors and educators 
only creates confusion in the identification of potentially dangerous snakes and hinders the 
promotion of safe handling procedures. Further, any progeny will be fully venomous.
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7.1 INTRODUCTION

Venoms are complex concoctions consisting of peptides, proteins, salts, and other compounds. 
As such, they present a unique set of challenges for the venom researcher. This chapter pro-
vides a broad overview of the techniques useful in venom research, ranging from gross char-
acterization of the venom’s protein content to purification and characterization of individual 
toxins, bioactivity testing, and evolutionary assessment of toxin-encoding genes. Special atten-
tion is paid to unique challenges posed by reptile venom or techniques that have proved to be 
particularly useful.

7.2 VeNOm sTORaGe aND haNDLING

As discussed in  chapter 5.9, appropriate venom extraction techniques vary for different types 
of venomous reptile. However, mucus and precipitates should be removed from all venoms by 
centrifugation followed by filtration through 0.45 µm filters with a low-protein binding polyvi-
nylidene fluoride (PVDF) membrane (such as Durapore) prior to any use in purification or assay 
techniques. Centrifugation and filtration are particularly important to prevent contamination 
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with blood, as blood cells rupture during freezing and thus contaminate the venom with intra-
cellular proteins. In anguimorph lizards, a variable amount of bleeding occurs naturally during 
envenomation. For this reason, it is particularly important that lizard venoms be centrifuged at 
12,000 RCF (relative centrifugal force) immediately following venom extraction. The resultant 
supernatant should then be filtered and frozen. Centrifugation and filtering are also critical 
for freshly collected venoms of non-front-fanged snakes because of the ubiquity of blood and 
mucus contamination in these secretions. For front-fanged caenophidian snakes, centrifuga-
tion and filtering may be done postfreezing, or even postlyophilization, as there is negligible 
contamination by mucus or blood if venom extraction techniques are humane and efficient. 
However, as repeated freeze-thaw cycles should be avoided because of the possibility of dena-
turing proteins, filtering prior to freezing in liquid nitrogen in anticipation of lyophilization 
removes one freeze-thaw cycle from the equation. This may prove to be crucially important, 
particularly for globular toxin types, as such non-covalently folded proteins are notably unsta-
ble outside of natural conditions.

Ideally, venoms should always be stored frozen or in powder form and in the dark to pre-
vent degradation by moisture and radiation. Stored correctly, venoms are stable for at least 
eight decades (Jesupret et al. 2014). Of particular concern, especially for snake venoms, is the 
presence of a number of highly active proteolytic enzymes, which may quickly have a profound 
impact on the apparent venom composition by digesting other venom components (Tashima 
et al. 2012). Venom stored as liquid should be aliquoted to avoid multiple freeze-thaw cycles. 
Adding protease inhibitors to venom prior to analysis may help prevent enzymatic degradation 
but should be avoided if the venom is to be used in bioactivity testing where such inhibitors 
may interfere with functional characterization.

Sample treatment and preparation for further steps of analysis are also important 
considerations. Buffer and solvent selections should be made in consideration of down-
stream applications. Ammonium, for example, may remain with purified toxins in the 
form of counterions and cause issues with protein modification experiments such as 
N-hydroxysuccinimide esters that react with ammonium ions (such as isobaric tag for rel-
ative and absolute quantitation [iTRAQ] or difference gel electrophoresis [DIGE]). Even 
smaller, disulfide-rich peptides, generally considered to be highly stable, can be denatured 
by factors such as temperature (too high a column temperature during reversed-phase 
high-performance liquid chromatography [RP-HPLC]) and pH (high-pH RP-HPLC). High 
pH (> 7.5) may also induce disulfide shuffling. This is a very important consideration, as 
maintaining correct disulfide pairing is critical for accurate determination of both activity 
and structure. In addition, lyophilization creates elevated local salt concentrations at the 
outer part of the solid sample, which in some cases may result in denaturing conditions, 
such as in the case of buffers containing ammonium acetate in concentrations greater than 
100 mM. Steps using such buffers should be followed by a technique that also desalts, such 
as RP-HPLC, before lyophilization.

The type of downstream analysis the venom will be subjected to will be broadly guided 
by the intended outcomes. However, regardless of whether the questions to be answered are 
evolutionary or applied (such as relative neutralization by antivenom or more esoteric biodis-
covery studies), there is a core set of basic techniques for analysis, purification, and functional 
characterization. These techniques are the fundamental starting point, downstream of which 
more specialized protocols may be employed.
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7.3 pROTeOmICs

In reptile venoms, proteins and peptides account for most of the molecular and functional 
toxin diversity. Hence proteomics has become a central approach in both initial and later 
analytical stages of research (Calvete 2011b). However, with molecular masses spanning two 
orders of magnitude and isoelectric points ranging widely across the pH scale, no single pro-
teomic approach is suitable for characterization of the full spectrum of toxins present in a 
given reptile venom. Multidimensional analytical approaches are therefore essential for mean-
ingful proteomic analysis of reptile venoms and vital for successful downstream characteriza-
tions of toxins (such as bioactivity) (see figure 7.1). Three proteomic techniques are generally 
used in venomics:  liquid chromatography (LC), polyacrylamide gel electrophoresis (PAGE), 
and mass spectrometry (MS). All three methods are used to separate and detect analytes, but 
each method achieves this based on differing physiochemical properties, and each has a num-
ber of advantages and disadvantages, as discussed in detail below.

7.3.1 sIZe sepaRaTION BY CeNTRIFUGaL FILTRaTION

This technique utilizes a selectively permeable membrane with pores of a particular diameter 
as a physical barrier for any components with a maximum diameter greater than that of the 
pore. It can be used to concentrate or desalt samples or to separate venom components accord-
ing to molecular mass. This is particularly useful when low-molecular-weight components are 
not present in high concentrations in a venom (Fry et al. 2005). However, attention must be 
paid to the solvent in which the sample is diluted, as some filter types are not compatible with 
certain solvents.

Chromatography

2-DE
SDS-Page

In-Gel
Trypsinolysis

Trypsinolysis RP-HPLC

RP-HPLC
Mass spectroscopy
sequence analysis

Shotgun direct
tryptic digestion

2-DE

RP-HPLC

FT-ICR
LC/MS/MS

FIGURE 7.1: proteomics pathways leading to mass spectrometry analysis of digested peptide 
fragments.
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7.3.2 LIQUID ChROmaTOGRaphY (LC)

A wide variety of LC techniques are available for the separation of dissolved components 
based on several physicochemical properties. A  guard column should be employed for any 
method, especially for crude venom samples. However, it must again be stressed that all ven-
oms should be precleaned by centrifugation and filtration to remove precipitates (see section 
7.2). Otherwise, insoluble material may block the guard column, resulting in pressure eleva-
tions. Each purification method has inherent advantages and disadvantages. Typically, any 
single method, even one with high resolving power, will not yield pure proteins. Thus, a com-
bination of orthogonal separation methods based on different principles is often necessary. An 
efficient combination of techniques is concentration of a particular molecular weight range 
by centrifugal filtration or size-exclusion chromatography (SEC), followed by ion-exchange 
chromatography (IEC), then RP-HPLC. The choice of buffers to be used at each step must 
take the subsequent chromatography step into consideration. Gel filtration typically involves 
a more concentrated buffer (0.05–0.1 M) than IEC (10–20 mM), and thus the buffer must be 
appropriately diluted prior to IEC. In contrast, samples in high-salt buffers are of no con-
sequence for RP-HPLC, which is why this technique is the last in the series and provides a 
desalting step, which is important for subsequent pharmacological testing. While such a mul-
tistep approach leads to appreciable loss of material, the end result is extremely pure individual 
venom components.

Basic chromatography considerations are:

•	 Desalting.	Is	this	necessary	before	or	after	a	particular	technique?
•	 Elution	techniques.	Isocratic	versus	stepwise	versus	gradient.
•	 Packing	of	columns.
•	 Porosity	and	capacity	of	matrix.
•	 Column	dimensions,	sample	size,	and	flow rate.
•	 Choice	of	mobile	or	stationary phase.
•	 Choice	of	wavelengths	used	for	monitoring	and	what	each	one	detects.
•	 Potential	problems.	These	include	adsorption,	dissociation	of	non-covalently	linked	pro-

tein complexes, multiple peaks containing a homogeneous protein, denaturing (may be 
a particular problem for RP-HPLC because of the use of harsh mobile phases and often 
very low pH).

•	 Cleaning	and	storage	of	chromatography media.

Liquid chromatography separates analytes dissolved in a liquid mobile phase based on 
their differential interactions with a stationary phase. Column-based LC is the most popu-
lar form of LC. In this method, the stationary phase is packed in a column, typically in the 
form of small porous particles, through which the solvent (mobile phase) carrying the analytes 
flows. The retention of analytes by the stationary phase is essentially determined by two fac-
tors: (1) the effective volume of the column available to the analyte and (2) the adsorption of the 
analyte to the stationary phase. This is the most versatile approach for the separation of pro-
teins and peptides because of the vast number of combinations of stationary and mobile phases 
available. Separation can therefore be based on a wide range of physicochemical properties.

The number of LC techniques can appear rather daunting, but most can be classified into 
just a few broad categories based on the mechanism of separation. Different techniques can be 
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used at different stages of venom fractionation and toxin purification. Furthermore, with some 
experimental planning, these can be combined without additional sample treatment steps, 
enabling fast and convenient multidimensional protein separation.

In most laboratories involved in venom research, LC is carried out on an analytical or 
semipreparative high-performance liquid chromatography machine (HPLC). These typically 
operate at pressures less than 60 MPa (600 bar, 8700 psi) and flow rates of 0.4–5.0 mL/min 
and use columns with an inner diameter (i.d.) of 2.0–10.0 mm and a length of 20–300 mm. 
Although this is a somewhat arbitrary classification, columns with an i.d. > 4.6 mm are usually 
termed semipreparative, whereas those with an i.d. < 4.6 mm are referred to as analytical. For 
detection of analytes, HPLCs are generally equipped with detectors that measure absorbance 
in the far-UV range. Alternatively or additionally, they may be fitted with other devices such as 
multiangle laser light scattering (MALLS) detectors, which determine absolute molar masses 
of proteins. There are other customizable parts of HPLCs, including various software capabili-
ties. Fortunately, the majority of chromatographic techniques can be performed on almost all 
basic HPLC machines, and the approaches detailed below are therefore applicable to almost 
any standard HPLC setup.

7.3.2.1 Size-Exclusion Chromatography (SEC)
SEC separates analytes based on their molecular size (specifically, Stokes radius) (Hong, Koza, 
and Bouvier 2012). SEC is unique among LC techniques in that there is ideally no influence of 
adsorption of analytes to the stationary phase (Hong, Koza, and Bouvier 2012). Instead, the 
size range of the pores present on the stationary-phase particles and the sizes of the analytes, 
such as how much of the interparticle volume is available to an analyte, are the primary deter-
minants of elution time. This means that smaller molecules that are able to enter the pores of 
the stationary-phase particles travel through a greater volume and elute later than larger mol-
ecules that only have access to a smaller portion of the total column volume.

The resolution at which these analytes are separated largely depends on three factors: col-
umn length, pore volume, and linear velocity. Longer columns, larger pore volume, and lower 
velocity yield better resolution (Hong, Koza, and Bouvier 2012). In addition, because the sepa-
ration of analytes occurs within a single column volume, minimizing dispersion volume of 
the system is essential for maximizing resolution by ensuring that all analytes start as equal as 
possible. Keeping the sample concentration high and the loading volume low will aid in achiev-
ing this objective. Finally, it is also important to minimize the volume available for mechani-
cal dispersion, such as solvent-mixing effects that may cause significant peak broadening 
(Kostanski, Keller, and Hamielec 2004). This can be accomplished by minimizing the length 
and inner diameter of tubing or by reducing the particle size of the stationary phase to allow 
for more efficient packing of the column. Because of the length requirements for optimal reso-
lution, SEC is generally performed with specialized columns packed with cross-linked dextran 
gel (such as Sephadex). However, it can also be performed using hydrophilic silica-based sta-
tionary phases, such as poly(2-hydroxyethyl aspartamide). These are intended for hydrophilic 
interaction chromatography (HILIC) with mobile phases lacking organic solvents but yield 
somewhat lower resolution and have a smaller loading capacity (Alpert 1990; Alpert 1999).

While using long columns and dedicated machines can increase the resolution of SEC, 
by itself this is generally not sufficient for the purification of protein and peptide toxins from 
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complex venoms. However, when fractionating venoms, even lower-resolution SEC represents 
an excellent first experimental step. The size of the proteins being investigated is among the 
most important determinants of optimal proteomic tools, and SEC therefore provides a very 
useful sample-preparation step by separating venom components into groups with different 
experimental requirements. SEC also has the advantage that nondenaturing mobile phases can 
be used, allowing the separation of large enzymes or protein complexes prone to denaturation 
(such as by hydrophobic solvents).

7.3.2.2 Ion-Exchange Chromatography (IEC)
IEC separates analytes based on ionic interactions of the stationary phase with opposite 
charges on the analyte. In the case of peptides and proteins, samples are typically solubilized 
in a low-ionic-strength buffer with a pH that induces the desired charge (net positive charge 
< pI < net negative charge) and adsorbed onto the stationary phase by replacement of phase 
counterions. These can be either positive or negative, and the name of each technique refers to 
the type of stationary-phase counterion that is replaced by the analyte upon adsorption: cation 
exchange for replacement of cationic counterions with positively charged analytes or anion 
exchange for replacement of anionic counterions. These two types of IEC can further be 
grouped into strong or weak IEC, based on the pH range in which the stationary phase retains 
its charge. Thus, strong cation exchange (SCX) and strong anion exchange (SAX) phases 
remain fully negatively and positively charged, respectively, over a wide pH range, while weak 
cation exchange (WCX) and weak anion exchange (WAX) phases are only partially charged 
over a narrow pH range (Cummins, Dowling, and O’Connor 2011).

The strength of the IEC employed is an important consideration when contemplating the 
appropriate IEC stationary phase as it affects the ionic strength required for the elution of ana-
lytes. Peptides and proteins can be eluted from IEC columns by a solvent gradient of increasing 
ionic strength (more salt), a pH gradient resulting in loss of net analyte charge, or a combina-
tion of the two (Winnik 2005; Cummins, Dowling, and O’Connor 2011). However, because of 
the high proportion of charged functional groups in strong IEC phases, proteins may adsorb to 
several exchanger sites, with the result that the ionic strengths required for elution often result 
in denaturing conditions. For the fractionation and isolation of larger proteins, weak IEC is 
therefore recommended, as these can be carried out under close to physiological conditions 
(Cummins, Dowling, and O’Connor 2011). However, SCX is recommended for structurally 
stable peptides, such as typical medium-to-low-MW disulfide-bonded toxins. Compared with 
SAX, SCX provides better overall retention of peptides at lower pH, which is desirable for most 
venom peptides, as higher pH may induce alterations in disulfide connectivity (Kopaciewicz 
and Regnier 1983). For example, in 5 mM potassium phosphate at low pH (pH 3), even pep-
tides lacking basic residues but containing a free N-terminus can be retained (Alpert and 
Andrews 1988). Despite the excellent adsorption rates of most peptides, SCX also generally 
provides very good peptide recovery when elution is conducted with a gradient of intermediate 
to strong displacing salt such as potassium (such as 300–500 mM potassium chloride [KCl]). 
High resolution is also achievable with SCX, and this may be further improved by the inclu-
sion of some organic solvent in the mobile phase (such as 25% acetonitrile [ACN]). Although 
sample-dependent, this may also induce mixed-mode effects, allowing for the separation of 
peptides with identical charges (Alpert and Andrews 1988). Furthermore, SCX columns can 
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also be run in HILIC mode by including > 60% organic solvent in the mobile phase (Alpert 
1990), illustrating the versatility of this technique.

7.3.2.3 Reversed-Phase High-Performance Chromatography (RP-HPLC)
RP-HPLC is probably the most utilized form of LC in proteomics (Jandera 2011). It sepa-
rates analytes in order of increasing hydrophobicity. These are adsorbed onto polyhydrocar-
bon chains (usually 4, 8, 10, or 18 carbons in length) on the stationary phase and eluted with 
a gradient mobile phase containing an increasing concentration of organic solvent. For the 
analysis of peptides and proteins, the gradient usually consists of water and ACN acidified 
with trifluoroacetic acid (TFA) or formic acid (FA) (Howard et al. 2012). TFA and FA act as 
counterions to positively charged residues at low pH, which increases the hydrophobicity and 
solubility of peptides and reduces electrostatic interactions with the residual silanols of the 
stationary phase (Štulík et al. 1997). In addition, this acid-base property gives RP-HPLC ver-
satility as a chromatographic technique, enabling experimentation with different ion-pairing 
reagents along with reversed ion-pairing conditions (Young and Wheat 1990). The latter occur 
at high pH, where the carboxyl groups rather than amides become charged, and cations such 
as ammonium can be used as counterions in bicarbonate-buffered mobile phases. This process 
should only be carried out using columns with either stable-bond or polymer-based stationary 
phases, as higher pH tends to be detrimental to standard silica-based particles.

Although the effective volume of the column is a less critical factor than adsorption in 
influencing the retention of analytes, pore size of the particle stationary phase is nevertheless 
an important consideration in RP-HPLC and also other adsorption-based stationary phases. 
This is because pores greatly increase the surface area of the stationary phase, and thus pores 
large enough to allow the movement of analytes will increase the loading capacity of the col-
umn. Conversely, pores that are too large will restrict the loading capacity of the column 
because of reduced surface area as compared with a greater number of smaller pores.

Unlike that of SEC, the effect of adsorption means that the separation volume of RP-HPLC 
and other adsorptive stationary phases is much greater than the column volume. Higher flow 
rates result in a lower effective gradient (volume * time / percent) and therefore result in less 
resolution but sharper peaks. Although RP-HPLC is generally carried out on an HPLC, flow 
rates restricted by system pressure mean that long gradient times may be required for suf-
ficient resolution, which can be problematic in high-throughput settings. Higher flow rates on 
normal HPLC systems can be achieved using monolithic columns, where the stationary phase 
consists of a single porous rod. These are commercially available and allow greater flow rates by 
largely eliminating the effects of particle compression (Novakova and Vlckova 2009). Another 
solution has been increasing the temperature of the column, thereby reducing fluid viscosity 
and allowing for greater flow rates. This, however, poses problems with thermolabile venom 
components, which may unfold and become denatured at elevated temperatures. Alternatively, 
ultra-high-pressure liquid chromatography (uHPLC) can be employed, which typically oper-
ates at higher pressures (up to 100 MPa) and uses smaller particle stationary phases with only 
peripheral pores (Howard et al. 2012).

Regardless of the instrumentation used, RP-HPLC offers excellent, reproducible sepa-
ration of peptides and medium-MW proteins (< 20 kDa). The use of volatile mobile phases 
means eluted compounds (eluates) can be lyophilized for downstream applications without the 
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need for desalting. It is also well suited for desalting samples fractionated either by other LC 
techniques or from other experiments. However, because of the denaturing effects of higher 
organic solvent concentrations, separation of larger proteins and enzymes without loss of 
activity may be problematic.

7.3.2.4 Hydrophobic Interaction Chromatography (HIC)
HIC is a chromatographic method appropriate for the fractionation of high-MW venom pro-
teins. In contrast to RP-HPLC, HIC stationary phases are characterized by low hydrophobic-
ity (such as C2–C4, phenyl, CH4) and ligand density of the stationary phase, coupled with a 
mobile phase of high ionic strength (Szepesy and Rippel 1994). Proteins are adsorbed onto the 
stationary phase in high-salt-content buffers and then eluted off by a decreasing salt concentra-
tion, in order of increasing hydrophobicity at the surface of the tertiary structure. This tends to 
preserve protein tertiary structure and activity and is also suitable for extremely hydrophilic 
peptides that do not bind to RP-HPLC phases and extremely hydrophobic peptides that are 
difficult to elute from RP-HPLC phases (Alpert 1988). In the case of most peptides, however, 
RP-HPLC is a better option because of better column efficiency and fewer baseline artifacts 
(Alpert 1988).

7.3.2.5 Hydrophilic Interaction Chromatography (HILIC)
Although the mechanisms of HILIC remain poorly understood, the principle is similar to that 
of normal-phase chromatography (Alpert 1990). Here analytes are adsorbed onto a hydro-
philic stationary phase from a more hydrophobic mobile phase and eluted in order of increased 
hydrophilicity. Although most frequently used for the separation of small molecules (Jandera 
2011), HILIC is also well suited to the separation of peptides, particularly involving differences 
in polar groups. For this, volatile mobile phases can be used, such as 15 mM ammonium for-
mate, pH 3, with a gradient of 85% to 5% ACN (Novakova and Vlckova 2009). HILIC suffers 
from the same general limitations as RP-HPLC in terms of the risk of denaturation of large 
proteins because of the high initial concentrations of organic solvent. Therefore, the technique 
is recommended mainly for the fractionation of venom peptides.

7.3.2.6 Mixed-Bed Columns
Mixed-bed columns provide an additional set of possibilities for the separation of peptides and 
proteins. These contain more than one chromatographic functional group, usually HILIC or 
IEC paired with a hydrophobic group, and are designed to provide specialized loading condi-
tions and unique selectivity (Zhao, Dong, and Sun 2009). One example of a mixed-bed col-
umn that provides an excellent additional means of separation of venom proteins is the use of 
mixed-bed WAX-WCX. This approach enables the retention of a greater number of proteins 
than either WAX or WCX in isolation at near-neutral pH because of the retention of both 
acidic and basic proteins (Havugimana, Wong, and Emili 2007). It can also be used with non-
denaturing mobile phases, such as a gradient from 0 to 0.5 M NaCl in 10 mM phosphate buffer, 
pH 6.5, with 5% ACN.
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7.3.2.7 Multidimensional LC
While it is possible to achieve high-resolution fractionation of venom components by several of 
the aforementioned chromatographic methods, each method in isolation is rarely sufficient for 
the isolation of individual toxins. This may be of particular importance during fractionation of 
samples prior to analysis by MS, particularly when detection of low-abundance components is 
desired. Instead, extensive fractionation can be achieved by the combination of multiple meth-
ods that separate peptides and proteins based on nonoverlapping, or orthogonal, properties. 
Such an approach also enables the separation of venom components into fractions that have 
different requirements for optimal further fractionation by LC.

An example of this is the initial fractionation of venom by SEC, which enables the separa-
tion of large venom components prone to denaturation from peptides that are more robust 
structurally. In addition to minimizing loss during further separation steps, the partitioning 
of high-, medium-, and low-MW venom components may be of benefit to downstream analyti-
cal and pharmacological applications. The limited loading capacity of SEC compared with the 
remaining chromatographic methods, however, means that this step may have to be repeated 
multiple times to obtain enough material.

Subsequent to or even without SEC, isolation of proteins can be carried out by weak IEC 
followed by HIC. The relatively flexible mobile phase composition and small elution volume of 
SEC mean that it can be transferred either directly or after dilution to the subsequent IEC step. 
Similarly, the eluted protein fraction from IEC requires only salt addition to promote binding 
in HIC. IEC-HIC thus represents a convenient means of separating proteins by both polarity 
and charge without much sample treatment.

For the purification of medium-to-low-MW peptides, several combinations provide 
highly orthogonal LC techniques (Gilar et al. 2005). Among these, the use of SCX followed 
by RP-HPLC combines the convenience of the high loading capacity of SCX with the volatile 
mobile phases and desalting capability of RP-HPLC. Although the use of excessive concentra-
tions of organic solvent necessitates a drying step prior to RP-HPLC fractionation, this can 
be kept to a minimum for convenience. The combination of SCX-RP-HPLC is also used as a 
two-dimensional liquid chromatography (2D-LC) fractionation step prior to analysis by MS, a 
technique referred to as multidimensional protein identification technology (MudPIT) (Zhang 
et al. 2013). This may be done online or offline, but better resolution, peak capacity, and as a 
result more protein identifications will result from offline fractionation (Nagele et al. 2004). 
Another highly orthologous combination that can be used for MudPIT-like separation of pep-
tides is RP-HPLC-HILIC, and this can also be used for the offline isolation of peptides (Gilar 
et al. 2005; Boersema, Mohammed, and Heck 2008; Xu et al. 2012). HILIC is also suitable for 
a convenient final third-dimensional isolation step after SCX-RP-HPLC fractionation which 
yields peptides of high purity solubilized in volatile solvent (Faull et al. 1998).

7.3.3 pOLYaCRYLamIDe GeL eLeCTROphOResIs (paGe)

PAGE is a commonly used analytical technique in proteomic investigations of venoms. Here 
separation is facilitated by the movement of charged particles in a uniform electric field 
through polyacrylamide gel. Two orthogonal separation methods of PAGE are typically used 
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to separate proteins based on different properties, namely, sodium-dodecyl sulfate (SDS) PAGE 
by MW and isoelectric focusing (IEF) by isoelectric point (pI).

7.3.3.1 Sodium Dodecyl Sulfate Polyacrylamide 
Gel Electrophoresis (SDS-PAGE)

SDS-PAGE is the most commonly used PAGE technique. It separates proteins by MW based 
on their rate of movement through a cross-linked acrylamide gel, with larger proteins moving 
more slowly than smaller proteins. To eliminate the effects of variable sizes (Stokes radii) and 
surface charges of proteins in order to better correlate rate of movement with MW, proteins 
are linearized and bound with SDS. SDS is an anionic detergent that binds to the polypeptide 
backbone of proteins, resulting in proteins of similar shape and negative charge and hence 
similar electrophoretic properties. The most commonly utilized SDS-PAGE method is that of 
Laemmli (Laemmli 1970), which uses a Tris-glycine-based buffer system to separate proteins 
that are first loaded and concentrated in a high-porosity (stacking) gel that lies directly above a 
higher-concentration low-porosity (separating) gel where separation occurs. The rate at which 
proteins migrate through the gel is not linearly correlated with MW. Therefore, polyacryl-
amide concentrations must be optimized for the MW range of interest, typically ranging from 
around 5% (100–400 kDa) to 18% (< 50 kDa) for nongradient gels. Gels containing an acryl-
amide concentration gradient can also be used to attain a wider MW window of resolution, 
and these range from 4%–12% (30–300 kDa) to 10%–20% (5–100 kDa). For peptides < 5 kDa, 
a Tris-tricine buffer system is recommended, as this facilitates the separation of small SDS 
peptides from the SDS micelles that move at the front of the separation during SDS-PAGE and 
normally prevent the separation of these low-MW peptides (Schagger and von Jagow 1987). 
The major limitation is that isoform diversity cannot be visualized. Thus, while, for example, 
a venom may be seen to be rich in PLA2, it cannot be determined if these are acidic, neutral, 
or basic (Ali et al. 2013a; Ali et al. 2013b) (see figure 7.2). These important variations may have 
profound impact on bioactivity, and thus, isoelectric focusing (see section 7.3.3.2) coupled with 
gel electrophoresis (see section 7.3.3.3) is a powerful combination to resolve by size and by 
charge diversity through this two-dimensional process.

7.3.3.2 Isoelectric Focusing (IEF)
IEF separates proteins and peptides based on their pI by making use of the effect of pH on 
their net charge states. Samples are typically suspended in acrylamide gel strips with immobi-
lized pH gradients and subjected to an electric field. This causes negatively charged molecules 
to migrate toward the anode at the low-pH end and positively charged molecules to migrate 
toward the cathode at the high-pH end of the strip. However, because proteins attain a negative 
charge at pH values above their pI and vice versa, their movement through the strip on either 
side of the point corresponding to their pI becomes opposite. Given sufficient time, this results 
in “focusing” at the pI of each protein. Since the pI of proteins varies extensively, separation of 
proteins in a mixture can be achieved via this method.

Because of the importance of the electric field (volts) in generating movement of charged 
molecules in IEF, it is sensitive to the presence of conductive molecules that increase the cur-
rent (amps) between the two electrodes. This reduces the voltage of the electric field and hence 
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reduces resolving power in the IEF strip, leading to a phenomenon known as streaking, the 
result of poor focusing. IEF is therefore usually carried out in a stepwise voltage protocol; low 
voltage is first applied to allow the migration of conductive molecules out of the strip, and volt-
age is then gradually increased to effective focusing levels (such as 8000 V) and left for an ade-
quate number of voltage hours (such as 98,400 Vh). The total number of Vh should typically 
not exceed 100,000 in order to avoid overfocusing effects that may also result in streaking. In 
venoms, troublesome conductive molecules are usually inorganic salts and glycosidic chains, 
which may be present in high concentration. Removal of these prior to IEF may therefore be 
necessary for successful focusing of venom proteins and can be achieved using commercially 
available IEF cleanup kits, protein precipitation protocols, or LC-based desalting steps.

7.3.3.3 Two-Dimensional Polyacrylamide Gel Electrophoresis (2D-PAGE)
Although it is a powerful separation technique, IEF tends not to be used in isolation. One applica-
tion of IEF is the fractionation of samples before separation by RP-HPLC. Known as Off-Gel (Ros 
et al. 2002), it provides a powerful alternative to 2D-LC combinations such as the most commonly 
used SCX-RP-HPLC. In the vast majority of cases, however, it is coupled to SDS-PAGE, which 
allows orthogonal separation of proteins based on both pI and MW (Ali et al. 2013a; Ali et al. 
2013b; Low et al. 2013) (see figure 7.3). This extremely powerful technique, known as 2D-PAGE, 
is able to resolve thousands of unique proteins in a single run and thus provides an important 
tool for fingerprinting venoms based on their higher-MW components. In addition to visual 
comparison, spots can be excised, digested, and identified by MS sequencing, as outlined below.
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FIGURE 7.2: One-dimensional 12% acrylamide sDs-paGe analysis of Calloselasma rhodostoma (CR) 
and Hypnale hypnale (hh) venoms carried out under dissociating and denaturing conditions. Gel was 
stained in 0.2% colloidal Coomassie brilliant blue G250. m = molecular mass standard markers. (ali 
et al. 2013a).
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7.3.3.4 Detection and Quantification
Proteins separated by PAGE can be detected through either staining or fluorescent tagging. 
There exists a wide range of stains and staining techniques, of which Coomassie brilliant blue 
(R-250) dissolved in water/methanol/acetic acid (Meyer and Lamberts 1965)  is probably the 
most commonly used. Colloidal Coomassie brilliant blue (G-250) in phosphoric acid/ammo-
nium sulfate can also be employed, with the advantage of less background staining and greater 
sensitivity under visible light (Neuhoff, Stamm, and Eibl 1985; Neuhoff et al. 1988). For the 
highest sensitivity among nonfluorescent stains, silver staining can be employed. There are sev-
eral drawbacks, however, including complex and time-consuming preparation, poor dynamic 
range, and issues with reproducibility (Rabilloud et al. 1994). In comparison, fluorescent dyes, 
such as SYPRO ruby-red fluorescent dyes for total protein detection, offer greater sensitivity, 
reproducibility, and dynamic range, although UV or blue-light transilluminator gel imagers 
are required. If such imagers are available, colloidal G-250 can also be used for detection in the 
near-infrared range, with equal or better sensitivity, detection, and dynamic range compared 
to ruby-red stain (Butt and Coorssen 2013). Hence, the most convenient staining technique for 
total protein detection is probably colloidal G-250. Staining by alcian blue (Wardi and Michos 
1972) can not only detect and quantify proteins but also detect posttranslational modifications 
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(PTMs) of glycoproteins. Fluorescent dyes are also available for the specific staining of PTMs, 
and these allow subsequent staining with compatible total protein staining dyes for simultane-
ous detection.

While quantitative comparisons of proteins can be done with noncomplex samples in a 
one-dimensional PAGE (1D-PAGE) using multiple lanes, this quickly becomes problematic 
when comparing complex samples such as crude venoms, where bands may contain multiple 
proteins. A solution to this is the use of 2D differential in-gel electrophoresis (2D-DIGE), where 
samples are labeled with dyes fluorescing at different wavelengths, mixed, and then separated 
on the same 2D-PAGE (Birrell et al. 2006; Ali et al. 2013a) (see color plate 25). Fluorescence 
of each spot can then be compared at each wavelength to quantify the contribution from 
each sample in each spot, reducing the influence of between-gel experimental variability in 
2D-PAGE.

7.3.4 mass speCTROmeTRY (ms)

Unlike LC and PAGE, MS is a destructive analytical tool; analytes are not available for addi-
tional analyses after separation and detection. MS is also not particularly well suited for the 
separation of complex mixtures and is therefore usually preceded by fractionation through 
at least one step of LC and/or PAGE (see  figure 7.1). The resolution of MS, however, means it 
is ideally suited for the precise identification of toxins. Hence, MS has become an indispens-
able tool in proteomic characterization of venoms, as a means of both fingerprinting venoms 
and identifying toxins and their sequences (Escoubas 2006). While MS can be used for the 
analysis of large proteins and protein complexes (van den Heuvel et al. 2006; Kaltashov, Bobst, 
and Abzalimov 2013), it has gained popularity in proteomics because it is ideally suited to 
the analysis of peptides. These are generally separated according to their mass-to-charge ratio 
(m/z) and the molecular mass consequently calculated as a function of their charge. Although 
a simplification, this is achieved by the three main parts of the mass spectrometer: the ioniza-
tion source produces multiple different gas-phase ions, the mass filter/analyzer separates these 
ions, and then the ion detector amplifies and transfers the signals.

Although a large number of ionization modes exist, only two are commonly used in 
proteomics:  electrospray ionization (ESI) and matrix-assisted laser desorption/ionization 
(MALDI). In ESI, ions are formed directly from solution, which means it is amenable to online 
high-throughput systems. In addition, multiply charged ions are dominant, and this allows 
for both a wide range of molecular weights to be accurately measured within a narrow m/z 
and the optimal utilization of certain fragmentation techniques (see section 7.3.3.2). Although 
the details of the ion-formation mechanisms in MALDI are uncertain, the principle is quite 
simple: a sample is co-crystallized with a matrix and irradiated with an ultraviolet or infrared 
light laser. This causes the charged analytes to desorb into the gas phase, and these are then 
accelerated into the mass analyzer. While the co-crystallization step renders MALDI unsuit-
able for high-throughput sample analysis, the importance of the matrix in the ionization of 
analytes and the ability to investigate mixtures of analytes mean that MALDI can greatly 
increase the versatility of an MS platform.

Along with the type of ionization source, the mass analyzer and detector dictate the util-
ity of a mass spectrometer. To achieve the best performance in speed, sensitivity, resolution, 
and accuracy, most modern MS instruments have hybrid mass analyzers that combine the 
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different performance characteristics offered by various types of analyzers (such as Time of 
Flight [TOF], Quadrupole [Q] , Trap, and Fourier Transform [FT] types) (Glish and Burinsky 
2008). These combinations greatly affect the type of fragmentation, and hence sequence infor-
mation, that can be obtained from a sample (see section 7.3.3.2). Ultimately, the range of com-
binations of sources and mass analyzers available means that MS is an approach ideally suited 
to the wide spectrum of analytical challenges encountered in venom proteomics.

7.3.4.1 Liquid Chromatography Mass Spectrometry (LC-MS)
As mentioned previously, samples analyzed by MS are normally fractionated beforehand by 
at least one dimension of LC or PAGE. The most commonly used combination is a fraction-
ation by RP-HPLC followed by MS. LC-MS can be either online (ESI) or offline (MALDI), but 
in either case, it provides a convenient way to reduce the number of analytes to be analyzed 
simultaneously by the mass spectrometer. It also provides a rapid high-resolution descriptive 
tool that can be used to examine and compare both general venom characteristics and changes 
in individual medium-to-low-MW venom components (Fry et al. 2003a; Fry et al. 2003c; Fry 
et al. 2005; Ali et al. 2013b; Jesupret et al. 2014). Because of this, analysis of venoms by LC-MS 
provides a natural first step in the proteomic investigation of venoms.

7.3.4.2 Mass Spectrometry Sequencing
Although a highly accurate measurement of the molecular mass of a toxin could in theory 
enable its identification from a list of sequences (such as a transcriptome assembly), this is 
rarely sufficient because of the large number of potential PTMs that may occur. Venom glands 
also tend to express a large number of isoforms of certain toxin types, further complicating 
the matter. Thus, for confident identification of toxins, sequencing is usually necessary. The 
traditional proteomic approach to sequencing toxins largely relied on the use of automated 
Edman degradation and amino acid composition analysis followed by confirmation of MW 
by MS (such as the method used in the discovery and characterization of exendin-4 (Eng et al. 
1992). This approach, however, suffers from being low-throughput and incurring prohibitive 
costs when characterizing a large number of toxins, and it also requires the complete isolation 
of toxins prior to sequencing (Fry et al. 2003a; Fry et al. 2005). Fortunately, the advent of highly 
sensitive, high-resolution MS instruments allowing for novel fragmentation techniques has 
provided a method to circumvent these issues (Fry et al. 2003a; Ali et al. 2013a; Ali et al. 2013b; 
Low et al. 2013; Jesupret et al. 2014).

In MS, sequencing is based on fragmenting the polypeptide backbones of peptides and 
proteins into sufficiently small fragments so that the MW of individual amino acids can be 
confirmed in order to provide the amino acid sequence. There are two main approaches that 
can be taken to achieve this:  “bottom-up” (fragmenting cleaved proteins) and “top-down” 
(fragmenting intact proteins) proteomics. For bottom-up proteomics, also often referred to 
as shotgun sequencing, whole-protein mixtures or isolated proteins (such as by 2D-PAGE) 
are fragmented typically by digestion with endoproteases. Trypsin is most commonly used, 
as it is a robust enzyme, it has good specificity, and cleavage at its preferred sites (C-terminal 
side of the basic amino acids Arg and Lys) results in basic residues at C-termini, which makes 
MS-fragmentation spectra easy to interpret (Olsen, Ong, and Mann 2004).
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The resultant peptides are then separated on an LC column before being passed through 
multiple MS steps in a process referred to as tandem MS (MS/MS, or MSn for higher-order MS 
experiments). During an MS/MS experiment, the mass spectrometer first conducts a survey 
scan (MS) to measure all ions present at that time, then selects, sequentially isolates, frag-
ments, and measures the fragment spectrum (MS2) of peptide ions (precursor ions) that fit 
within a range of specified properties, such as m/z and number of charge. This cycle is repeated 
throughout the LC gradient so that MS/MS spectra are obtained from as many different pep-
tide ions as possible.

There are two main groups of peptide-fragmentation methods, separated based on the 
underlying mechanism of breakage of the polypeptide backbone: thermal and radical-driven 
fragmentation. Because of the popularity of Q/TOF, triple-Q, and TOF/TOF mass analyzers, 
thermally mediated fragmentation techniques that are frequently employed include post-
source decay (PSD), collision-induced dissociation (CID), and higher-collision-energy disso-
ciation (HCD) (Olsen et al. 2007). Cleavage occurs primarily at the amide bond of the peptide 
backbone and is caused either by dissociation during flight in a unimolecular process (PSD) or 
by collision into molecules of an inert gas (such as N2 or Ar) at high energies (CID and HCD). 
Although both fast and sensitive, these techniques tend also to “knock off” labile PTMs, leav-
ing them undetected. They are also largely restricted to use with relatively small peptides (< 4 
kDa) for the generation of informative spectra, and a bottom-up approach is therefore usually 
necessary for larger proteins.

In contrast to thermally mediated fragmentation, radical-driven fragmentation is not 
necessarily restricted in terms of precursor size and is therefore used in both bottom-up and 
top-down proteomics (Ueberheide et al. 2009; Fornelli et al. 2013; Guthals et al. 2013). Here 
an electron capture (electron-capture dissociation [ECD]), loss (electron-detachment dissocia-
tion [EDD]), or transfer (electron-transfer dissociation [ETD] and negative-electron-transfer 
dissociation [NETD]) results in the formation of a radical, which then induces cleavage of 
the N-Cα (ECD, ETD) or Cα-CO (EDD, NETD) bond (Anusiewicz et  al. 2005; Kim and 
Pandey 2012). This mode of fragmentation also differs in that even labile PTMs are usually 
retained, allowing for precise identification of these modifications. It is also worth noting that 
although the aforementioned fragmentation events are induced in the mass analyzers of spe-
cialized mass spectrometers, analogous techniques can be performed on commonly acces-
sible MALDI-TOF machines. These can be done by inducing a fragmentation event known as 
in-source decay (ISD) through the use of matrices such as 1,5-diaminonapthalene (ETD-like) 
or 5-nitro-salicylic acid (NETD-like but in positive-ion mode) (Brown and Lennon 1995; 
Takayama 2001; Asakawa and Takayama 2011; Asakawa et al. 2013). However, because frag-
mentation occurs before any separation of precursor ions, ISD normally requires pure sam-
ple for interpretation of spectra and therefore does not represent a high-throughput strategy. 
Nevertheless, the ability to induce multiple, complementary types of fragmentation using the 
same source and mass analyzer illustrates the versatility of MALDI-MS.

For interpretation of fragmentation data, MS-based sequencing can be roughly divided 
into two general types: true de novo sequencing and search-based sequencing. Traditional de 
novo sequencing efforts focus on sequencing either individual or a few functionally interesting 
toxins. These were often combined with Edman degradation to account for ambiguities in frag-
mentation spectra and incomplete C-terminal sequences from Edman degradation. However, 
technological and computational advancements mean that de novo shotgun sequencing of 
whole venoms is now possible (Bandeira, Clauser, and Pevzner 2007). Similarly, full-length 
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peptide toxins can now routinely be sequenced de novo on certain mass spectrometers 
(Ueberheide et al. 2009).

While technological development has enabled rapid true de novo sequencing of whole 
venoms and peptides, this is a daunting task on most mass spectrometers. The alternative, 
search-based MS sequencing, is a much more commonly adopted approach. In this approach, 
experimentally derived fragment spectra are searched against theoretically derived fragment 
spectra calculated from a sequence template using computational tools such as Mascot (Matrix 
Science), Spectrum Mill (Agilent), or Protein Pilot (ABSciex). Although it is not possible to 
obtain full sequences of entirely novel toxins using this method, since the successful identi-
fication of proteins depends on the availability of known sequences, in combination with a 
venom-gland transcriptome, it enables both accurate and high-throughput characterization of 
novel venoms (Wong et al. 2012; Dutertre et al. 2013b; Fry et al. 2013; Low et al. 2013).

7.3.4.3 Quantitation by Mass Spectrometry
Two types of MS-based quantitative comparisons are commonly used: stable isotope labeled 
and unlabeled. Although there are several approaches to isotopic labeling of peptides for 
quantitative MS (Bantscheff et al. 2007), only strategies making use of chemical labeling are 
practical for quantitative studies of venom composition. Among these, use of isobaric tags for 
relative and absolute quantitation (iTRAQ) is probably the most common method, as it allows 
for simultaneous monitoring of as many as eight samples (Ross et al. 2004; Choe et al. 2007). 
An equal amount of protein from each sample is digested, and the N-termini and primary 
amines of the proteolytic fragments are each labeled with a unique label. The samples are then 
combined, analyzed by LC-MS/MS, and searched for protein identifications. During MS/MS, 
the iTRAQ labels dissociate at an equal rate, and the abundance of each identified protein in 
each sample can then be compared on the basis of the relative intensity of each label in the 
MS/MS spectra. While labeled quantitative approaches such as iTRAQ have been found to be 
more reproducible between analyses (Bantscheff et al. 2007), this is a rather costly approach 
compared with unlabeled quantitative MS experiments.

Label-free quantitative MS is usually done in one of two ways: extraction of ion chromato-
grams or counting of MS/MS spectra for each protein (Wong and Cagney 2010). In the first, 
the integrated area under the peak of each peptide is used to estimate its ion intensity from the 
MS spectrum of each sample, and this is used to estimate the protein ratio in the sample. The 
second approach estimates abundance based on the number of MS/MS spectra obtained from 
each peptide, with the assumption that the more abundant a peptide is, the more it will be sent 
to analysis by MS/MS. While the reproducibility of labeled quantitative MS has been found to 
be greater (Bantscheff et al. 2007), there are also noneconomic benefits of label-free quantita-
tive MS, such as higher accuracy and fewer sample-preparation steps (Trinh et al. 2013).

7.3.5 sTRUCTURe DeTeRmINaTION

The two major methods for elucidating the structure of proteins at atomic resolution are 
X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy (Garbuzynskiy 
et al. 2005; Sikic, Tomic, and Carugo 2010; Feng, Pan, and Zhang 2011). The two techniques 
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are highly complementary, each with distinct advantages and limitations (see figure 7.4 and 
table 7.1). While X-ray crystallography provides more accurate atomic resolution and has been 
used to determine the majority of structures in the protein data bank (www.rcsb.org), NMR 
provides information on the dynamics of the protein in solution. Another advantage of NMR 
is the possibility of elucidating the binding surfaces between a protein and a ligand without the 
need to determine the entire structure of the complex. This is particularly pertinent in cases 
where the binding is too weak to form a stable complex.

7.3.5.1 X-Ray Crystallography
A major hurdle in solving protein structures by X-ray crystallography is obtaining sin-
gle well-ordered crystals large enough to diffract X-ray beams. Protein crystallization is a 
trial-and-error procedure, in which a wide variety of conditions are screened with the help of 
commercially available kits. The availability of high-throughput robotic systems makes it pos-
sible to save time, effort, and protein during this step.

X-RAY
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X-RAY DATA COLLECTION
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Compute electron density map
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FIGURE 7.4: Comparison of methodological stems of x-ray crystallography versus nuclear magnetic 
resonance.
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Crystallization is a process in which crystals are grown by slow, controlled precipitation, 
usually from an aqueous solution of the protein. Factors that affect the crystal growth are 
protein concentration and purity, pH, temperature, concentration of the precipitant, ionic 
strength, organic compounds (polyethylene glycol), detergents, volume of the crystallization 
drop, gravity, vibration and handling by the investigator, magnetic fields, additives, ligands, 
substrates, inhibitors, and protein structure and dynamics.

Sample requirements for protein crystallization are as follows:

•	 High	purity	of	samples—this	can	be	checked	using	SDS-PAGE or MS.
•	 Low	 polydispersity—this	 can	 be	 confirmed	 with	 dynamic	 light	 scattering	 (DLS)	 or	

small-angle X-ray scattering (SAXS).
•	 Stable	in	the	buffers/additives used.
•	 High	solubility.
•	 Sufficiently	concentrated	sample.
•	 Clear	solution—use	a	Vortex-System	or	filter	the	sample.
•	 Correctly	folded—check	with	CD	spectroscopy.
•	 In	case	of	enzymes—check	activity.

In X-ray crystallography, the three-dimensional structures of macromolecules are deter-
mined by X-ray diffraction. The protein crystal is targeted by an X-ray beam which is diffracted 
by the electrons in the crystal; the diffraction pattern is based on the crystal lattice structure. 

Table 7.1: Comparison between NmR and x-ray Crystallography.

NMR XRC

State In solution Crystals needed
Protein concentration Variable Up to 100 mg/mL
Purity > 95% High
Homogeneity Monodispersity Low polydispersity
Recovery of the 

sample
Yes No; radiation damage

Resolution Lower Highest reported; 
0.44Å

Sensitivity Low inherent sensitivity Maximum model 
fidelity and 
accuracy

Molecular mass Applicable for proteins < 50 kDa No size limitations
Information obtained Dynamic properties of proteins, molecular 

interaction of the protein with a ligand in 
addition to stability and folding-unfolding 
kinetics

Static structure

Sample preparation 
time

Short Long

Garbuzynskiy et al. 2005; Sikic, Tomic, and Carugo 2010; Feng, Pan, and Zhang 2011.



Research methods  171

The crystal is gradually rotated in the beam, and a number of images are recorded. The next 
step is the calculation of the electron density map, which can be done in several ways:

•	 Molecular	replacement—in	cases	where	the	structure	of	a	highly	homologous	protein	 
(> 30% sequence homology) is available, this can be used as a model to calculate the 
phases and build the model of the unknown structure. This is the quickest and easiest 
method for solving crystal structures.

•	 Multiple	isomorphous	replacement	(MIR)—a	heavy	atom	is	introduced	into	the	struc-
ture without perturbing the crystalline lattice. At least one native crystal and two crys-
tals soaked in two heavy atom solutions must be available. This is the most common 
method for ab initio phase determination.

•	 Multiwavelength	anomalous	dispersion	(MAD)—multiple	data	sets	are	recorded	at	dif-
ferent wavelengths from a single crystal after incorporation of anomalous scattering.

The calculation of an electron density map allows the generation of a model, which is fur-
ther refined until it fits the experimental observations. The quality of the model (in terms of 
steric clashes) can be assessed using programs such as MolProbity (Davis et al. 2004).

7.3.5.2 Nuclear Magnetic Resonance (NMR)
NMR is a physical phenomenon exhibited when atomic nuclei that possess magnetic moment 
are placed in a static magnetic field and simultaneously exposed to an additional, oscillating 
magnetic field. NMR spectroscopy exploits the NMR phenomenon to study physical, chemical, 
and biological properties of macromolecules. It gives detailed information about molecules 
and their environment in solution, without the need to obtain crystals and in nearly physi-
ological conditions. In contrast to X-ray crystallography, NMR can be used for folding or dena-
turing studies of proteins or for studying the dynamics of protein-protein or protein-ligand 
interactions in real time.

There are two general approaches through which NMR structures can be determined, and 
the choice between them is determined essentially by the molecular mass of the protein being 
investigated. The first approach, which was pioneered in the laboratory of Kurt Wüthrich 
(Wüthrich 1986)  and which led to his being awarded the 2002 Nobel Prize in Chemistry, 
involves the use of 2D 1H-1H (homonuclear) NMR experiments (such as correlation spectros-
copy [COSY], nuclear Overhauser effect spectroscopy [NOESY], and total correlation spec-
troscopy [TOCSY]). This approach is still widely used today but only for proteins smaller than 
5 kDa that cannot be isotopically labeled. Nevertheless, the homonuclear NMR strategy is 
suitable for studying peptides purified from natural sources or where unnatural amino acids 
have been introduced synthetically.

The homonuclear strategy relies primarily on 2D experiments, and as the protein size 
increases, the number of resonances on the associated spectral plots also increases. This leads 
to extensive overlap between different signals, which in turn results in lower confidence in 
the assignment procedure and ultimately in poor structural definition. The natural isotopes 
of nitrogen and carbon are not suitable for NMR studies; however, the nonradioactive 13C 
and 15N isotopes of these atoms have very favorable NMR properties. These isotopes are most 
commonly introduced by recombinant expression of the peptide in Escherichia coli grown 
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in media enriched with 13C-labeled glucose and 15N-labeled ammonium chloride (Klint et al. 
2013). Proteins that have been 13C- and 15N-enriched can be used to acquire additional hetero-
nuclear NMR experiments. These are often acquired as 3D experiments, although 4D experi-
ments are sometimes used (Mobli et al. 2010). The added dimension provides a means by which 
the ambiguity found in 2D spectra can be resolved, and once again, the NMR approach can 
be used to provide high-resolution structures (Kwan et al. 2011). The 3D experiments typically 
take much longer to acquire, and they contain much more specific information. Many more 
3D experiments are required to solve a structure using the heteronuclear approach than 2D 
experiments are required via the homonuclear approach (King and Mobli 2010). The heteronu-
clear approach therefore naturally requires more instrument time and ultimately longer anal-
ysis time, although significant progress has been made toward addressing these constraints 
(Hoch et al. 2014). The experiments typically acquired include 3D 15N- and 13C-edited NOESY 
experiments (HSQC NOESYs) along with a suite of experiments for backbone (such as HNCO, 
HNCACB, and HN(CO)CACB) and side-chain assignments (such as HCCH and HCC[CO]
NH TOCSYs) (King and Mobli 2010).

Sample requirements for NMR are as follows:

•	 MW—currently	limited	to	MW	<	30 kDa.
•	 Purity	of	samples	>	95%—check	with	SDS-PAGE or MS.
•	 Monodisperse—check	with	DLS	or SAXS.
•	 Stable	at	room	temperature	for days.
•	 High	solubility.
•	 Concentrated—ideally	0.5–1.5 mM.
•	 Clear	solution—use	a	Vortex-System	or	filter	the	sample.
•	 Correctly	folded—check	with	CD	spectroscopy.
•	 In	case	of	enzymes—check	activity.
•	 Buffer—0–50	mM,	usually 20 mM.
•	 pH—usually 5–7.
•	 Ionic	strength	such	as	total	salt	concentration	<	150	mM	when	using	a	cryoprobe	system.
•	 Paramagnetics—should	be	avoided,	as	they	broaden	NMR	signals.
•	 Isotope	labeling—not	required	for	small	peptides	(<	5	kDa),	15N required for small (< 10 

kDa), 15N and 13C required for medium (< 20 kDa), and 15N, 13C, and 2H required for large 
(> 25 kDa) proteins.

When the protein is available in sufficient amounts (traditionally 0.5 mL of a 1-mM solu-
tion, although with cryoprobes and higher-field-strength spectrometers, lower concentrations 
are routinely used), the first step is acquisition of the NMR spectra. A  set of multidimen-
sional NMR spectra are recorded for the assignment of all chemical shifts (1H,15N,13C). The next 
step—data analysis—is the most critical and time-consuming. This step includes peak picking 
(the NMR spectra are analyzed and the important signals identified), resonance assignment 
(the picked peaks from the NMR spectra are assigned to their corresponding nuclei, allowing 
determination of the secondary structure of a protein), and NOE (nuclear Overhauser effect) 
peak assignment (generation of distance restraints). A family of structures that satisfy as many 
conformational restraints as possible is iteratively generated. The high prevalence of disulfide 
bonds in toxin structures can introduce additional complexity to the structure-calculation 
process, as it can be difficult to determine connectivity using only NMR data (Rosengren et al. 
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2003). In this case, determination of the disulfide connectivity through chemical methods 
is required. Similarly to X-ray crystallography, programs such as MolProbity can be used to 
assess the quality of NMR-derived structures.

7.4 mOLeCULaR BIOLOGICaL TeChNIQUes

7.4.1 TRaNsCRIpTOmICs

As mentioned previously, search-based MS sequencing represents a commonly available, 
rapid, and economic means of identifying large numbers of venom components. However, 
reliance on a sequence template for the identification of peptides and proteins hinders effec-
tive sequencing of novel toxins. Depending on the sequencing depth and coverage avail-
able in public databases, it may also be poorly suited for the detection of isoform variants, 
low-expression-level toxins, or full sequence determination. A more accurate and faster way 
of obtaining toxin sequences is therefore to directly sequence the toxin-encoding messenger 
ribonucleic acid (mRNA) transcripts and subsequently match these to the proteomic data (Fry 
et al. 2006; Fry et al. 2008; Fry et al. 2010b; Fry et al. 2013). Several approaches exist for this 
purpose, and they can be broadly categorized as nontargeted and targeted (see below). While 
nontargeting approaches are not focused on specific toxin types, targeted transcriptome meth-
ods do, and typically require prior information regarding the target toxin’s sequence.

7.4.1.1 Sample Preparation
Unlike DNA, RNA molecules are mostly single-stranded and thereby far more sensitive to 
degradation by nucleases. Hence, preventing RNA degradation is of critical importance dur-
ing extraction. Venom glands should therefore be dissected immediately after euthanasia and, 
if possible, flash-frozen in liquid nitrogen promptly thereafter. Alternatively, the dissected 
glands may be stored in a preservative such as RNAlater. Preventing RNase contamination 
during extraction is paramount, and working quickly and keeping samples cold during the 
process will help reduce sample degradation. While commercial kits exist for the direct extrac-
tion of poly-A RNA (mature mRNA molecules are typically characterized by a 3′ poly-A tail), 
it may be convenient to first extract total RNA (such as using a TRIzol protocol) followed by 
a poly-A RNA enrichment step. Alternatively, non-poly-A RNA (e.g. ribosomal RNA, which 
typically makes up a large proportion of total RNA) may be removed from the sample using a 
depletion step. Many kit-based protocols use spin columns, and these may become clogged by 
samples containing large amounts of mucus if utilized at the first step of extraction.

7.4.1.2 Nontargeted Sequencing
Nontargeted transcriptomics represents more accurately what the term “transcriptome” 
encompasses, in that the outcome strives toward producing as complete a representation as 
possible of all transcripts present at the time of sample extraction. In the context of venoms, 
a nontargeted trasncriptome study is meant to provide a comprehensive overview of all genes 
that participate in the venom gland’s functioning. This obviously includes all toxin genes and 
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their splicing variants, but also metabolic genes involved in the synthesis, posttranslational 
processing, and secretion of toxins. The inherent advantage to this approach is the generation 
of complementary DNA (cDNA) libraries that may form the foundation for numerous studies 
and experiments beyond simply attaining the sequences of a few toxins of immediate interest 
(Fry et al. 2006; Fry et al. 2008; Fry et al. 2010b). This requires high-throughput sequencing of 
extracted mRNA, and the field has consequently experienced a surge of activity with the con-
tinuous development of faster and cheaper DNA-sequencing platforms. Such next-generation 
sequencing (NGS) platforms have made the acquisition of venom-gland transcriptomes effi-
cient either through the use of benchtop sequencers, collaborations, or outsourcing to one 
of the numerous sequencing facilities available. This was previously an incredibly expensive 
task, and the development and adoption of NGS technology has revolutionized many fields in 
biology in a similar fashion to the revolution previously instituted by the “traditional” Sanger 
sequencing method (Rogers and Venter 2005; Schuster 2008; Wilhelm 2009).

A number of NGS platforms are suitable for transcriptome characterization, and these dif-
fer primarily in the number and length of reads (stretches of sequenced DNA) obtained and 
also in price (Glenn 2011). Transcriptomes sequenced by NGS are typically constructed from 
shotgun assemblies, such as mRNA fragmented to a suitable length prior to sequencing. The 
length of each read is therefore an important factor in determining the ability to subsequently 
reassemble sequences into the contiguous sequences (contigs) that make up each original tran-
script. The presence of highly homologous multigene families typical of venoms quickly com-
plicates the assembly of contigs, particularly because of the frequent lack of a reference genome 
sequence to use as an assembly template. This necessity for de novo assembly of data sets there-
fore means that the short read lengths associated with some sequencing platforms (first devel-
oped by Illumina) may give rise to significant issues with data assembly and analysis. Platforms 
enabling longer reads have therefore been preferred, and 454 pyrosequencing in particular has 
been the platform of choice for the investigation of venom-gland preparations from various 
taxa, including centipedes (Undheim et al. 2014); cephalopods (Ruder et al. 2013b), cone snails 
(Hu et al. 2011; Hu et al. 2012; Terrat et al. 2012; Violette et al. 2012; Dutertre et al. 2013a), 
remipedes (von Reumont et al. 2014), reptiles (Durban et al. 2011; Rokyta et al. 2011; Durban 
et al. 2013; Fry et al. 2013; Jackson et al. 2013; Terrat et al. 2013; Sunagar et al. 2014), scor-
pions (Rendón-Anaya et al. 2012; Sunagar et al. 2013c), spiders (Undheim et al. 2013; Wong 
et al. 2013), and vampire bats (Low et al. 2013). In contrast, only a few venom-gland prepara-
tions have been sequenced using the Illumina HiSeq or MiSeq platforms (Wong et al. 2012; 
Francischetti et al. 2013; Rokyta, Wray, and Margres 2013). However, with Illumina platform 
read lengths now exceeding 250 base pairs in length, thereby facilitating sequence assembly, 
the greater number of reads (up to billions) generated by this technology provides an advan-
tage over the 454 platform.

7.4.1.3 Targeted Sequencing
In targeted sequencing of toxin-encoding genes, partial protein or nucleotide sequences are 
used to construct primers that amplify the DNA of interest, typically the complementary 
cDNA sequence to reverse-transcribed mRNA (see Li, Fry, and Kimi 2005a; Li, Fry, and Kimi 
2005b). This approach, termed ‘rapid amplification of cDNA ends’ (RACE), is useful for the 
acquisition of complete sequences from partial sequence data or for detection of particular 
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protein or peptide families. The former has been the primary motivation for RACE experi-
ments because of the use of traditional Edman-degradation-based protein-sequencing efforts, 
which often yield incomplete C-terminal sequences. RACE also has the advantage that it 
requires very little starting material. However, while RACE is a powerful and inexpensive 
means of using a transcriptome to acquire full-length sequences of toxins of interest and their 
homologs, there are obvious drawbacks. The process can be quite labor-intensive, the number 
of obtained sequences is typically relatively small compared to nontargeted sequencing, and 
their diversity may be biased by primer design. In addition, since prior knowledge on at least 
part of the sequence (either RNA- or protein-based) is required for primer design, RACE is 
not the most suitable technique for providing an overview of the full toxin diversity in ven-
oms. Finally, unlike nontargeted methods based on NGS platforms, RACE cannot provide any 
information on relative levels of expression of different toxin genes.

RACE may be conducted in either direction of the transcript depending on which part (5′ 
or 3′) is unknown. In either way, the reaction involves a PCR using a universal RACE primer 
(often supplied by commercial RACE kits) and a user-designed primer that specifically targets 
the transcript of interest. Criteria for the design of this specific primer may vary according to 
the used RACE protocol or commercial kit, but typically provide restrictions on primer length 
(approx. 20–28 bp), GC content (50–70%), GC positioning secondary structure formation or 
dimerization, and annealing temperature.

Although the user-designed primer as a “gene-specific primer” or “GSP,” a single RACE 
reaction can be used either to complete the sequence of a single gene transcript or of mul-
tiple related transcripts (e.g. transcripts of paralogous toxin genes and/or alternative splicing 
variants of a single gene). In case of the latter, the primer is preferably designed in a con-
served region of the transcripts, to optimize the range of potential target transcripts. Either 
a single primer (e.g. representing the consensus sequence across all available transcripts) or 
a degenerate primer can be designed (a mixture of primers showing nucleotide variation at 
specific nucleotide sites). The number of ambiguous nucleotide sites (often called “wobbles”) in 
a degenerate primer should be limited, since it comes at the cost of primer specificity and may 
yield the amplification of unrelated (e.g. nontoxin) transcripts.

To design a gene-specific primer based on a protein sequence, the latter first needs to be 
reverse-translated into a nucleotide sequence, which is done using a codon usage table. As 
most amino-acids are encoded by multiple codons, it is often impossible to obtain an unam-
biguous primer sequence. If so, the primer can be designed as to represent the most likely 
codon sequence (if information on relative codon usage is available) or again, a degenerate 
primer can be designed (see above).

Depending on which end of the transcript is unknown, one of two types of RACE reac-
tions are conducted. A 3′ RACE reaction is applied to obtain the 3′ region of a transcript, e.g. to 
derive the C-terminal part of a toxin protein, or the 3′ UTR. First-strand (antisense) cDNA is 
synthesized using an adapter oligonucleotide that targets the 3′ poly-A tail of mRNA molecules 
and contains the sequence of an (antisense) universal RACE primer. The antisense cDNA is 
then used as starting material in a normal PCR using the (antisense) universal RACE primer 
and the user-designed (sense) primer.

A 5′ RACE reaction is applied to complete the 5′ sequence of transcript, e.g. to characterize 
the N-terminal part of a protein, the signal peptide, or the 5′ UTR. Unlike 3′ RACE, it requires 
ligation of a (sense) RACE adapter oligonucleotide to the 5′ (cap) side of mRNA molecules 
prior to first-strand (antisense) cDNA synthesis. As a result, the first-strand cDNA will be 
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terminated by the complement of this RACE adapter. This allows a subsequent PCR with a 
universal (sense) RACE primer targeting the adapter’s complement and a user-designed (anti-
sense) primer complementing the original transcript’s sequence.

7.5 BIOINFORmaTICs

7.5.1 NexT-GeNeRaTION seQUeNCING (NGs) 

DaTa assemBLY aND CURaTION

The large volumes of data generated by NGS pose unique challenges in assembly and cura-
tion that must be addressed prior to the data being used in downstream applications such as 
search-based MS sequencing, phylogenetic analyses, or molecular modeling. Bioinformatics 
has therefore become a crucial part of not just analysis of NGS data but also the early steps of 
data generation and processing. Typically, this happens by passing the millions of reads through 
a “pipeline,” a series of curation and filtering steps to eventually retain only transcripts of inter-
est. In the context of venom toxin identification, such pipeline may include:  (1) cleaning of  
sequence reads; (2) contig assembly; (3) prediction of open-reading frames; (4) identification of 
(candidate) toxin precursor transcripts; and (5) prediction of the mature (cleaved) toxins and 
posttranslational modifications.

The first step of a pipeline, cleaning of the reads, involves removing any barcodes used 
during multiplexed sequence runs and trimming adapter sequences. It is also desirable to 
remove low-quality reads. Functions for these tasks are often included in bioinformatics soft-
ware suites such as CLC Genomic Workbench (CLC Bio) or NGS platform software packages, 
or they may be conducted by running open-source stand-alone programs such as Cutadapt 
(Martin 2011) or Trimmomatic (Lohse et al. 2012), depending on the NGS platform used.

Second, because read lengths achieved by NGS are generally relatively short, these need 
to be stitched together into contigs that ideally represent full-length transcripts. Since the 
vast majority of venomous organisms lack a reference genome sequence, this assembly pro-
cess is almost invariably de novo. However, de novo assembly of reads from toxin-encoding 
transcripts is complicated by the presence of large numbers of isoforms (closely related para-
logues or splice variants), which may differ by only a few nucleotides. Due to this high degree 
of sequence similarity, reads that originated from different transcripts may be erroneously 
assembled together, resulting in chimeric contigs. As a result, contig variation, apart from 
reflecting true molecular diversity, may to some extent be biased by errors in sequencing or 
assembly. In addition, the extremely variable size and expression level of reptile toxins means 
that there is great heterogeneity in precursor size and the number of reads that will be mapped 
to each precursor.

Assembly algorithms operate via two general approaches:  overlap-based and 
de-Bruijn-graph-based. Modern short-read assembly programs, such as Trinity (Grabherr 
et  al. 2011), SOAPdenovo-Trans (http://soap.genomics.org.cn/SOAPdenovo-Trans.html), or 
Oases (Schulz et  al. 2012), are based on de Bruijn graphs, where cDNA reads are split into 
shorter sequences of fixed length k (k-mers), which are used as overlapping sequence tags in 
order to assemble contiguous reads (Miller, Koren, and Sutton 2010; Compeau, Pevzner, and 
Tesler 2011). Although this method considerably reduces the redundancy present in short-read 
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data sets and speeds up the reconstruction of the original transcriptome sequences, it also 
has limitations when working with highly repetitive sequences and can lead to the genera-
tion of chimera sequences. The latter is also an issue for overlap-based assemblers, such as 
Mira (Chevreux et al. 2004) or Newbler (Margulies et al. 2005), which are generally used for 
platforms such as Roche 454 that yield longer but more error-prone reads (Nagarajan and 
Pop 2013) and where there is a tradeoff between high and low stringency, the former yielding 
shorter contigs and the latter more chimera sequences.

Third, after obtaining cDNA sequences of suitable length and quality, in silico translation 
of coding DNA sequences (CDS) into amino acid sequences may yield full toxin precursor 
sequences, containing an N-terminal signal peptide, propiece (spacer) regions, and mature 
toxins. Rather than translating each contig along its full length to all six reading frames, sets of 
open reading frames (ORF) are predicted. This extracts and translates interstop regions (cod-
ing sequences in between inferred stop codons) in all defined reading frames that are longer 
than a specified threshold and (usually) contain a start codon (ATG; encoding methionine).

The fourth step involves screening of the translated ORF for candidate toxin precursors. 
Depending on the taxon under study, and the available side-information at hand, there are sev-
eral possible analyses, either in series or in parallel, to filter out candidate toxin proteins. These 
can be generally divided in analyses that identify ORF with typical toxin-like features (see 
further), and analyses that involve comparison of the set of ORF to genome, transcriptome, 
or proteome data. Such data may be obtained in parallel to the venom gland transcriptome 
study (e.g. a proteome study of the same gland), or may be available through online sequence 
databases (e.g. NCBI or Uniprot).

Conducting a BLAST search with the set of ORF as query sequences against the protein 
databases of Uniprot or NCBI is one of the foremost most straightforward and most frequently 
applied first steps to identify venom gland transcripts that encode proteins homologous to 
previously described toxins or toxin precursors. Obviously, however, the efficiency of this 
approach depends on the availability of structurally closely related toxins or toxin precursor 
sequences in public databases.

Alternatively (preferably additionally), proteomic data obtained via MS-based sequenc-
ing (see section 7.3.3.2) can be used to identify toxin-encoding sequences in a transcriptome 
library. There are several pieces of search software available for this purpose, some of the more 
popular being Mascot (Perkins et  al. 1999); X! Tandem (Craig and Beavis 2004); Spectrum 
Mill (Agilent Technologies, Santa Clara, CA); and Protein Pilot (AB Sciex, Framingham, MA). 
While employing slightly different algorithms, the underlying principle of these programs is 
generally the same (Eng et al. 2011). The search-based MS sequencing strategy relies on an 
experimentally (transcriptome) or informatically (downloaded from sites such as UniProt or 
NCBI) acquired sequence database to produce theoretical peptide sequences, based on the 
experimental conditions (such as enzyme or fragmentation method). These are then searched 
against the MS-derived peptide-fragment spectra. Such a database is also commonly supplied 
with nontarget proteins (such as reversed amino acid sequences) that are used as a measure of 
false positives. Given the enormous number of theoretical peptides that can be generated from 
just a single transcriptome and the computational expense of searching all of these, candidate 
peptides are generally selected by being within a set range (peptide mass tolerance) of the 
experimental precursor ion mass (Shilov et al. 2007). The sequences of these are then matched 
against the fragment spectra and ranked according to a score calculated by the search software 
(such as least probable random match), and the peptide sequence with the best score is deemed 
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the most probable candidate sequence. A second algorithm of the search program then groups 
the identified peptides into proteins based on the parent protein in the sequence base and again 
ranks these based on scores calculated from variables including number of unique peptides 
and sequence coverage.

While search-based MS sequencing utilizing high-quality data is a very powerful tool, there 
are some inherent limitations. First, only proteins present in the supplied sequence database 
will be identified. This means that the approach is sensitive to sources of biological variation 
such as sequence variation between transcriptome source and venom source and differences 
between protein content in venom and expression profile of the venom gland at the time of 
RNA extraction. Second, the sensitivity of NGS technologies is currently much greater than 
that of MS sequencing technologies. While it is easy, or even desirable, to enrich nucleic acid 
molecules by PCR during the preparation of cDNA libraries, enrichment of proteins is depen-
dent on the amount of starting material available and on the organism studied (such as the 
venom yield). As a consequence, low-abundance proteins are not always detectable by MS com-
pared to cDNA reads, which will exist even for components present at monomolecular level.

7.5.2 phYLOGeNeTICs

Like any gene-encoded inheritable trait, toxin proteins are continuously subjected to various 
evolutionary forces (like DNA mutations in their genes), and will change over the course of 
evolutionary time. These changes are caused my mutation of their underlying gene sequences. 
Hence, genes that originate from a common ancestral gene (through speciation or duplica-
tion) diverge over the course of time. The resulting sequence variation is inevitably translated 
into the proteins they encode, and reptile toxins, being gene-encoded peptides and pro-
teins, are no exception. Apart from explaining difference in bioactivity (allowing compara-
tive structure-function analyses), sequence variation between multiple homologous toxins 
can be used to reconstruct their evolutionary relationships. Such analyses require that their 
amino-acid sequences (or the DNA sequences of their underlying genes) are compared in an 
evolutionarily meaningful way, exposing all shared (pleisotypic) and newly derived (apotypic) 
characters.

Therefore, sequences need to be arranged alongside each other in order to optimize homol-
ogy, with individual characters (amino-acids or nucleotides) aligned as having a common 
evolutionary origin. Construction of a multiple sequence alignment (MSA) of nucleotide/
amino acid sequences is almost invariously the first step in molecular evolutionary studies 
(see  figures 8.2, 9.2, 11.1, 14.1, 15.2, 18.1, 19.1, 20.2, 24.1-24.7). For smaller data sets (around 100 
sequences) of short-to-medium-length sequences (around 500 nucleotides) that share at least 
70% sequence identity, the state-of-the-art algorithms and applications for constructing MSA 
can create accurate alignments in a matter of minutes. However, aligning larger data sets of 
longer and more diverse sequences can be computationally expensive.

Depending on the research question, molecular evolutionary studies of venom are typi-
cally conducted to infer relationships among homologous toxins of one or several venomous 
taxa, or between toxin proteins and non-toxic members of the same protein (super)family. In 
either case, it is likely that homologous sequences will have to be retrieved from public data-
bases. An efficient way to do so is via BLAST using the set of toxins of interest (e.g. those newly 
recovered from a transcriptome study) as query.
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The compiled sequences are then aligned using applications such as Clustal (Thompson et al. 
1997), MUSCLE (Edgar 2004), or MAFFT (Katoh and Standley 2013). Although the resulting 
MSA often seem fairly accurate, manual editing may be required to rectify obvious alignment 
errors. This is particularly true if the aligned sequences show major length differences, or con-
tain multiple tandem-duplicated domains. Aligning protein-encoding DNA sequences, which 
evolve in triplets or codons, may introduce non-threefold insertions and deletions that would 
imply highly unlikely frame-shift errors upon translation. Moreover, amino acid sequences 
typically are more evolutionarily conserved than their underlying nucleotide sequences, and 
may thereby produce a more accurate alignment. If phylogenetic analyses are to be conducted 
on nucleotide sequences, it may be sensible to use an amino-acid alignment as a reference for 
guiding a subsequent nucleotide alignment.

Phylogenetic analyses have elucidated the molecular evolutionary histories of vari-
ous toxin protein-encoding genes (Fry et  al. 2003b; Fry and Wüster 2004; Fry 2005; Fry 
et  al. 2006; Fry et  al. 2008; Fry et  al. 2009a; Fry, Roelants, and Norman 2009; Fry et  al. 
2009b; Fry et al. 2010a; Fry et al. 2010b; Fry et al. 2012b; Fry et al. 2013) (see  figures 8.1, 
11.2, 15.1, 17.1, 17.2, 17.3, 19.2, 20.1, and 23.4). Several methods of tree reconstruction are 
available. Distance-based methods, like Unweighted Pair Group Method with Arithmetic 
Mean (UPGMA) and neighbor-joining, involve the computation of pairwise genetic dis-
tances between all sequences of the MSA, and using those to construct a tree via a hier-
archical clustering algorithm. Distance-based methods represent a phonetic approach; 
they only take into account overall sequence (dis)similarity, and do not consider the evo-
lutionary trajectories of individual characters. As a typical result, a paraphyletic grade 
of plesiotypic sequences, by sharing more similarity to each other than to more apotypic 
sequences, may be erroneously recovered as a monophyletic group. In organismal phylo-
genetics, distance-based methods have therefore been largely been superseded by cladistic 
approaches that do take individual character evolution into account. However, neighbor 
joining has remained a frequently used method in the construction of gene or protein phy-
logenies, because of its computational ease and its application in a wide range of software 
packages.

Cladistic approaches include both nonparametric (maximum parsimony tree searching) 
and parametric methods (maximum likelihood tree searching and Bayesian inference). The 
maximum-parsimony (MP) method searches the tree (or set of trees) that implies the least 
number of evolutionary steps (DNA or amino-acid substitutions) to explain the data. Since 
this method aims to minimize the number of inferred mutations, MP is prone to overlooking 
recurrent substitutions at a single site, and is considered more sensitive to errors caused by 
convergent evolution or reversals.

Instead, parametric methods implement substitution models to reconstruct the evolution 
of DNA or protein sequences and may consider character state frequencies, relative substitu-
tion rates, and heterogeneity of substitution rates across the sequences. While nucleotide-based 
substitution models (considering four character states) allow estimation of optimal substi-
tution parameters during the phylogenetic analysis, this is computationally unfeasible for 
amino-acid models (considering 20 character states). As a result, parametric analyses of pro-
tein sequences require empirical substitution models, incorporating generalized amino acid 
substitution rate matrices inferred from large protein data sets (e.g., Dayhoff, JTT, WAG or 
LG). Selection of an appropriate model for the data set at hand, whether composed of nucleo-
tides or amino-acids is essential and can typically be done via a series of likelihood-ratio tests, 
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or information criteria as implemented in applications like jModeltest (Darriba et al. 2012) and 
ModelGenerator (Keane et al. 2006).

Two commonly used model-based methods in molecular phylogenetics are maximum like-
lihood tree searching and Bayesian phylogeny inference. Maximum-likelihood (ML) methods 
implement a heuristic search for the tree that maximizes the probability of observing the data 
(the sequences) given an evolutionary model (the substitution model and rate parameters). For 
years, the application of ML in phylogenetics was largely limited by the computational expen-
siveness of model-based tree searching, especially for larger data sets. The advent of highly 
efficient tree searching algorithms, as implemented in the applications PhyML (Guindon et al. 
2010) and RAxML (Stamatakis 2014) and the availability of online portals like CIPRES Science 
Gateway (http://www.phylo.org/sub_sections/portal/) now allows the analysis of extremely 
large (up to several thousands of sequences) data sets. In addition, the original objective of 
ML analyses has shifted from reconstructing a single most optimal tree (most likely to con-
tain errors) to estimating the credibility of individual clades of sequences, often assessed by 
inferring clade support values via nonparametric bootstrapping. A typical bootstrap analysis 
involves the generation of 500–1000 data sets by resampling the characters of the original data 
set and analyzing those data sets using ML. Clades recovered by over 75% of those replicate 
analyses are generally considered to be well supported.

Bayesian methods of phylogeny inference estimate the posterior probability of trees given 
the data (the sequences), an evolutionary model (the substitution model and rate parameters) 
and some user-defined prior probabilities (priors). Although this objective differs in principle 
of that of ML, both methods often converge on similar phylogenetic trees. Bayesian methods 
make use of Markov chain Monte Carlo (MCMC) algorithms to approximate the posterior 
probability of trees and model parameters. In practice, this process represents one, or multiple 
parallel chains of millions of calculations (generations), during which trees and parameter 
values are continuously changed and sampled (saved to an output file) in function of their prior 
probability and their likelihood given the data. The posterior probability of a tree is deter-
mined by the frequency by which it is sampled through the MCMC process and can be inferred 
by analyzing the output file. In addition, calculation of a majority-rule consensus tree of the 
sampled trees gives the posterior probabilities of individual sequence clades. Typically, clades 
represented by over 95% of the sampled trees are considered to be well supported.

MrBayes (Ronquist et al. 2012) is the most commonly used application for Bayesian infer-
ence of phylogenetic trees. Rather than specifying a single model of amino acid substitution, 
MrBayes allows the use of a mixed prior for the amino-acid substitution model (set by the 
command “prset aamodelpr = mixed”), which enables the MCMC chain to switch among nine 
different amino acid substitution matrices and utilize them in function of their posterior prob-
ability. A single analysis by MrBayes typically implements four parallel MCMC chains. These 
chains should be run long enough to allow adequate sampling of the posterior tree set after 
passing through a “burn-in” phase (an initial period during which suboptimal parameters and 
trees are sampled). The required duration is largely dependant on the size and nature of the 
data set and is difficult to predict beforehand, but in many cases, a chain length of 1 x 107 gen-
erations (with a burnin of 2 x 106 generations and a sampling frequency of 100–1000 genera-
tions) will yield a good approximation of clade-specific posterior probabilities. In addition, it is 
advised to run a Bayesian analysis at least twice to verify if both runs converge on similar pos-
terior sets of parameters and trees. Determination of an appropriate burnin phase, and assess-
ment of adequate sampling and chain convergence is best assessed using the program Tracer 
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(http://tree.bio.ed.ac.uk/software/tracer/). Subsequently, posterior probabilities of clades can 
be obtained by compiling the sampled trees of both runs and calculating their majority-rule 
consensus tree.

7.5.3 RaTe OF eVOLUTION

Like any molecular adaptive trait, toxins and their genes are subjected to both random (muta-
tion) and deterministic (selective) evolutionary forces that may dramatically change over time 
and across lineages. A major objective of molecular evolutionary research is to understand how 
various regimes of evolution affect the fitness of an organism. Signatures of natural selection in 
genes and proteins in particular reflects an organism’s adaptation to constantly changing eco-
logical variables, such as diet, temperature, habitat, predatory pressures, and prey abundance. 
The simplest way of identifying the mode of selection using genetic sequence data is by calcu-
lating the “summary statistics” from the MSA of the gene in question. Ideally, the sequences 
should represent different individuals from a single population or multiple individuals from 
different populations or species. However, the sequences should belong to the same gene or 
homologous genes. By utilizing the given alignment, summary statistics summarize infor-
mation regarding the relative frequency of polymorphic sites. These observed data are now 
compared with the results that would be expected under neutral evolutionary processes (null 
model). Any significant deviation of the observed data from the null model results in rejec-
tion of the null hypothesis, indicating the role of natural selection in shaping the evolution 
of the gene being evaluated. The standard null hypothesis makes several important assump-
tions: a constant effective population size, a constant mutation rate, absence of recombination, 
absence of migration, random mating, infinite sites (such as each mutation occurring at a dif-
ferent site or absence of reverse mutations), and that all mutations are either lethal or neutral 
in nature. These assumptions are often violated, and the rejection of the null model may also 
result from this.

Mutations that accumulate in nucleotide sequences that encode for proteins can be catego-
rized as either synonymous (silent or dS) or nonsynonymous (replacement or dN) substitu-
tions. The relative rate of accumulation of these mutations (denoted dN/dS or ω) reflects the 
nature of selection governing the evolution of the gene in question. The hallmark of neutral 
evolution is that the rate of replacement (dN) is exactly the same as the rate of silent muta-
tions (dS), hence dN/dS (ω) being exactly 1 (Yang et al. 2000). Any significant statistical devia-
tion from ω = 1 denotes the influence of natural selection. If the accumulation of replacement 
changes is slower than the accumulation of silent substitutions, then dN/dS < 1, which indi-
cates the influence of negative selection (Yang et al. 2000). In contrast, a dN/dS ratio of more 
than 1 indicates a greater accumulation of nonsynonymous than synonymous mutations, the 
phenomenon of positive Darwinian selection (Yang et al. 2000). It is important to remember 
that while the ω value is extremely informative in terms of indicating the nature of the selec-
tion regime in operation, it does not, however, equate to the absolute “strength” of selection.

In molecular evolutionary studies, the influence of natural selection on various 
toxin-encoding genes is often evaluated by employing maximum-likelihood models (Goldman 
and Yang 1994; Yang 1998) implemented in Codeml of the PAML package of programs (Yang 
2007). Several site, branch, and branch-site models are available to assess the relative accu-
mulation of dN and dS across sites, branches, and sites and branches (Yang and Nielsen 2002; 
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Zhang, Nielsen, and Yang 2005). Amino acid sites under positive selection are identified using 
the Bayes empirical Bayes (BEB) approach implemented in site model 8 (Yang, Wong, and 
Nielsen 2005), which calculates the posterior probability that a particular amino acid belongs 
to a given selection class (neutral, conserved, or highly variable). Sites with greater posterior 
probability (PP ≥ 95%) of belonging to the “ω > 1 class” are inferred to be positively selected. 
Additionally, there are several useful models in the HyPhy package (Pond, Frost, and Muse 
2005), and the choice of model often depends on the question being addressed and the size 
of the data set (Kosakovsky Pond and Frost 2005):  (i)  single likelihood ancestor counting 
(SLAC) can be used for large data sets (40 or more sequences) (Kosakovsky Pond and Frost 
2005); (ii) random effects likelihood (REL) can be used for data sets of intermediate size 
(20–40 sequences) (Kosakovsky Pond and Frost 2005); (iii) fixed effects likelihood (FEL) can 
be used for intermediate to large datasets (more than 50 sequences) (Kosakovsky Pond and 
Frost 2005); and (iv) FUBAR can be used for analyzing very large data sets (the authors tested 
this model on a data set of 3142 sequences, which is not feasible when using other methods; 
Murrell et al. 2013), where sequences evolve under the influence of pervasive diversifying and 
purifying selection pressures. When the forces of natural selection act in an episodic manner, 
identification of the precise regions that have undergone adaptive evolution is often difficult 
(Murrell et al. 2012). Moreover, when there is a strong influence of purifying selection on a 
majority of lineages in the phylogenetic tree, the signal of positive selection is often masked 
(Murrell et al. 2012). Hence, in order to address these shortcomings and to reliably identify 
sites that are influenced by both episodic and pervasive influence of positive selection at the 
level of an individual site, the mixed-effects model evolution (MEME) method was proposed 
(Murrell et al. 2012). This state-of-the-art method for identifying episodic influence of selec-
tion has become popular in recent times and has been utilized in the study of a number of 
toxin types (Sunagar et al. 2012; Brust et al. 2013; Fry et al. 2013; Jackson et al. 2013; Low et al. 
2013; Sunagar et al. 2013a; Sunagar et al. 2013b; Sunagar et al. 2013c; Sunagar et al. 2014) (see 
color plate 26).

7.5.4 hOmOLOGY/COmpaRaTIVe 

mODeLING OF VeNOm pROTeINs

The sequences of venom proteins can vary in length from a few dozen to hundreds of amino acid 
residues. A protein’s sequence may provide clues to its activity. However, the three-dimensional 
structure (fold) of a protein is what ultimately determines its function. It is possible for a non-
conserved sequence to have a conserved fold. Proteins with a conserved fold are termed struc-
tural homologs and are commonly observed in the toxin components of venoms. Structural 
homologs often share key residues, usually cysteine residues that form disulfide bridges with 
one another, which are responsible for stabilizing the protein’s architecture. The overall pro-
tein architecture is usually critical for activity, along with particular residues that are directly 
responsible for bioactivity. These residues are therefore often conserved, while less critical resi-
dues are subject to variation.

Determining the sequence of a protein is much faster than determining its 
three-dimensional structure, and this is why there are substantially more sequence data 
available than there are three-dimensional structures of proteins. However, with the use of 
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homology modeling, which predicts the structure of a protein based on previously determined 
structures of proteins with similar sequences, the number of predicted three-dimensional 
structures is growing rapidly. This has proven to be particularly useful in the study of pro-
tein types that are extensively disulfide-bonded. Ideally, homology modeling would perfectly 
replicate an experimentally determined structure. Unfortunately, this is not the case, and the 
quality of the model of the unknown structure (target) corresponds to the degree of sequence 
similarity with the known structure (template) (Chothia and Lesk 1986). It is thus imperative 
that there be absolute conservation in cysteines involved in disulfide bonding and that the 
spacing between cysteines be highly conserved. In such cases, high-quality models may be 
generated (Fry et al. 2006; Fry et al. 2008; Fry et al. 2009a; Fry et al. 2009b; Fry et al. 2010b) 
(see color plates 8 and 27).

7.5.4.1 Template Selection
The first step in protein-structure modeling is to identify a suitable template structure for a 
target sequence with an unknown structure. The best results are obtained when the sequences 
of target and template are highly homologous. If homology is high, a simple BLAST (Altschul 
et al. 1990) or FASTA (Lipman and Pearson 1985) search usually yields at least one suitable 
candidate. If target-to-template homology is low, PSI-BLAST with its position-specific scor-
ing matrix is better suited to finding templates than BLAST or FASTA (Altschul et al. 1997). 
Another option for identifying distantly related template structures is protein threading (Peng 
and Xu 2011). For the modeling of venom proteins, BLAST or PSI-BLAST queries against the 
Protein Data Bank (PDB) (Berman et al. 2000) usually provide a sufficient number of possible 
templates. Sometimes, however, the highest-scoring structure does not possess the required 
cysteine pattern and has to be discarded. If several similar template structures exist, which 
is often the case for smaller venom proteins, more than one template may be selected for the 
model-building process. The resulting model (see section 7.5.4.3) is then based on several tem-
plates. This can be advantageous in the case that loops have to be built and one of the templates 
may already contain a suitable scaffold. On the contrary, it may also be disadvantageous, since 
the resultant model is a hybrid of existing structures. Therefore, templates for venom protein 
modeling are selected for the following:

•	 Sequence	similarity	of	target	to	template.
•	 Number	of	residues	in	aligned	regions.
•	 Cysteine	pattern.
•	 Functional	residues	(if	function	is	preserved).
•	 Quality	of	template	structure	(such	as	RMSD,	missing	residues).
•	 Additional	information	from	template	file	(such	as	mutations,	co-crystallized	ligands,	or	

hybrid proteins).

7.5.4.2 Target-to-Template Alignment
Homology modeling can be used for targets that share at least 20% homology with the tem-
plate. Central to this approach is the alignment of the target and template sequences. It is likely 
that structurally conserved regions (SCRs) occur where amino acids in the target sequence are 
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aligned to residues in the template sequence, while structurally variable regions (SVRs) occur 
where target residues do not find a match in the template (insertions) or vice versa (deletions). 
The greater the percentage of SCRs shared between the target and the template, the higher 
the quality of the resultant model. Good-quality homology models possess greater than 70% 
sequence identity.

The core of the protein structure is more highly conserved between homologs than the 
exterior loops (Chothia and Lesk 1986). This is taken into consideration when creating a 
homology model, as mistakes in alignment at this stage are irreversible at later stages of the 
modeling process.

The target-to-template alignment of venom proteins is guided initially by the number and 
position of conserved cysteine residues. Subsequently, insertions and deletions are moved into 
surface loops, if applicable. Swiss PDB Viewer (SPDBV) is useful for aligning a target sequence 
to one or more templates (Guex and Peitsch 1997). The alignment window in this software is 
interactively linked to the graphical user interface (GUI), which facilitates the placement of 
insertions and deletions.

7.5.4.3 Model Generation
In a third step, the model is built. This can be done either locally or via a Web service. Two 
main approaches exist:

 1. Modeling by satisfaction of spatial restraints.
 2. Fragment assembly.

Modeling by satisfaction of spatial restraints applies an approach derived from NMR 
spectroscopy. Modeling by satisfaction of spatial restraints is a global approach in which 
the entire protein is modeled. MODELER server or software applies this method (Sali and 
Blundell 1993). The target-to-template alignment is used to define geometrical restraints 
that are subsequently converted into electron density functions. Electron density functions 
describe the space where protein heavy atoms (carbon, oxygen, nitrogen, sulfur, not hydro-
gen) are likely to be found. Into these electron density functions, the protein structure is 
modeled. The degrees of freedom for the model are significantly limited by the number of 
geometrical (spatial) restraints that are either derived from the structure of the template or 
provided by the researcher. Model building following this approach is an automated itera-
tive process of building and refinement until the global (or best possible) energy minimum 
is reached.

An alternative to this global modeling approach is the fragment-assembly method 
(Greer 1981). Here a distinction is made between SCRs and SVRs in the first step of mod-
eling. SCRs are first aligned, followed by modeling of SVRs. Several programs exist that 
implement this approach, such as Swiss-Model (Guex and Peitsch 1997; Arnold et  al. 
2006), 3D-JIGSAW (Bates et  al. 2001), nest (Petrey et  al. 2003), and Builder (Koehl and 
Delarue 1994; Koehl and Delarue 1995). Swiss-Model server together with the locally 
installed SPDBV software (Guex and Peitsch 1997)  provides a powerful modeling suite 
for target to template alignment. The venom proteins generated are modeled using SPDBV 
and Swiss-Model or, alternatively, MODELER.
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7.5.4.4 Loop Modeling
Modeling loop regions generally decreases the accuracy of a model. This is the main reason 
for the lower quality of models resulting from low homology between target and template. If 
loops consist of only a few residues, such as turns (one to five amino acids), the resulting loops 
of the model may still be accurate enough. However, accuracy decreases for longer unmatched 
regions. Loops of venom proteins are then modeled by software such as Swiss-Model (Guex 
and Peitsch 1997; Arnold et al. 2006) or MODELER (Sali and Blundell 1993). In rare cases, 
these loops have to be replaced manually by choosing a different loop template from a frag-
ment library.

7.5.4.5 Side-Chain Refinement
Placing side chains correctly is of less consequence than template selection and target-to-
template alignment, in which errors lead to poor or incorrect models. However, correctly 
placed side chains not only play a role in connecting sulfhydryl groups to disulfide bonds, but 
they also are essential for the arrangement or presentation of functional residues. The side 
chains of a template structure may arrange in suboptimal states during experimental struc-
ture determination, such as from crystal packing in the case of X-ray crystallography. These 
errors may be exacerbated in a model structure if the modeling software transfers side chains 
without optimizing placement. To prevent such suboptimal placement of side chains, librar-
ies of common side-chain rotamers such as SCWRL may be used (Canutescu, Shelenkov, and 
Dunbrack 2003).

7.5.4.6 Model Assessment
The quality of every 3D model must be assessed. Both Swiss-Model and MODELER, but also 
other modeling tools, provide energetic evidence for the quality of the model. Swiss-Model 
implements atomic nonlocal environment assessment (ANOLEA), a method that calculates 
the mean force potentials of the nonlocal environment of all atoms in a protein structure or 
model (Melo and Feytmans 1997). The nonlocal environment contains all heavy atoms within 
a sphere of 7 Å. Heavy atoms of the same chain that are more than 11 amino acids away from 
the atom under consideration, along with heavy atoms from different chains, are used for cal-
culating mean force potentials. Atoms that belong to closer sequence neighbors are considered 
local and thus are not used in calculations. Mean force potentials are pseudoenergy values that 
are calculated for all atom pairs in a nonlocal environment. They take into account the number 
of observations of each atom pair in a nonlocal environment and also the relative frequency 
of each atom pair with respect to all atom pairs. ANOLEA results can, among other things, be 
used to identify errors in the target-to-template alignment.

What-Check was originally programmed to assess experimentally determined protein 
structures, but it can also be used for models (Hooft et al. 1996). What-Check analyzes and 
calculates numerous parameters of a 3D structure, such as amino acid nomenclature, bond 
lengths and angles, bumps, amino acid packing, and many others. Although What-Check is 
overcritical when applied to models instead of experimental protein structures, the provided 
information is still valuable for the modeling scientist.
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Verify3D (Bowie, Luthy, and Eisenberg 1991; Luthy, Bowie, and Eisenberg 1992) is a Web 
server that was originally designed to refine X-ray structures before submission to the PDB 
(Berman et al. 2000). Like What-Check, it can also be applied to model structures. Verify3D 
analyzes how well a 3D model represents its protein sequence (1D structure). Depending on its 
location and environment (such as secondary structure element, amino acid type), each resi-
due is assigned a structural class. A score is calculated for every amino acid in this structural 
class, with a database of good-quality structures used as a reference. PROCHECK analyzes the 
stereochemistry and local geometry of amino acid residues in a protein structure (Laskowski 
et al. 1996). ProSA-web (Wiederstein and Sippl 2007) is an interactive Web server that identi-
fies errors in 3D structures and models using the ProSA (Protein Structural Analysis) algo-
rithm (Sippl 1993). ProSA also calculates a mean force potential using Cα-atoms as a base. This 
allows ProSA to be applied to low-resolution models where at least a Cα-trace exists.

7.6 BIOaCTIVITY TesTING

7.6.1 NeUROmUsCULaR TaRGeTs

Neuromuscular transmission is a complex process that underlies locomotion and the mechan-
ics of physiological respiration in vertebrates. Thus, it is not surprising that many venom com-
ponents target a wide range of the receptors, channels, and enzymes critically involved in this 
process. In order to cause paralysis in the prey, toxins can, for example, act presynaptically or 
postsynaptically by interfering with voltage- or ligand-gated ion channels and enzymes such as 
acetylcholinesterase (see color plate 2). Because of the complexity of the process, different and 
complementary techniques must be used to fully explore the mechanisms of neurotoxic action. 
Isolated nerve-muscle preparations, in particular the chick biventer nerve-muscle preparation, 
are useful as initial screening assays for the examination of neurotoxic effects because of the 
simplicity of their preparation and the large amounts of information they can provide. More 
precise information regarding molecular targets can be gleaned from electrophysiological or 
high-throughput assays on cells expressing specific ion channels or receptors.

7.6.1.1 Organ Bath Assays
Organ baths have been employed by physiologists and pharmacologists for more than 100 years 
and are considered to be the classical preparation for the tissue-level assessment of agonist or 
antagonist activity. This technique, applied to nerve-muscle preparations, has played a pivotal 
role in studying the neuromuscular activity of animal venoms, particularly those from snakes. 
Tissues from rodents, chickens, and toads have been used for this purpose, with the chick 
biventer cervicis nerve-muscle preparation being formalized as the standard method of assess-
ing neurotoxicity of snake venoms in 1994, following a WHO-commissioned study (Harvey 
et al. 1994). Such preparations are extremely useful for the initial characterization of crude 
venoms or isolated toxins and determining the pre- or postsynaptic nature of their paralytic 
activity (Hodgson and Wickramaratna 2002; Fry et al. 2003a; Ali et al. 2013b). The use of other, 
nonneuromuscular tissue preparations (such as ileum, vas deferens, and uterine horn) to study 
venom bioactivity is discussed in section 7.6.2).
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7.6.1.1.1 Setting Up the Tissue in the Organ Bath

When using isolated tissues, it is important that the integrity of the preparation is maintained 
and that optimal physiological conditions are provided in order to maximize the longevity 
of the tissue and the repeatability of the experiment. An organ bath consists of a chamber 
of defined volume encased in a temperature-controlled water jacket. It contains a separate 
coil system for preheating the buffer in order to keep all solutions in contact with the tissue 
at appropriate physiological temperatures. The organ bath and its reservoir are filled with a 
physiological saline solution (such as Krebs’, Tyrode’s, Ringer’s solutions) appropriate to the 
tissue being used. The organ bath is continuously bubbled with carbogen (95% O2, 5% CO2), 
which oxygenates the tissue, maintains buffering, and assists in mixing of test compounds.

Following dissection of the desired tissue for study, the appropriate section is suspended 
within the organ bath chamber. In the case of the chick biventer cervicis muscle, the entire 
muscle, with the intact nerve running along the tendon, is mounted in the bath. Tissues such 
as guinea pig ileum can be cut to a length suitable to the size of the organ bath being used. One 
end of the tissue is anchored by a thread to a tissue holder near the bottom of the chamber, and 
the other end is anchored by a thread to a calibrated isometric force transducer. The analog 
signal is digitized using an A/D converter (such as PowerLab), and the data are visualized, 
recorded, and analyzed using appropriate software (such as LabChart). The tissue is placed 
under a small amount of tension and equilibrated until the desired resting tension is stable. 
Subsequent contractions of the tissue can then be measured. In order to study neuromus-
cular activity, the nerve/tissue needs to be electrically stimulated. Thus, during the setup of 
nerve-muscle preparations, the nerve is placed in contact with an electrode that is connected 
to a stimulator capable of delivering a defined intensity and frequency of electrical pulses (such 
as a Grass S44 or S88 unit).

7.6.1.1.2 Testing of Venom or Other Compounds

Prior to the addition of a venom sample, the viability of the tissue should be established using 
an appropriate agonist and, if required, electrical stimulation. For example, in the chick biven-
ter nerve-muscle preparation, a supramaximal stimulation voltage is determined that results 
in stable twitch responses. Subsequently, in the absence of electrical stimulation, acetylcholine 
is added to elicit a contraction. It is very important that if contracture is observed, sufficient 
time is allowed to determine if the effect has reached a plateau (usually within one minute). 
The agonist is removed from the tissue by draining and refilling the chamber with buffer a 
minimum of three times, thus “washing” the tissue. If done with care, this will preserve tissue 
integrity, which will be reflected in reproducible responses.

Venom or pure toxin is added to the organ bath chamber via a pipette, by positioning 
the pipette tip just below the fluid surface and slowly administering to the bath. Care must 
be taken to avoid disturbing the string connecting the tissue to the transducer. The bubbling 
of carbogen is sufficient to quickly and uniformly mix the venom and the physiological solu-
tion to assist in ensuring rapid equilibrium between the venom and receptor population being 
studied. The volume of venom or toxin added to the bath should be as small as possible, as 
changes in osmolality can affect tissue behavior. Thus, controls using the same total volume 
of vehicle in which the venom sample is diluted are used to identify artifacts, especially when 
performing cumulative concentration-response curves.
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7.6.1.1.3 Chick Biventer Cervicis Organ Bath Assay

Since its introduction in 1960 (Ginsborg and Warriner 1960), the isolated chick biventer cer-
vicis nerve-muscle preparation has become a valuable tool to study neurotransmission at the 
skeletal neuromuscular junction. It has been frequently used in toxinological research to test 
for neurotoxic activity of whole venoms or isolated venom components in vertebrates (see 
figure 7.5). The chick biventer cervicis muscle contains the fast-twitch, focally innervated 
alpha fast-twitch fibers and the two types of slow-tonic, multi-innervated beta fibers, with 
the fast-twitch alpha fibers making up the vast majority (70%–80%) (Toutant, Rouaud, and 
Douarin 1981).

Studies using snake venoms or toxins account for more than half of all publications using 
the chick biventer cervicis nerve-muscle assay. This can be partially explained by the large 
venom yields of snakes, which are therefore usually not a limiting factor for the assay (see list 
of limitations below). Another reason for snake venom researchers to choose this assay is the 
fact that snakes mainly target vertebrate prey, and the chick biventer nerve-muscle assay has 
advantages over other similar vertebrate assays when it comes to seeking ethical approval.

This assay has several advantages that account for its increasing popularity, as follows:

•	 Quick	 and	 easy	 dissection	 of	 the	 superficially	 located	muscle	 and	 associated	 tendon	
which includes somatic nerve.

•	 Two	muscles	present	per	chick,	enabling	reduction	in	the	number	of	animals	used	and	
allowing for “within animal” match control tissues.

•	 Pre-	and	postsynaptic	effects	can	be	discriminated.

51.3% Snake
Applications of the

chick biventer assay

Venoms and toxins

32.1% Other

0.4% Cyanobacteria
0.4% Conus

1.5% Anura
1.1% Jelly�sh

2.3% Fish

5.3% Spider

5.7% Scorpion

FIGURE 7.5: approximately two-thirds of all chick biventer assays were used to study the effects 
of venoms or toxins from a range of sources, whereas most of the remaining studies aimed more 
generally at understanding muscle function or to evaluate the effect of small-molecule drugs on 
muscle function. Data are based on 265 publications resulting from entering the search term “chick 
biventer” in pubmed (www.ncbi.nlm.nih.gov/pubmed, data extraction on January 1, 2014.



Research methods  189

•	 Both	direct	 (direct	depolarization	of	 the	muscle	fibers,	 bypassing	 the	neuromuscular	
junction) and indirect (via stimulation of the motor nerve, thereby incorporating neu-
romuscular transmission) stimulation of the muscle are possible.

•	 Provides	information	on	changes	in	both	baseline	muscle	tension	and	twitch	height.
•	 Increase	in	baseline	tension	and	inhibition	is	indicative	of	myotoxic	activity	(Kuruppu	

et al. 2007).
•	 Ethical	benefit	of	using	surplus	male	chickens	from	commercial	chicken	breeders.

The chick biventer cervicis nerve-muscle assay has been previously used for the char-
acterization of a number of snake toxins (see Fry et  al. 2003a; Wickramaratna et  al. 2003; 
Lumsden et al. 2004a; Lumsden et al. 2004b; Wickramaratna et al. 2004; Lumsden et al. 2005; 
Blacklow, Escoubas, and Nicholson 2010; Blacklow et al. 2011; Marcon et al. 2012; Brust et al. 
2013; Herzig et al. 2013; Marcon et al. 2013). The first step, after the muscle has been set up in 
the organ bath, is to confirm whether any observed muscle contraction is caused by electrical 
stimulation of the nerve or the muscle. To achieve this, a few minutes of electrically induced 
muscle twitches are recorded before adding d-tubocurarine (dTC), a competitive antagonist 
at postsynaptic nicotinic acetylcholine receptors (nAChR), to the bath solution. If dTC is able 
to completely abolish electrically induced twitches, it can be concluded that the twitches were 
mediated by stimulation of the nerve (i.e. indirect stimulation) and subsequent acetylcholine 
(ACh) release at the neuromuscular junction. In the majority of chick biventer assays, indirect 
stimulation is used.

After washing off the dTC and waiting until the twitches have returned to their initial levels, 
the next step is to measure the contraction response of the muscle to exogenous ACh, carbachol, 
and KCl in the absence of electrical stimulation. The muscle response to the same agents is again 
tested at the conclusion of the experiment (after testing the venoms or toxins), and based on the 
comparison of the responses before and after the experiment, a conclusion on the mode of action 
of the active toxin can be drawn. A toxin that acts postsynaptically on nAChR should result in a 
decreased muscle response to the nAChR agonists ACh and carbachol, whereas presynaptically 
acting toxins leave these responses unaltered. KCl induces membrane depolarization of the mus-
cle that is independent of both pre- and postsynaptically acting toxins, and its response should be 
same before and after the experiment. Response to KCl is therefore an indicator of how “healthy” 
the muscle is at the conclusion of the experiment as myotoxins (in contast to toxins interfering 
with excitation-coupling) will cause a decrease in response to the application of KCl.

The myotoxic effects of venom or toxin can be examined using direct stimulation of 
the biventer cervicis muscle (see figure 7.6). Muscles are directly stimulated using elec-
trodes and contractions elicited using higher voltages and a longer duration of stimula-
tion (as compared to indirect stimulation assays). Muscle contractions caused by any 
nerve-evoked release of ACh are blocked by the addition of 10  µM d-tubocurarine. 
Venoms or toxins are considered to be myotoxic if they inhibit twitches elicited by direct 
stimulation and/or cause an increase in baseline muscle tension (Harvey et  al. 1994). 
Furthermore, an absence of response to exogenous KCl following addition of the toxin 
will be observed. Therefore, a decreased response to all three exogenous agonists fol-
lowing addition of the toxin should be seen. An example of this is a study in which the 
venom of a Naja naja from the Sindh desert in Pakistan notably exhibited the classical 
signs of in vitro myotoxicity:  a significant increase in baseline muscle tension in addi-
tion to a decreased response to exogenous KCl (Ali et  al. 2013b) (see  figure  7.6). It must  



190  VeNOmOUs RepTILes aND TheIR TOxINs

be noted that confirmation of such results requires histological examination of the tested 
tissue (see section 7.8.1).

Limitations of this assay are as follows:

•	 Taxon	specificity—the	relative	potency	of	venoms/toxins	may	be	different	between	avian	
and mammalian tissues (Pawlak et al. 2006), and thus the more difficult mammalian 
preparation must also be undertaken in order to investigate the functional evolution of 
neurotoxins in relation to the diet of venomous organisms.

•	 Determination	of	some	molecular	targets	is	not	efficiently	accomplished	with	the	chick	
biventer cervicis nerve-muscle preparation; other techniques such as electrophysiologi-
cal or neurochemical assays may be required.

•	 Not	high-throughput,	although	multiple	organ	baths	can	be	run	in	parallel	if	available.
•	 Organ	bath	volume	could	be	a	limiting	factor	for	venoms	or	toxins	that	are	only	available	

in small amounts.

7.6.1.2 High-Throughput Methods
In recent years, high-throughput methods traditionally reserved for the screening of exten-
sive small-molecule-compound libraries have been adapted for pharmacological profiling and 
activity-guided isolation of toxins and venom peptides across a range of ion channels and 
receptors. The advantage of such approaches over more traditional in vivo or ex vivo approaches 
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Research methods  191

lies in the ability to rapidly screen the specific action of crude venoms, partially purified ven-
oms or isolated venom components, on pharmacological targets of interest.

High-throughput fluorescence assays are particularly well suited for the measurement of 
ion-channel activity based on the availability of a range of fluorescent dyes able to detect intra-
cellular ions such as calcium (Ca2+) (such as Fluo-4, Fura-2, Calcium Green), sodium (Na+) 
(such as SBFI, CoroNa Green, Sodium Green), potassium (K+) (such as PBFI), and chloride (Cl-)  
(such as SPQ) (Johnson and Spence 2010). In addition, fluorescence detection of membrane 
potential or voltage-sensitive dyes can be used to monitor changes in membrane potential. 
These latter assays are particularly useful for ion channels that are impermeable to Ca2+, as 
the relatively small-concentration gradient of ions such as Na+ or K+ across the cell membrane 
often leads to a small signal when using fluorescent Na+ or K+ dyes, but changes in membrane 
potential are still detectable.

Because of the large Ca2+ gradient across cell membranes and the superior spectropho-
tometric properties of Ca2+ dyes (Vetter 2012), high-throughput Ca2+ assays are particularly 
useful for isolating, identifying, and characterizing venom components with activity at a range 
of voltage- and ligand-gated ion channels (such as TRP channels, nAChRs, or Cav2.2) and 
G protein-coupled receptors (Vetter and Lewis 2010; Vetter 2012; Sousa et al. 2013). Indeed, 
the utility of Ca2+ assays can even extend to ion channels not generally permeable to Ca2+. 
Functional coupling of Nav to Cav endogenously expressed in the human neuroblastoma cell 
line SH-SY5Y has been exploited to generate a Nav1.7 assay in which membrane depolarization 
by the Nav1.7-selective scorpion toxin OD1 elicits a downstream increase in intracellular Ca2+. 
This assay, which has yet to be used in the investigation of reptile toxins, thus benefits from the 
superior signal-to-noise inherent to Ca2+ assays (Vetter et al. 2012).

Although a range of high-throughput platforms, including Cell Lux (Perkin Elmer) and 
FDSS 6000 (Hamamatsu), are available, the FLIPRTETRA (Molecular Devices) platform is 
generally considered the industry standard high-throughput fluorescent plate reader. This 
platform is based on sophisticated integrated liquid handling and use of the EMCCD or 
ICCD cooled charge-coupled device (CCD) camera for fluorescence and/or luminescence 
detection. The camera can acquire kinetic data from 96, 384 or 1534 wells simultaneously 
(Vetter 2012).

Now in its fourth generation, the FLIPRTETRA incorporates high-precision user-exchangeable 
pipettor heads that simultaneously dispense test compounds, agonists, or antagonists to all 
wells of the cell plate. This allows fluorescent readings to be taken both before and after com-
pound addition and simultaneous detection of agonists or antagonists in a single experiment. 
Such functional information can provide important insights into the molecular identity of 
the primary pharmacological target of the venom component. In addition, high-throughput 
FLIPR assays often negate problems associated with conventional imaging that arise from 
uneven dye loading, extrusion, intracellular compartmentalization, or photobleaching, as 
loading and imaging conditions are constant across all wells. Thus, FLIPR assays benefit from 
relatively high assay sensitivity, accuracy, robustness, and reproducibility, defined by a high 
Z’ score (Zhang, Chung, and Oldenburg 1999; Vetter 2012; Sousa et  al. 2013). In addition, 
high-throughput fluorescence assays are inherently amenable using small amounts of material, 
which is of particular benefit for assay-guided isolation of components from venom samples 
that are only available in limited quantities.

Activity of crude venoms at specific pharmacological targets can be assessed with as little 
as 1–10 μg of venom per well in 384-well format. Typically, a two-addition protocol consist-
ing of addition of crude venom, venom fractions, or toxins, followed by stimulation of the 
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target of interest with a known pharmacological activator (see figure 7.7), is most informative 
and can aid in verifying or delineating toxin pharmacology. Specifically, as functional kinetic 
responses are measured, it is possible to characterize the effect of full or partial agonists and of 
competitive and noncompetitive antagonists on a range of targets. In addition, for venom com-
ponents with agonistic activity, a second stimulation with a known pharmacological activator 
can identify heterologous desensitization, which can provide information on activation mech-
anisms. Unfortunately, interpretation of these responses can be difficult, because plate-based 
fluorescence assays operate via successive additions of compounds, without the opportunity to 
remove or wash off previous stimulants.

Many venoms contain salts, small molecules, or neurotransmitters which can elicit non-
specific effects or false positive responses or otherwise obscure activity at the target of interest. 
Thus, for crude venoms that elicit addition responses, separation of venom components using 
RP-HPLC is generally needed before detailed assessment of pharmacological activity is pos-
sible. Similarly, separation of venom components is also necessary for successive rounds of bio-
activity screening and activity-guided purification. This generally requires removal of organic 
solvents used in purification steps such as methanol and acetonitrile, as most fluorescence 
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assays can only tolerate small amounts of mobile phase. The additional handling steps arising 
from lyophilization and subsequent reconstitution of venom fractions in suitable assay buffers 
eliminate some of the inherent advantages of plate-based assays, in particular the ability to 
screen very large numbers of venom components. An additional drawback is that assays which 
are designed to assess pharmacological activity at a specific molecular target, are inherently ill 
suited for the delineation of unknown activity or the identification of novel molecular targets.

To assess such activity, more traditional assays, including organ bath, nerve conduction, 
or in vivo studies, can provide immediate insight into the physiological consequences, and 
thus the likely mechanisms of action, caused by venoms or venom components. Nonetheless, 
FLIPR assays have the potential to dramatically increase the rate of discovery of novel bioac-
tive venom components and can significantly accelerate the detailed pharmacological charac-
terization of known toxins.

7.6.1.3 Electrophysiological Methods
The molecular target of a venom component may be analyzed using a variety of electrophysi-
ological techniques. A classic one uses intracellular microelectrode recording of nerve-evoked 
end-plate potentials and spontaneous synaptic potentials. This technique has long been use-
ful in identifying the postsynaptic actions of snake α-neurotoxins on muscle and ganglionic 
nAChRs and the effects of presynaptic PLA2 neurotoxins (see  chapters  20 and 21)  on neu-
rotransmitter release (Datyner and Gage 1973; Wilson et al. 1995a; Hodgson, Dal Belo, and 
Rowan 2007). However, more recent electrophysiological studies have used novel approaches 
to determine the target and mode of action of snake toxins on ionic currents mediated via 
a variety of voltage-gated (such as cyclic-nucleotide gated, KV, KCa, and CaV channels) and 
ligand-gated ion channels (acid-sensing ion channel and various nAChR subtypes) (Wu, 
Wang, and Shi 2002; Takacs, Wilhelmsen, and Sorota 2004; Wang et al. 2005b; Zhang et al. 
2009; Bohlen et al. 2011; Diochot et al. 2012; Peigneur et al. 2012).

7.6.1.3.1 Voltage-Clamp Method

The voltage-clamp method can measure the ionic current flowing through the ion chan-
nels spanning the cell membrane. Voltage clamping can be achieved with either a single 
electrode (patch clamp) or two microelectrodes (two-electrode voltage clamp, TEVC). In 
these experiments, the membrane potential is fixed (“clamped”) at a predetermined value 
by injecting current into the cell through the electrodes. The amount of current required to 
maintain the membrane potential is equivalent to the current passing through the ion chan-
nels and is recorded with high temporal resolution, which allows for the separation of these 
currents from capacitive currents that activate when the membrane potential changes. The 
voltage-clamp technique is the leading method for the study of the voltage dependence of 
channel opening and closing (“gating”) in response to changes in membrane potential, such 
as activation of CaV channels by depolarizing test potentials (Zhang et al. 2009), or the tran-
sient application of neurotransmitters, such as ACh (Takacs, Wilhelmsen, and Sorota 2004), 
and neuromodulators, such as H+ for acid-sensing ion channels (Diochot et al. 2012). The 
voltage-clamp technique may also determine state-dependent or voltage-dependent binding 
of toxins that may lead to use-dependent effects as seen with other animal toxins (Yamaji 
et al. 2009).
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7.6.1.3.2 Patch-Clamp Technique

The patch-clamp method for voltage clamping of excitable cells was developed and refined in 
the 1970s and ’80s by Neher and Sakmann, earning them the 1991 Nobel Prize in Physiology 
or Medicine (Hamill et al. 1981). Its success lies in the use of a single blunt electrode (patch 
pipette) to first establish a high-resistance seal (> 10 GΩ) with the cell membrane and subse-
quently to measure membrane potential and inject current into the cell. This technique is now 
widely used to examine ionic currents flowing through single ion channels or the ensemble 
“whole-cell” current from all ion channels in small cells. The latter configuration is the most 
popular and the only one enabling measurement of action potentials using current-clamp pro-
tocols (Yamaji et al. 2009). However, various other “inside-out” or “outside-out” configura-
tions allow the measurement of single-ion-channel gating and kinetics (see figure 7.8).

Patch pipettes are usually pulled from borosilicate glass capillary tubes (Rae and Levis 
1992). This type of glass provides a good compromise between electrical noise level (related to 
its dielectric constant) and ease of pipette fabrication in relation to its low softening tempera-
ture. Thick-walled tubing is preferable for single-channel recordings, because it has a lower 
noise level, while thin-walled tubing is preferred for whole-cell recordings because of its lower 
access resistance. To minimize access resistance, the pipette is made as short as possible, with a 
tip of 1–2 µm after fire-polishing (see below). Sylgard silicone elastomer can also be used to coat 
the electrode in order to reduce the pipette capacitance, a key source of noise in single-channel 
recordings (Labarca, Lindstrom, and Montal 1984). The hydrophobic properties and high resis-
tivity of Sylgard prevent the spread of solution up the outer surface of the electrode and create 
the same benefits as those of thicker-walled glass. Fire-polishing, using commercially available 
microforges, can also be used to smooth the surface of the tip and help burn off excess Sylgard 
or dust particles on the tip. For successful formation of a GΩ seal, filtering both internal and 
external solutions through a 0.22–0.45 µm filter can minimize the presence of particulates and 
other contaminants that may impede seal formation.

The most popular approach to isolating a specific voltage-gated ionic current is to employ 
one or more of the following procedures: (i) block other ion-channel currents using specific 
inorganic or organic channel blockers (such as tetrodotoxin to block NaV channels), (ii) elimi-
nate ions that carry unwanted channel currents by replacement with nonpermeant ions (such 
as replacement of Na+ with choline to eliminate NaV channel currents), (iii) use of ions to buffer 
intracellular calcium (such as F–), and/or (iv) use of voltage protocols that inactivate unwanted 
currents or only activate the current to be investigated (such as depolarizing prepulses to inacti-
vate “A-type” KV channel currents). Occasionally, the channel type under investigation cannot 
be recorded in isolation without contamination by the current of another channel type because 
of the absence of selective blockers. In these situations, an alternative “current-subtraction” 
approach must be employed, in which macroscopic currents are first recorded followed by 
the selective blocking of the target channel. The residual current recordings are then digitally 
removed offline from the macroscopic current recordings to isolate the target channel currents 
(Gunning et al. 2008).

The composition of the internal and external solutions must be carefully considered, espe-
cially in whole-cell and outside-out patch configurations. This is because the internal pipette 
solution dialyzes with the intracellular compartment of the cell, and intracellular components 
can diffuse from the cell into the patch pipette. This can quickly lead to the phenomenon of 
current “rundown” caused by dephosphorylation of the channel as the result of dilution of a 
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the “cell-attached” patch configuration. The cell-attached configuration allows measurement 
from single ion channels located within the area of the tip of the recording pipette. (C) application 
of stronger negative pressure or a short-duration, high-voltage pulse to the pipette ruptures the 
patch of membrane inside the tip of the electrode and creates the “whole-cell” configuration. In this 
configuration, the inside of the patch pipette is in direct contact with the intracellular compartment 
of the cell. (D) The “inside-out” patch is formed by quickly withdrawing the patch pipette from the 
cell after creating the cell-attached patch. The patch of membrane can be torn from the cell while 
maintaining a giga-Ohm seal. (e) The “outside-out” patch configuration is formed by very slowly 
withdrawing the pipette from the cell in the whole-cell configuration. a small patch of membrane 
separates from the cell after the tip has been pulled away from the cell by 50–200 µm, which then 
seals, as depicted, and forms a patch on the tip of the pipette. In all four cases, a giga-Ohm seal is 
formed between the patch pipette and the cell membrane.
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secondary messenger. Current rundown can be slowed by use of higher-resistance pipettes 
(the narrower-diameter tip slows the rate of diffusion) or even reversed by adding ATP-Mg2+ 
or cAMP to the internal pipette solution (McDonald et al. 1994). The pipette solution should 
also be isosmotic with the external bath solution to prevent the membrane from bursting or 
deforming because of differences in osmotic pressure. Some researchers make the pipette solu-
tion hyposmotic (~10%), claiming that it improves the stability of whole-cell recordings. The 
liquid junction potential between the internal pipette and external bath solutions also needs 
to be taken into consideration. This arises because of the varying mobility of ions in solution. 
This potential is typically offset on the patch-clamp amplifier when the pipette is in the bath 
solution but will disappear when the whole-cell or outside-out configuration is achieved as the 
pipette solution equilibrates with the intracellular environment. This must be compensated for 
if an accurate voltage clamp is to be achieved. Fortunately, the liquid junction potential is eas-
ily determined for internal pipette and external bath solution combinations using the JPCalc 
software package (Barry 1994).

Many types of cells are amenable to patch clamping. These include primary cells 
obtained by tissue dissociation following enzyme treatment and used either immediately 
or maintained in primary cell culture (such as DRG, trigeminal, spinal or hippocampal 
neurons, chromaffin cells, and skeletal muscle fibers). Other cells include immortal cell 
lines expressing the desired ion channel (such as SH-SY5Y, N18, and A7R5). The primary 
issue associated with these nontransfected cells is the need to eliminate currents carried by 
voltage-gated ion channels not under investigation. This may be a difficult proposition given 
the numerous ion-channel subtypes, overlapping selectivity of ion-channel blockers, and 
similar activation potentials. A more appealing option is to express the ion-channel protein 
in cells deficient in other ion channels by transiently or stably transfecting the DNA encod-
ing the ion channel protein into mammalian somatic cells (such as HEK293, CHO-K1, CV 
1, COS-1, or COS-7 cells). In transient transfection, the DNA is taken up by the cell using 
calcium-phosphate-mediated, electroporation, or liposome-mediated transfection. The 
DNA will enter the nucleus and persist episomally for a few days. Stably transfected cells, in 
which the DNA encoding the ion channel is covalently integrated into the DNA of the cell, 
causing the channel to be permanently expressed, are ideal for longer-term, more in-depth 
studies of a single ion-channel target.

Caveats for patch-clamp experiments are as follows:

•	 The	whole-cell	technique	is	limited,	in	most	cases,	to	cells	that	are	small,	round,	clean	of	
debris, and lacking branched processes. This is because of the necessity of control volt-
age over the entire cell surface using a single electrode (space-clamp problems lead to 
inadequate voltage clamp).

•	 Large	 cells,	 or	 cells	 with	 high	 channel	 densities,	 can	 generate	 large	 currents	 in	 the	
whole-cell configuration that can cause series resistance errors and saturate patch-clamp 
amplifiers (> 10–20 nA), necessitating a reduction in the driving force of the charge car-
rier by adjusting the concentration in either the external or internal solution.

•	 Institutional	 Animal	 Ethics	 Committee	 approval	 is	 required	 for	 primary-cell	 tissue	
harvesting.

•	 Acutely	dissociated	cells	are	likely	to	have	similar	levels	of	expression	of	ion	channels	
and receptors to those present in vivo. However, enzyme treatments involved in the 
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dissociation can affect ion-channel function (for example, pronase, papain, and trypsin 
all remove NaV channel inactivation if they access the intracellular compartment).

•	 It	can	be	difficult	to	identify	neuronal	cell	types	once	tissues	have	been	dissociated.
•	 Transient	transfection	often	leads	to	low	levels	of	expression	in	only	a	small	percentage	

of the cells (< 1%–50%) and for only a short time. This necessitates co-transfection of the 
channel with a reporter gene (such as green fluorescent protein, GFP) to assist in identi-
fying cells that have undergone successful transfection.

•	 The	creation	of	a	stably	transfected	cell	line	is	time-consuming	and	labor-intensive,	as	
cells have to be grown for several passages in selective medium, subcloned, screened 
for expression levels, and then maintained using standard tissue-culture techniques. 
However, some stably transfected cell lines are commercially available, albeit at consid-
erable cost and often with commercial IP limitations.

•	 Immortal	cell	lines	or	stably	transfected	cells	maintained	in	culture	for	long	periods	of	
time are likely to have altered levels of expression or express nonnative or mutant chan-
nels and receptors, particularly after many passages.

7.6.1.3.3 Two-Electrode Voltage-Clamp (TEVC) 
Technique with Xenopus Oocytes

TEVC is an alternative to the patch-clamp technique for studying effects of venoms toxins on 
voltage- and ligand-gated ion channels. In the TEVC variant of the voltage-clamp technique, 
two electrodes impale a cell, with one intracellular microelectrode measuring the cell mem-
brane potential (voltage electrode) and the second injecting current (current electrode). The 
separate current electrode allows for greater control of the membrane potential than patch 
clamping, especially if low-resistance blunt electrodes are used. Given the need to impale the 
cell with two electrodes, this method is mainly reserved for investigations using very large cells 
such as Xenopus oocytes (1–1.3 mm in diameter).

Xenopus oocytes, stage V or VI egg progenitor cells of the South African clawed frog 
Xenopus laevis, are commonly employed for heterologous expression and investigation of an 
extensive variety of receptors and ion channels. The first TEVC experiments to use Xenopus 
oocytes to investigate receptors were carried out in 1982 using mRNA encoding for nACh 
receptors (Miledi, Parker, and Sumikawa 1982). Prior to injection, oocytes are removed from 
adult female frogs and defolliculated by incubation with collagenase. Oocytes are then injected 
with either cDNA into the nucleus or complementary RNA (cRNA) into the cytoplasm, usu-
ally with a nano-injector (Goldin 1992; Bossi, Fabbrini, and Ceriotti 2007). Subsequently, they 
are incubated to allow transient widespread expression of the exogenous ion channel under 
relatively simple conditions. This typically occurs within one or two days and can last up to 
several weeks. Levels of expression can easily be adjusted by varying the amount of RNA or 
DNA injected.

One advantage of using Xenopus oocytes is that many ion channels and receptors are difficult 
to express in mammalian cells resulting in low (or no) expression. This occurs partly because the 
channels can desensitize, endocytose, or simply cause cell death from overactivation by com-
ponents within the culture media or sera (Boeckman and Aizenman 1996). The use of Xenopus 
oocytes as a transient expression system can minimize this problem, as the oocytes achieve 
high transfection levels following expression in a simple inorganic buffer (ND96 solution). 



198  VeNOmOUs RepTILes aND TheIR TOxINs

Additionally, oocytes are particularly useful when co-expression of several ion-channel subunits 
is required. This is significantly more difficult to achieve in mammalian cells. Therefore, oocytes 
are particularly well suited for TEVC because of their large diameter, relatively facile expression 
of ion channels and receptors, and relatively few endogenously expressed channels that might 
interfere with TEVC recordings (apart from calcium-activated chloride channels; Bowie and 
Smart 1993). Xenopus oocytes are also particularly hardy cells and can withstand impalement by 
comparatively blunt, low-resistance electrodes for injecting current. This enables large currents 
(> 1 µA) to be faithfully recorded without loss of voltage-clamp integrity.

In the context of studying the neuromuscular activity of reptile venoms, TEVC of 
Xenopus oocytes has been particularly useful in studying the potency, subtype selectivity, and 
structure-activity relationships of snake α-neurotoxins at nACh receptors. The system allows 
the isolated expression of a series of ion-channel or receptor subtypes or site-directed mutants 
on the proteins and a simple method of measuring the activity of toxins at these receptors. This 
can be applied to the in-depth characterization of known toxins as illustrated by early work 
in this field determining the subtype-dependent activity of α-bungarotoxin (Couturier et al. 
1990; Luetje et al. 1990).

More recently, the utility of the TEVC oocyte assay as a discovery platform for novel toxins 
was highlighted by the identification of the analgesic ASIC1 antagonists, Mambalgin 1 and 2, 
from the venom of Dendroaspis polylepis polylepis. The activity and responsible molecule were 
identified, isolated, and characterized using TEVC of Xenopus oocytes expressing acid-sensing 
ion channel 1a and other subtypes (Diochot et al. 2012). A subsequent study that reported the 
synthesis and 3D structure of Mambalgin 2 also employed TEVC of Xenopus oocytes express-
ing a site-directed mutant of ASIC1a (F350A) to identify the binding site of this novel family of 
three-finger toxins (Schroeder et al. 2014).

Caveats for Xenopus oocytes experiments are as follows:

•	 Institutional	Animal	Ethics	Committee	approval	is	required	for	long-term	maintenance	
of and surgery on Xenopus frogs.

•	 The	large	size	of	the	Xenopus oocyte requires constant perfusion, with requiring larger 
volumes of toxins during application. This necessitates larger supplies of toxins than 
patch-clamp experiments.

•	 Unlike	mammalian	cells,	practically	every	oocyte	that	is	injected	will	express	the	exog-
enous channel (Grinevich et al. 2005). However, Xenopus oocytes are prone to exhibit-
ing batch-to-batch variations in viability and expression levels often related to seasonal 
variations (Stühmer and Parekh 1995). As with all transient transfection techniques, it 
is a relatively robust approach but is highly dependent on the condition of the cells and 
quality of the RNA/DNA.

•	 There	are	altered	biophysical	characteristics	and	ligand-binding	affinities	for	some	chan-
nels in Xenopus oocytes compared with mammalian cells because of differences in the 
cell membrane, different posttranslational modifications (Stühmer and Parekh 1995), or 
ion-channel subunit stoichiometry, such as differing α4 and β2 nAChR subunit ratios 
between Xenopus and mammalian cells (Nelson et al. 2003).

•	 Lipophilic	compounds	can	bind	nonspecifically	to	the	yolk	and	vitelline	membrane	of	
the oocyte. This can lead to a rightward shift in the concentration-response curve and 
widely disparate IC50 values between oocytes expressing a mammalian ion channel and 
patched mammalian cells (Kiehn et al. 1996).
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•	 Endogenous	calcium-dependent	chloride	channels	in	Xenopus oocytes can cause prob-
lems in the study of current-voltage relationships or ionic selectivity of other ion chan-
nels (Dascal 1987).

In summary, the above electrophysiological methods, particularly patch clamping, can 
provide extremely detailed information concerning the effects of toxins on ion-channel gat-
ing and kinetics, pharmacology, and desensitization, all with ultrahigh (µs, pA) resolution. 
Accordingly, manual patch clamping of single cells represents the gold standard in electro-
physiology. However, these methods are very time-consuming and require a high level of user 
skill and knowledge to yield good-quality data. Typically, only a handful of ligands can be 
studied on one cell and only one ion channel subtype at a time, with substantial user input. 
Automated TEVC and patch-clamp systems have gone some way to alleviate some of these 
concerns; however, both platforms are viewed as less desirable than high-throughput indirect 
methodologies such as fluorescence-based cellular assays (such as FLIPR) and cellular efflux 
assays (such as Rb+) when a large number of compounds, such as large chemical libraries, need 
to be screened (for a review, see Gonzalez et al. 1999). They are thus considered better suited 
as methods for providing detailed functional information at the “hit” validation stage of drug 
screening, for screening of more focused compound libraries, for drug safety screening against 
voltage-gated ion channels (such as hERG channels), or when targets are not compatible with 
fluorescence-based or efflux assays.

The development of the planar-array patch-clamp electrophysiology technique overcame 
many of the drawbacks inherent in manual or automated patch clamping (Fertig, Blick, and 
Behrends 2002). Since then, a range of dedicated medium- to high-throughput commercial 
platforms have been developed, including CytoPatch (Cytocentrics), IonFlux HT (Fluxion), 
IonWorks HT/Quattro and Barracuda (Molecular Devices), PatchXpress (Molecular Devices), 
PatchLiner and SynchroPatch 96/384PE (Nanion Technologies), and Qpatch HT/HTX 
(Sophion Bioscience) (for a review, see Farre and Fertig 2012). The details vary in each system, 
but essentially planar-array patch clamping employs a single-use 16- to 384-well disposable 
plate system. A vacuum is used to place cells on top of micron-sized holes at the base of each 
well of a multiwell planar patch plate made of silicon rubber, glass, plastic, or silicon oxide/
nitride substrate. In some cases, the population patch-clamp method is also used (Finkel et al. 
2006). In this approach, recording wells are perforated with multiple holes such that record-
ings are made from 64 cells at a time within each well. This reduces the intercell current vari-
ability observed with single-hole-per-well formats. Some platforms then apply further suction 
to rupture the membrane patch covering the aperture and create a high-resistance seal (up to 
1 GΩ) between the cell and the edges of the holes. With other platforms, a solution containing 
a pore-forming agent (such as amphotericin-B) is perfused under the hole, allowing access to 
the intracellular compartment. This “perforated patch” voltage-clamp configuration is similar 
to the standard whole-cell configuration using glass pipettes but prevents many of the intracel-
lular components controlling channel modulation from dialyzing out of the cell.

Rather than manipulating a glass pipette onto a single cell, cells are pulled onto the holes 
in each plate to form seals. As a result, the whole method of patch clamping is far simpler and 
massively more parallel, decreasing the amount of time and the skills required to perform the 
assay. At this stage, however, automated planar patch-clamp platforms are typically expen-
sive devices mainly available only to pharmaceutical companies or high-throughput screening 
laboratories.
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7.6.2 smOOTh-mUsCLe ORGaN BaTh pRepaRaTIONs

In contrast to the chick biventer assay, which is used to assess the neurotoxic effects of venoms, 
the smooth-muscle configuration of the organ bath allows for the study of direct action of 
venom components on smooth muscle itself (Ruder et al. 2013a). Most of the targets of inter-
est are G-protein coupled receptors (GPCR), and their activation by venom may lead to tissue 
contraction or relaxation within the organ bath, quantitated as a change in smooth-muscle 
tension. The concentration-dependent relationship between venom and tissue behavior pro-
vides evidence of some specificity of action and a potential means to begin the process of 
understanding receptor affinity. As in the in vivo condition, excessive concentrations of any 
compound may lead to collateral nonspecific effects mediated by other receptors and even pos-
sible perturbation of membrane phospholipids, the effects of which may be harder to reverse 
once the test compound is removed.

The advantages of using this technique on smooth-muscle tissue with an accessible lumen, 
such as ileum, uterus, and vas deferens, are as follows:

•	 Depending	on	the	preparation,	several	tissue	pieces	(4–10)	can	be	obtained	from	a	single	
animal.

•	 Potencies	(such	as	EC50 values) and effects of inhibitors (IC50 values) can be determined 
on the whole-tissue level by measuring the contraction or relaxation of the tissue.

•	 Functional	GPCRs	such	as	muscarinic	and	adrenergic	receptor	subtypes	are	present	in	
ileal tissue, as are histaminergic receptors within guinea pig ileum and oxytocin recep-
tors within rat uterus.

•	 Tissues	are	generally	very	hardy	in	the	organ	baths	and	can	last	more	than	six	hours,	
allowing for the effective generation of behaviors across a range of concentrations if 
desired.

•	 If	compounds	to	be	tested	are	available	in	short	supply,	the	volume	of	the	organ	bath	can	
be adjusted, or smaller organ baths can be designed or obtained.

While there are numerous advantages to this technique, there are disadvantages, some of 
which have already been mentioned. These include the following:

•	 If	response	is	a	result	of	effects	on	GPCRs,	they	obviously	must	be	present	in	the	chosen	
tissue for the assay to work. For many tissues, especially nonmammalian ones, specific 
receptor populations present may not be known.

•	 Receptor	populations	may	not	be	expressed	uniformly	in	a	smooth-muscle	preparation.
•	 There	may	be	damage	to	tissue	during	the	dissection	and	hanging	process,	which	may	

affect results. Generally, normalization of data removes this factor.
•	 Receptor	populations	may,	in	some	cases,	vary	in	size	as	a	function	of	developmental age.
•	 The	size	of	tissue	used	may	require	a	significant	volume	of	buffer,	which	may	also	require	

large amounts of venom to reach a desired concentration. If the venom is hard to obtain 
or in scarce supply, careful thought should be given to minimizing venom use.

Regardless, measurement of whole-venom effects on smooth-muscle contractile behav-
ior in tissue organ baths can serve as a powerful screening tool to identify potential mecha-
nisms of action by which the venom exerts its effects on prey species. An example of this is the 
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characterization of natriuretic peptides via their action on aortic smooth muscle, followed by 
screening on cells overexpressing the receptor of interest (Schweitz, Bidard, and Lazdunski 
1990; Li et al. 2001; Joseph et al. 2004; Lumsden et al. 2004b; Fry et al. 2005; Lumsden et al. 
2005; Chaisakul et al. 2012; Chaisakul et al. 2013).

7.6.3 TesTING FOR OTheR paThOLOGICaL eFFeCTs

The majority of viperid snake venoms, and some elapid and colubrid snake venoms, inflict 
pathological alterations at the locale of venom injection—so-called local effects. The most sig-
nificant of these are hemorrhage, myonecrosis, dermonecrosis, and edema. Hence their study 
in experimental models is necessary to understand the mechanism of action of locally acting 
toxins and to assess the efficacy of neutralizing agents such as antivenoms and other natu-
ral and synthetic inhibitors. Experimental models have been developed, primarily in rodents. 
A concern in this field is the pain and discomfort that these animals suffer in these assays. 
Following the general ethical framework of “3 Rs” (replacement, reduction, and refinement of 
laboratory methods performed in or on animals), attempts have been made to find surrogate 
in vitro assays for these tests. In addition, the use of precautionary (prophylactic) analgesia is 
recommended when studying these effects.

7.6.3.1 Hemorrhage
Disruption of the integrity of microvessels, mainly capillaries, is one of the main actions of 
snake venom metalloproteases (SVMP) (see  chapter 23). Some SVMP degrade components of 
the basement membrane that surrounds endothelial cells and provides mechanical support 
to microvessels (such as type IV collagen, nidogen, laminin, and the proteoglycan perlecan). 
Hydrolysis of these components therefore results in the weakening of the mechanical stability 
of these vessels. As a consequence, the hemodynamic biophysical forces that normally operate 
in circulation, such as hydrostatic pressure and shear stress, distend and eventually disrupt the 
integrity of endothelial cells, with consequent extravasation (Gutiérrez et al. 2005; Escalante 
et al. 2011). Venom-induced hemorrhage can also occur systemically, contributing to hypovo-
lemia and cardiovascular shock. Enzymes that affect hemostasis contribute to bleeding by pro-
voking incoagulability, thrombocytopenia, and platelet hypoaggregation (Gutiérrez et al. 2005).

Hemorrhagic activity of venoms and toxins can be readily studied by a simple method orig-
inally described in rabbits (Kondo et al. 1960) and later on adapted for use in rats (Theakston 
and Reid 1983) and mice (Gutiérrez et al. 1985). It is based on the intradermal injection of 
solutions of venoms/toxins (diluted in physiological saline) into experimental animals, most 
often rats or mice. After a time interval, usually two to three hours in mice and 24 hours in 
rats or rabbits, animals are sacrificed by an overdose of anesthetic or by CO2 inhalation, the 
skin is removed, and the diameter of the hemorrhagic halo in the inner side of the skin is 
measured as a quantitative index of hemorrhagic activity. The minimum hemorrhagic dose 
(MHD) corresponds to the venom or toxin dose that induces a 10-mm-diameter hemorrhagic 
spot (Theakston and Reid 1983).

The advantage of this procedure lies in its simplicity and ease of performance. It has the 
limitation that the intensity of the hemorrhagic lesion is not evaluated, only its extension. To 
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circumvent this problem, the hemorrhagic skin can be dissected out, placed in a tube contain-
ing 1 mL of distilled water, and left at 2º C to 8º C for 24 hours. Subsequently, the tubes are 
centrifuged and the supernatant collected. The absorbance of the supernatant at 540 nm is a 
quantitative indication of the amount of hemoglobin present in the tissue and, hence, of the 
intensity of the hemorrhagic lesion.

7.6.3.2 Effects on Hemostasis
Most reptile venoms affect hemostasis and do so in a variety of ways. Some of them con-
tain coagulant and procoagulant toxins which induce blood clotting in vitro and provoke 
defibrinogenation and incoagulability in vivo. In addition, many venoms affect circulating 
platelet numbers and/or platelet function. Components responsible for this effect include 
disintegrins (see  chapter 23), kallikrein (see  chapter 14), lectin (see  chapter 17) and SVMP 
(see  chapter 23).

The coagulation system is a complicated interaction between three separate major compo-
nents. The first component is the plasma proteins that constitute what is often referred to as 
the clotting system. The second is the platelets, small anuclear cells that when activated release 
a multitude of proteins into the immediate environment and through a complex system of 
surface receptors and ligands can facilitate many cellular and acellular interactions. The third 
component of the coagulation system is the blood-vessel walls, highly dynamic and interactive 
surfaces playing a critical role in the balance between clotting and bleeding. There are many 
other cell surfaces within the blood, including red-cell membranes and a variety of white cells 
that almost certainly play an additional role in this complex system.

Thus, when considering the interaction of complex biological toxins such as snake ven-
oms with the coagulation system, one needs to consider the activity of the venom across all 
relevant components. Testing this activity is not easy. There is no validated mechanism to 
test the impact of any therapy or toxin on the blood-vessel wall, other than animal studies to 
document in vivo clinical effect. The impact of toxins on platelets can be measured by assessing 
change in platelet function, in terms of aggregation responses, although such tests are poorly 
reproducible and require dedicated skill and equipment. Flow cytometry is increasingly being 
used to document specific aspects of platelet activity (up-regulation or down-regulation of 
surface proteins) in response to variable agonists or antagonists. This again requires specific 
expertise and equipment, and one must ensure that adequate controls are in place and a rel-
evant spread of surface proteins is examined.

In general, a range of in vitro assays are utilized to test the plasma clotting system, includ-
ing the following:

•	 Clot-based: functional	assays	observing	the	time	taken	to	clot	formation	after	a	specific	
stimulus. These assays may be general in that they assess the overall activity of the sys-
tem, or they may be specific in that they are manipulated to identify the function of a 
single component protein within the system.

•	 Chromogenic: functional	assays	based	on	the	ability	of	activated	enzymes	to	cleave	spe-
cific chromogenic substrates.

•	 Immunological: quantitative	assays	based	on	amount	of	a	specific	protein.
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General assays of coagulation (such as activated clotting time [ACT], activated partial 
thromboplastin time [APTT], prothrombin time [PT], thromboelastography [TEG], and 
endogenous thrombin potential [ETP]) respond differently depending on the initiator used, 
conditions of the test, and detection methods. Specific functional assays of individual pro-
teins are usually based on similar methodology to general assays but often involve manipu-
lation of the test conditions. Thus, specific assays suffer from all the same technical flaws as 
the general assays. In summary, coagulation testing to determine the impact of venoms is 
fraught with difficulties, and careful planning and consultation with coagulation experts are 
required to understand the limitations of assays and ensure that interpretation of results is 
reasonable.

7.6.3.2.1 Coagulant Activity in vitro

Blood is collected from healthy human donors, with sodium citrate used as an anticoagulant. 
The plasma is separated and collected by centrifugation at 1000–1300 RCF in a swing-bucket 
centrifuge. The clotting time of plasma by varying concentrations of venom is quantified by 
adding 0.1 mL of varying venom concentration, diluted with physiological saline, to aliquots of 
0.2 mL of plasma, previously incubated at 37º C. The minimum coagulant dose (MCD) corre-
sponds to the dose of venom or toxin that induces clotting of plasma in 60 seconds (Theakston 
and Reid 1983).

7.6.3.2.2 Defibrinogenating Activity in vivo

Groups of mice or rats are intravenously injected with various doses of venoms or toxins, 
dissolved in physiological saline. Controls are injected with saline solution alone. One hour 
after injection, a blood sample is collected by cardiac puncture, and 0.2 mL of blood is placed 
in a dry glass tube and left undisturbed for 20 minutes. Then the tubes are gently tilted, 
and the formation of a clot is observed. In the case of blood samples from controls injected 
with saline solution alone, a consistent clot should be observed, whereas no clotting occurs 
in the blood of defibrinogenated animals. Defibrinogenating activity of venoms or toxins is 
expressed as the minimum defibrinogenating dose (MDD), defined as the minimum dose of 
venom or toxin in which all injected animals have blood incapable of clotting (Theakston and 
Reid 1983).

7.6.3.2.3 Thrombocytopenic Activity

Groups of animals (usually mice or rats) are injected intravenously with various doses of ven-
oms or toxins that have been dissolved in physiological saline. Controls are injected with saline 
solution alone. One hour after injection, a blood sample is collected by cardiac puncture and 
immediately mixed with sodium citrate solution as anticoagulant. A  platelet count is per-
formed using an automated hematological analyzer. Thrombocytopenic activity is expressed 
as the median thrombocytopenic dose (TD50), which is the dose of venom or toxin that reduces 
the number of circulating platelets by 50% as compared with control animals (Rucavado 
et al. 2005).
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7.6.3.3 Myotoxicity
Local and systemic acute muscle damage, myonecrosis, is a common consequence of snakebite 
envenomings (Lomonte and Rangel 2012). The vast majority of myotoxins in snake venoms 
belong to the PLA2 families (see  chapters  20 and 21), although the β-defensin peptides are 
another major class (see  chapter 9).

A widely used method to assess myotoxicity is based on quantification of the activity of 
enzymes, such as creatine kinase (CK), released from muscle fibers when cell damage occurs. 
There are diagnostic kits commercially available for the quantification of CK activity in plasma 
or serum (Gutiérrez, Arroyo, and Bolaños 1980). The method is based on the injection of solu-
tions of venoms or toxins (diluted in physiological saline) intramuscularly in mice or rats. 
A typical muscle for injection is the gastrocnemius, although other muscles are also used, such 
as the soleus or the muscles of the thigh. After a time interval (usually several hours), a sample 
of blood is collected, either with anticoagulant or not. Then plasma or serum is separated by 
centrifugation, and the CK activity is quantified. Depending on the kind of myotoxic agent, 
a preliminary time-course survey for CK activity increase is useful to determine the optimal 
sampling time, generally between two and six hours. Control animals are injected with physi-
ological saline solution alone. The minimum myotoxic dose (MMD) is the dose of venom or 
toxin that increases the plasma, or serum, CK activity four times as compared with CK activity 
of animals injected with saline solution alone.

Myotoxicity can also be studied by histological assessment of muscle damage. For this, 
animals are injected as described above, and 24 hours after injection, they are sacrificed by 
an overdose of anesthetic or by CO2 inhalation. The injected muscle is dissected out and 
immediately placed in a fixative solution (for example, 10% formalin). It is recommended 
that the orientation of the muscle is maintained in such a way that transverse sections are 
obtained. After fixation, tissue is processed routinely for embedding in paraffin, and sections 
of 5–8 µm are cut, placed on a slide, and stained with hematoxylin and eosin for light micro-
scopic observation. Necrotic cells are identified on the basis of hypercontraction of myofi-
brils. The total numbers of muscle cells and necrotic cells are counted, and myotoxic activity 
can be expressed as the Myonecrotic Index, the ratio of necrotic to total muscle cells (Teixeira 
et al. 2003).

7.6.3.4 Dermonecrosis
When injected intradermally in the skin of animals, snake venoms may induce necrosis of 
the skin (dermonecrosis). This is caused by the action of typical tissue-damaging toxins, 
such as SVMP (see  chapter 23) and PLA2 (see  chapters 20 and 21). In the case of cytotoxic 
Naja species venoms, this effect is caused by “cardiotoxins,” which are cytotoxins belong-
ing to the three-finger family of toxins (3FTx) (see  chapter 8). The method used to quantify 
dermonecrosis is basically the same used for the quantification of hemorrhage. Mice or rats 
are injected intradermally with venom or toxin solutions, and after a more prolonged time 
interval, usually 72 hours, animals are sacrificed, their skin removed, and the diameter of 
the necrotic lesion in the inner side of the skin is measured as a quantitative index of der-
monecrosis (Theakston and Reid 1983). The minimum dermonecrotic dose corresponds to 
the dose of venom or toxin that induces a necrotic lesion of 5 mm diameter (Theakston and 
Reid 1983).
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7.6.3.5 Edema
One of the most characteristic effects of snake venoms, particularly of viperid snake venoms, is 
an increase in vascular permeability leading to accumulation of fluid in the interstitial space, 
resulting in edema. This effect is induced by diverse venom components, such as SVMP (see 
 chapter 23), PLA2 (see  chapters 20 and 21), kallikrein (see  chapter 14), VEGF (see  chapter 24.21), 
and others. The action of these venom components in the tissues results in the synthesis and/
or release of a large variety of inflammatory mediators, such as histamine, eicosanoids, brady-
kinin, complement anaphylatoxins, nitric oxide, and cytokines.

Edema is often studied using the rodent footpad model, mainly in rats or mice. Solutions of 
venoms or toxins (dissolved in physiological saline solution) are injected subcutaneously into the 
posterior footpad of animals. Controls are injected with saline solution alone. At various time 
intervals after injection, the edema can be evaluated by measuring the thickness of the footpad 
using a low-pressure spring caliper (Lomonte, Tarkowski, and Hanson 1993) or, alternatively, by 
measuring the volume of the footpad by plethysmography (Chacur et al. 2001). An alternative pro-
cedure to assess the increase in vascular permeability is based on use of the dye Evans blue, which 
binds to plasma albumin. In this protocol, animals are injected with venoms or toxins either in the 
footpad or intradermally in the abdominal region. After a time interval, a solution of Evans blue 
is administered intravenously and, after a period of time, animals are sacrificed and the injected 
tissue (footpad or abdominal skin) dissected out and placed in a solution of formamide at 4º C, 
protected from light. Afterward, the supernatant of this preparation is collected, and the absor-
bance is recorded at 600 nm as a quantitative index of extravasation of albumin, such as of plasma.

7.6.3.6 Cytotoxicity
Several kinds of animal venom components have the ability to induce a rapid cytotoxic effect 
on a variety of cell types in culture, such as cytotoxic 3FTx (see  chapter 8) and myotoxic PLA2 
(see  chapters 20 and 21). Their rapid cytotoxic effect is related to their ability to disrupt the 
integrity of the plasma membrane, therefore causing cytolysis, which can be measured by a 
variety of assays. This effect can be more pronounced on certain types of cells, and therefore, 
selection of an optimal cell line to be used as a target is relevant. A particularly useful cell line 
for the study of venom cytolysins is the C2C12 myogenic line (ATCC CRL-1772; Yaffe and 
Saxel 1977). These murine myoblasts are readily maintained in culture, grow rapidly, and have 
the ability to fuse into multinucleated, elongated myotubes. Assays for the cytolytic activity 
of toxins can be used in many cases as a replacement for in vivo experiments (for example, 
myotoxicity) and are therefore attractive from the perspective of ethics. Experimental condi-
tions can also be varied and controlled in more detail than in an animal. Nevertheless, caution 
should be taken when extrapolating the results to an in vivo setting.

Cytotoxicity assays tend to be more useful when studying purified toxins than for crude 
venoms, since the complex composition of the latter may complicate interpretation of the 
results. For example, venoms that contain a mixture of a cytolytic agent and a proteolytic 
enzyme will simultaneously induce cell death and cell detachment, the latter not necessarily 
being an indicator of cell damage. Depending on the principle on which the final measurement 
of cell death is based, detachment can introduce errors.

Among the alternatives for measuring rapid cytolysis, the release of lactate dehydrogenase 
(LDH; EC.1.1.1.27) from the cytosol represents a simple, sensitive, and reproducible marker. 
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Cells, at near confluence in 96-well plates, are exposed to the toxic agent for a given time period, 
and then an aliquot of the medium (40–60 mL) is assayed for LDH activity, using any commer-
cially available reagents, preferably based on a UV kinetic principle. Essential reference points for 
interpreting the results include cells exposed only to the culture medium (0% cytolysis) and cells 
exposed to a detergent such as Triton X-100 (0.1% final concentration) in order to solubilize all 
intracellular contents (100% cytolysis). Test samples can be easily interpolated between these two 
controls to obtain a % cytolysis (or, if preferred, % survival) value. Depending on the type of toxic 
agent, preliminary time-course experiments can be used to select an optimal sampling time, for 
example, three hours. An important consideration concerns the presence of low amounts of LDH 
in the serum supplements routinely used in cell-culture work; in order to minimize this factor, 
improve sensitivity, and avoid its “masking” effect, the assays can be performed in the presence 
of a minimal amount of serum proteins, for example, 1% fetal calf serum (Lomonte et al. 1999).

7.6.3.7 Lethality
Venom lethality is typically assessed using an in vivo model. These studies involve calculating 
the lethal dose 50 (LD50), the amount of venom required to kill 50% of the animals used for 
testing. This assay therefore produces data that can be used for comparison among species to 
assess the relative potencies (within a given model organism and via a specific route of admin-
istration) of the venoms of interest. The majority of snake venom LD50 studies are undertaken 
using a mouse model (Theakston and Reid 1983; Casewell et al. 2010), although nonmodel 
organisms have also been used to assess the relative potency of venom to different prey types 
(Richards, Barlow, and Wüster 2012). The murine assay involves injecting varying doses of 
venom (in 100 μl of phosphate-buffered saline) intravenously into the tail vein of laboratory 
mice. At least five mice should be used in each experimental group, and a minimum of four 
groups (such as different venom doses) should be used to ensure robust data analysis. As an 
alternative to the intravenous route, venom can also be delivered intraperitoneally, although 
different injection routes result in incomparable LD50 data because of differences in venom 
pharmacokinetics. Following injection, mice are observed for a period of 24 hours, the num-
ber of deaths observed in each group are recorded, and the LD50 and 95% confidence intervals 
are calculated using probit analysis (Finney 1971). The advantage of such lethality studies is 
that they provide an overview of the action of all venom components in an in vivo system. The 
murine assay is validated by the European Pharmacopoeia and, in combination with effective 
dose 50 (ED50) assays that determine the venom-neutralizing potential of an antivenom, is a 
prerequisite for the preclinical assessment of antivenom efficacy. However, since LD50 stud-
ies simply measure the lethality of venom, external pathology is often absent, and therefore, 
postmortem studies are typically required to provide an indication of the cause of death.

7.7 aNTIVeNOmICs

More than a century after the development of the first serum antivenimeux by Calmette (Calmette 
1894b; Calmette 1894a) and Phisalix and Bertrand (Phisalix and Bertrand 1894b; Phisalix and 
Bertrand 1894a) (see  chapter 3), the timely parenteral administration of appropriate antivenom 
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remains the only effective treatment for snakebite envenomings. Antivenoms are generated by 
the immunization of large animals, usually horses, with venoms of one or several snake spe-
cies, thus generating monospecific or polyspecific antivenoms, respectively (Gutiérrez, Leon, 
and Burnouf 2011). Although there are many important considerations in producing a poly-
valent antivenom, a key technical issue in the generation of novel antivenoms is the design 
of optimized immunization venom mixtures that ensure that the resulting antidote will be 
effective against the highest number of venoms from snakes of medical concern across the 
geographical range in which it will be used. The design of venom mixtures should be based 
on a rigorous analysis of epidemiological, clinical, proteomic, immunological, and toxicologi-
cal information. Such methodologies include biochemical and proteomic analysis of venoms, 
pharmacological profiling of venom activities, and analysis of immunological cross-reactivity 
of antivenoms toward homologous and heterologous venoms.

Antivenomics is a proteomics-based protocol (Lomonte et  al. 2008)  developed to com-
plement in vitro and in vivo preclinical tests (Williams et al. 2011; Gutiérrez et al. 2013)  in 
the qualitative and quantitative characterization of the immunological profile and extent of 
cross-reactivity of antivenoms against homologous and heterologous venoms. The combination 
of antivenomics and neutralization assays provides a powerful toolbox for analyzing the pre-
clinical efficacy of antivenoms at the molecular level. First-generation antivenomics (Lomonte 
et  al. 2008)  consisted of the physical depletion of antivenom-binding toxins by incubating 
the whole venom with antivenom. This was followed by (i) precipitation of antigen-antibody 
complexes (Ag-Ab) out of solution via the addition of a secondary antibody (such as rabbit 
antihorse IgG) or (ii) depletion of Ag-Ab from the reaction mixture using IgG-binding pro-
tein A coupled to Sepharose beads. Antigen-antibody (Ag-Ab) complexes contain the toxins 
against which antibodies present in the antivenom are directed. The fraction of nonimmu-
nodepleted molecules (% NR) can be estimated as the relative ratio of the chromatographic 
areas of the toxin in the supernatant and in the whole venom (WV): % NR = (NR/WV) x 100. 
Based on the extent of immunoprecipitation, toxins were classified as (i) nonimmunoprecipi-
tated (proteins present in the supernatant that failed to raise antibodies in the antivenom or 
that triggered the production of very low-affinity antibodies), (ii) toxins exhibiting variable 
degree of immunoprecipitation (proteins that generated low- to high-affinity antibodies), and 
(iii) toxins quantitatively immunodepleted from the venom (highly antigenic proteins bearing 
antigenic determinants for very high-affinity antivenom antibodies). These components can 
be easily identified by comparison of an RP-HPLC separation of the nonprecipitated fraction 
(supernatant of immunoprecipitation) with that of the whole venom (the toxin composition of 
which had been previously characterized by a venomics approach) (Calvete, Juarez, and Sanz 
et al. 2007; Calvete 2011b; Calvete et al. 2011).

The combination of immunoaffinity chromatography and proteomic analysis of non-
immunocaptured (flow-through fraction) and immunocaptured fractions is the basis of 
the “second-generation antivenomics” protocol (Williams et al. 2011; Pla, Gutiérrez, and 
Calvete 2012). Second-generation antivenomics was designed to overcome some shortcom-
ings of the in-solution immunodepletion protocol. In particular, because of the absence 
in the market of molecules able to specifically and efficiently immunoprecipitate F(ab’)2 
and Fab antivenoms produced by many manufacturers, first-generation antivenomics 
was not useful to investigate the immunological profile of these antibody fragments. In 
addition, the immunoprecipitated fraction contains predominantly IgG molecules from 
primary and secondary antibodies and is thus not suitable for RP-HPLC. Consequently, 
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first-generation antivenomics provided only indirect evidence of the immunoreactivity of 
IgG antivenom; antivenom immunoreactivity was inferred indirectly through proteomic 
characterization of the toxin fraction remaining in solution after immunoprecipitation. In 
the immunoaffinity-based second-generation method, the fraction of nonimmunodepleted 
molecules (% NR) can be determined as 100 – ([R/(R + NR)] x 100), where R corresponds 
to the area of the same protein in the chromatogram of the fraction eluted from the affin-
ity column. The inclusion of R in the calculation compensates for possible losses during 
sample handling and chromatographic analysis. In addition, experiments in which venom 
is incubated with mock matrix and matrix-coupled preimmune antibodies are run in paral-
lel to the immunoaffinity antivenomics analysis as matrix and immunospecificity controls, 
respectively.

Antivenomics is translational venomics. Immunoaffinity-based antivenomics provides  
qualitative and quantitative information on both the set of toxins bearing antivenom-recognized 
epitopes and those exhibiting poor or no immunoreactivity. The superior chromatographic 
performance results, particularly evident in the case of low-abundance peaks, become masked 
in the more noisy chromatograms of supernatants of immunoprecipitation assays. Similarly, 
in the high-percentage acetonitrile region of the elution gradient of the RP-HPLC run some 
venom proteins (mainly SVMP) and IgG molecules (such as primary and secondary antibod-
ies used for immunoprecipitation) coelute, causing additional interference. A further advan-
tage of second-generation antivenomics is the reusability of affinity columns, contributing to 
the economy and the reproducibility of the method.

Its ease of use, reproducibility, sensitivity, low cost, quantitative character, and molecular 
resolution make second-generation antivenomics a viable option to supersede the commonly 
employed immunoassays and Western blots for assessing the immunoreactivity of antive-
nom antibodies. The immunochemical detection of electroblotted proteins provides a yes/no 
response: a given protein is either recognized or not by the antivenom, and it is essentially a 
nonquantitative technique. On the other hand, quantification of antibody immunoreactivity by 
ELISA-type methods is compromised if the immobilized fractions do not contain pure proteins.

7.8 VeNOm sYsTem mORphOLOGICaL 

ChaRaCTeRIZaTION

Research on the evolution of toxicoferan reptiles, or any other venomous group, would not 
be complete without an examination of the venom production and delivery system (Fry et al. 
2006; Fry et al. 2008; Fry et al. 2009b; Fry et al. 2010b). Such studies are undertaken not only 
on the venom-producing glands and associated compressor muscles (if present) but also on the 
wound-creating dentition.

7.8.1 hIsTOLOGY

The principles of histology are (i) the chemical treatment of tissues with fixatives, (ii) a method 
of tissue processing and sectioning, and (iii) the usage of histochemical dyes in solution that 
react specifically with targeted cell structures. Histological stainings are complex, in that each 
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method and chemical stain targets the morphological and chemical characterization of spe-
cific cell structures. In each situation, both natural and synthetic dye stains may be results of 
(a) chemical reactions, (b) physical adsorptions or absorption, and (c) other physicochemical 
processes.

The initial stage of the histological process is fixation, the critical period in which autolysis 
(self-digestion) is arrested. Autolysis causes cell proteins to divide into amino acids, which can 
then diffuse out of the cells and thus break down the tissues. For the purposes of histology, 
fixation will modify a tissue in a way that is insoluble during further treatment and shields the 
tissue from shrinkage or distortion as it is subjected to processing chemicals and conditions, 
such as ethanol, xylene, heat, and paraffin wax. An additional aim for the process of fixation 
is to improve the conditions for histochemical staining of specified features of the tissue. The 
introduction of an incorrect chemical at this point may cause breakdown of the target tissue.

Upon the completion of the fixation process, excess fixative solution is removed by running 
the sample under water for short periods of time. Some investigators maintain that tissues pro-
cessed in Bouin’s fixative will lose soluble picrates if washed in water; therefore, they suggest 
placing the tissues in 50% ethanol for a short period of time before transferring to 70% ethanol. 
Samples may be stored in 70% ethanol for extended periods, but in general, the preference is 
always to dehydrate and embed tissues in wax as rapidly as possible.

At a primary stage in the processing, tissues must be dehydrated for histological prepara-
tion. During sectioning, if moist cells are penetrated with a blade, they can collapse or easily 
deform. In order to avoid this, intracellular fluids are replaced by a medium that hardens to 
form an easily sectioned material. Paraffin waxes are a generally suitable medium that acts 
to structurally support tissues for sampling. This medium may be easily cut to thicknesses of 
1–15 µm with either glass or metal blades.

Before tissue samples are mounted in paraffin wax, the tissue must first be dehydrated via a 
series of stepwise increases in alcohol concentration. Second, in a clearing action, traditionally 
xylene or a safer modern alternative, histolene, is used to remove the alcohol from the tissue, as 
it does not mix with paraffin wax. If at any time the clearer agent becomes clouded or turbid, 
this is evidence of water being present within the fluid. All samples should be returned to a 
new sample of ethanol in order to completely dehydrate the tissues before clearing using fresh 
clearing agent.

The final chemical stage of tissue processing involves immersing it in heated paraffin wax. 
Commonly, a second change of wax is required, and this is performed in a vacuum oven; the 
use of a vacuum during infiltration will remove chemical residues and air adjacent to or within 
tissues. The pressure will eliminate holes within the paraffin blocks adjacent to the tissues.

The procedure of fixation and chemical processing specifically aims to arrest postmor-
tem changes in the tissues and thus protect cells and tissues from shrinkage and distortion 
before sectioning and mounting of the samples onto slides. Once tissue samples are mounted 
on slides, the use of specific dyes and other chemicals will improve the refractive indices of 
intracellular components of these tissues. This targeting allows for the establishment of evi-
dence of the presence of chemicals or structures within the tissues. This can be used in order 
to provide evidence for the presence, density, and position of subcellular elements within the 
cells and/or tissues.

Typically, tissues and organs are too large for surveying with optical microscopy. This 
requires general techniques to be followed that yield thin, translucent histological sections which 
can be stained for examination and compared with control sections. A common procedure 
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for viewing biological tissues is via transillumination with the use of optical or modern 
computer-assisted microscopes. The most useful stain for the visualization of protein-secreting 
cells is Masson’s trichrome, a three-color staining protocol, with protein-secreting cells stain-
ing strongly (see color plates 4D2, 4E, 4F, 6I, 6J). A  complementary stain is Periodic Acid 
Schiff’s (PAS), which detects cells in mucus.

7.8.2 maGNeTIC ResONaNCe ImaGING (mRI)

Microimaging using MRI is perfect for providing high-resolution three-dimensional images 
(> 6 micron) with high-quality soft-tissue contrast for visualization of venom-gland structures 
(see color plates 4A1, 4A2, 4A3, 4B3, 4C1, 4D1, 6A–6H). MRI has an advantage compared with 
other radiology modalities such as computer tomography (CT), which can only produce very 
high-resolution images (> 2–3 micron) of hard tissues such as bone, cartilage, and ligaments. 
The advantage of MRI compared with the histological imaging method is that the sample can 
be kept intact, while the images can be resliced for viewing in oblique planes, and 3D rendering 
of the venom-gland structures can be reconstructed (Fry et al. 2008; Fry et al. 2009b).

In general, high-field microimaging MRI scanners (> 9.4 T) with strong gradients (> 2.5 G/
cm/A) and optimized radiofrequency (RF) coils are required for small venom-gland samples 
(1–2 mm in size). Higher-field magnets are preferable because they provide higher sensitivity 
for signal detection, which is critical for high-resolution imaging up to 10-micron isotropic 3D 
resolution. Larger samples (up to 34 mm in diameter) can be accommodated using larger coils; 
however, the achievable resolution will generally decrease to 100–200 micron because of the 
lower sensitivity of the RF coils and gradient performance.

At 16.4 Tesla, a 30–50 micron 3D-resolution image will typically be acquired for one to two 
hours. The length of MRI acquisition will increase to 10 hours or more for a 10-micron-resolution 
image. The image signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) can be 
improved by a small addition of MRI contrast agent and increasing the number of scan aver-
ages. It is therefore often useful to acquire high-resolution MR images overnight (16 hours). To 
maintain tissue stability for long acquisition periods, samples are normally prefixed in a solu-
tion of 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). PFA is favored over 
other fixatives (alcohol or oxidizing agents), as the tissue contrast is easily recovered to native 
conditions upon washing with PBS. Prior to MRI, PFA will need to be removed by incubation 
with PBS, normally over four days of incubation. Incomplete removal of PFA will result in poor 
tissue contrast because of short T2 (spin-spin or transverse) relaxation. A small concentration 
of MRI contrast agent, typically 0.1% to 0.5% gadolinium diethylene triamine penta-acetic acid 
(GD-DTPA), can be included in the PBS wash (Ullmann et al. 2010). The MRI contrast agent 
is used to reduce T1 (spin-lattice or longitudinal) relaxation, in order to enable faster recycle 
time delay of MRI sequence, allowing more signal averaging and improving SNR. The contrast 
agent and incubation length should be optimized for various types of samples in order to 
obtain optimal T1 and T2 (spin-spin or transverse) relaxation times. High concentrations of 
contrast agent and prolonged incubation may be detrimental, as they can dramatically shorten 
T2 relaxation resulting in loss of signals.

For MRI, venom-gland samples can be submersed in perfluoro-ether solution (Fomblin, 
Solvay Solexis, Italy). This medium is used to provide a black background and uniform 
local-field homogeneity. Size-specific containers (typically 5–20  mm NMR tubes or 50 mL 
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plastic tubes) are used to hold the sample snugly, avoiding vibrations during MRI scanning. 
Subsequently, the whole sample container is placed under vacuum to remove air pockets from 
the tissues. This step is critical, as micro air bubbles can produce severe image artifacts. MRI 
radiofrequency coils must be chosen with a maximum filling factor (such as fitting as close as 
possible to the sample) in order to obtain maximum sensitivity.

For high-resolution 3D imaging (10–50 micron), a gradient echo sequence, such as Bruker’s 
3D FLASH (fast low angle shot), is preferable as it produces better image quality in comparison 
with spin-echo sequences. For imaging at 16.4 T, the following parameters can be used: TR 
(recycle delay)/TE (echo time) = 40/8 ms, flip angle 20°, 4–8 excitations. The field of view and 
matrix will need to be varied to fit the individual samples, with the resulting voxels having 
a range of between 20 and 40 µm isotropic resolution. Total scan time is 8 to 15 hours per 
sample, depending on size and resolution (Fry et al. 2008).

The MRI data can be exported in DICOM format. The 3D structures of venom glands can 
be analyzed using various visualization software such as OSIRIX (www.osirix-viewer.com) or 
Medical Imaging Processing, Analysis, and Visualization v6.0.0 (MIPAV, mipav.cit.nih.gov). 
For more complicated 3D image segmentation, surface rendering, and volumetric measure-
ments of the glands will need to be performed manually using programs such as ITK-SNAP 
(www.itksnap.org) or AMIRA (www.fei.com).

7.8.3 eLeCTRON mICROsCOpY

Electron microscopy may be used to image the morphology of venom systems at higher reso-
lution and at a finer scale than available with the use of light microscopy (Fry et al. 2009b). 
An electron microscope produces an image by focusing a beam of electrons at a sample in 
a vacuum and then detecting the electrons that return or pass through. There are two main 
types of electron microscopes: scanning (SEM) and transmission (TEM). SEM provides infor-
mation about the surface of a sample and renders it as an image in real time in 3D. Such an 
image, while monochromatic, is easy to interpret. TEM involves sending the electron beam 
through the sample. Since electrons are stopped by all but the thinnest of sample slices, it is 
only possible to view sections of around 50 to 90 nm in thickness with TEM. It is also nec-
essary to introduce heavy metals into the sections to provide image contrast. These metals 
(usually osmium, lead, and uranium) interact with known cellular components. Because the 
metals scatter electrons, they produce dark regions of contrast, showing up organelles and 
their boundaries in the resultant images.

Beyond deciding whether images of surface morphology or internal detail are required, 
the major challenge is to determine the best protocol for a particular tissue in order to avoid 
autolysis, extraction, shrinkage, expansion, and possible destruction of cell membranes. The 
choices are complicated by the presence of soft-tissue components adjacent to or surrounding 
hard-tissue components in many venom systems. Hard tissues are more tolerant of prepara-
tion protocols than soft tissues but can cause challenges during sectioning if thin sections are 
required. They can easily break or tear away from softer structures. Since sectioning is not 
required for SEM, it may be advisable to view whole systems with SEM first and subsequently 
undertake TEM on separated structures excluding the hard components. There is an alter-
native in some cases: calcified tissues can be decalcified (such as by using ethylene diamine 
tetra-acetic acid, EDTA) in order to section through both hard and soft tissues.
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The conventional approach to tissue preparation for morphological assessment by both 
SEM and TEM involves chemical fixation. A number of sample and fixative factors affect fixa-
tion. These are the osmolarity of the sample tissue (freshwater versus marine); need for addi-
tional ions (such as Ca2+ ions to bind to negatively charged membrane proteins and stabilize 
them); pH of the tissue (usually 7.2–7.4); temperature of applied chemicals (4° C versus room 
temperature); size of the tissue (excision < 1 mm2 blocks versus in situ treatment perfusion); 
and duration of fixation (30 minutes to 24 hours). Choices depend on where the animal is when 
the sample is taken. If the sample can be obtained from a live organism in a laboratory, then 
ideal conditions can be met, but sampling out at sea or on a terrestrial field trip introduces 
constraints. Initial fixation is undertaken using an aldehyde, such as glutaraldehyde, or a mix-
ture of aldehydes: PFA (formalin) and glutaraldehyde, which stabilizes the cellular structures, 
in particular the proteins. The sample is then washed in buffer before a secondary fixative 
is applied, to prevent interactions between the two fixatives. The secondary fixative (such as 
osmium tetroxide) interacts with lipids and stabilizes cell membranes.

It is important for the tissue to be fixed as soon as possible, as samples rapidly decay after 
dissection from the animal. This constraint extends to tissue size, as fixatives penetrate slowly 
through tissues, traveling at rates as slow as 0.2 mm per hour (osmium tetroxide at 4° C), unless 
injected or perfused. Glutaraldehyde penetrates more quickly, but it is advisable to cut tissue 
into blocks of 1 to 0.5 mm2 for full penetration to occur in a few hours. Protocols differ, and 
while guidelines can be provided for general processing, it is best to consult published papers 
that deal with the animal of interest and display good-quality images. Because so many factors 
are involved, few researchers have the time or resources to undertake methodological experi-
mentation and choose instead to follow published protocols in their area.

Concentrations of primary fixatives, buffers, and additives can differ substantially. 
Assessing a few protocols used for the same organism will quickly establish the likely role 
osmolarity will play. For example, when comparing two protocols for the study of snake 
venom-gland morphology (Mackessy 1991; Sakai, Carneiro, and Yamanouye 2012), it is appar-
ent that two aldehydes are mixed in one protocol, whereas a single aldehyde (glutaraldehyde) 
is used in the other; however, the overall percentage used (4.5%–5% aldehyde) is similar, and 
the addition of sucrose indicates the need for a high osmolarity. Cultured cells require differ-
ent treatment even if they are from the same animal, such as snake venom-gland cells from 
Bothrops jararaca (Carneiro et al. 2006).

Fixation is followed by removal of the water component through dehydration with either 
ethanol or acetone. Ethanol is preferred for SEM preparations, because it is compatible with 
equipment and chemicals used in the later stages of drying the sample. Acetone is preferred for 
TEM processing, since it removes water more completely and is highly miscible with the resin 
used to infiltrate the tissue. The resin is polymerized to provide a hard block for sectioning; 
any water left in the sample will inhibit the process for the commonly used resins such as Epon 
and Spurr’s resin.

Fixation chemicals are dangerous and toxic. They are nondiscriminatory and will affect 
both the handler and the sample, so care must be taken with them. Their main function is to 
stop autolytic processes and preserve cellular structure. It is also important to consider the 
toxicity of the venom from the organism being sampled. Anesthetizing the animal and wear-
ing suitable protective equipment are required.

For conventional TEM, after samples have been fixed, dehydrated, infiltrated with a cho-
sen resin, and polymerized (usually at 60° C), the resulting block is sectioned. Initially, thick 
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sections are taken from the trimmed block face, mounted on slides, and contrasted using tolu-
idine blue. When an area of interest is found, then ultrathin sections are taken using a glass 
or diamond knife. The sections are mounted on a mesh copper grid. Additional contrasting 
metals are added, usually by application of uranyl acetate and lead citrate solutions, and the 
grids are viewed at 60–100 kV (usually 80 kV).

Alternatives exist to conventional fixation and processing approaches. Using a microwave 
designed for laboratory fixation (such as Pelco BioWave) can reduce fixation, dehydration, and 
resin-embedding times from a few days down to half a day in total. Application of microwaves 
is thought to increase membrane permeability to fixatives and solvents. It is, however, impor-
tant to avoid heating the tissue.

If the equipment is available, for small enough samples, rapid freezing is possible followed 
by cryosubstitution. High-pressure freezing is the method of choice if available. This yields 
superb results, although it can take some trial and error to exclude ice-crystal formation and 
subsequent distortion of tissue. Cryosubstitution that follows freezing involves introduction of 
the fixative and contrasting metals into the tissue block at temperatures below that at which 
water freezes (Kheyri, Cribb, and Merritt 2013). A benchtop protocol is now available that pro-
vides a simple, cost-effective, and rapid cryosubstitution process (McDonald and Webb 2011).

For SEM imaging, the sample simply needs fixation, dehydration, and drying. There are a 
number of possible approaches. The first is to follow the conventional protocol used for TEM, 
stopping before resin infiltration and drying the sample at that stage. It is not recommended to 
simply air-dry from ethanol or acetone, because tissue collapse often occurs if mineralization is 
not present. The conventional approach is to replace an introduced solvent (ethanol or acetone) 
with liquid CO2 under pressure. The CO2 is then heated while under pressure to change phase 
from liquid to gas, instantly drying the sample without damaging it but causing around 10% 
shrinkage. This process is referred to as critical-point drying (CPD). Hexamethyldisilazane 
(HMDS) can be used after ethanol dehydration as an alternative method of drying. The HMDS 
is left to evaporate overnight, rendering the sample completely dry and usually undamaged, 
although a trial is necessary to ensure that the process will work with the tissue being studied.

Freeze-drying is another form of sample drying. It is undertaken after plunge-freezing a 
sample into liquid nitrogen. The result is a dry sample that can be mounted for standard SEM 
imaging. Samples can be fractured cleanly while frozen (using a cooled razor blade and pro-
tective gloves), providing an added advantage, since this allows a view into the interior of the 
venom-gland system rather than just an image of its surface.

A less commonly used technique is freezing the sample and imaging it directly while 
still frozen. This approach is referred to as cryo-SEM. It is also possible to store the sample 
in buffer (after fixation) and freeze it immediately before viewing. The advantage of using 
cryo-SEM is that the water component in a sample does not need to be removed, and so 
the dehydration and drying step can be eliminated, avoiding the potential of shrinkage 
or collapse of delicate tissues. Freezing samples by plunging into liquid nitrogen slush 
(–210° C) results in a more rapid freezing rate than that which results from using the liq-
uid form alone. The sample is then transferred to the SEM and held at a low temperature. 
At this stage, ice can be removed, if desired, by warming the sample (such as to –80° C), 
which allows the ice to sublimate in the vacuum. Sublimation only takes a short time (5–15 
minutes) depending on the desired result. Such an approach can either remove obscuring 
surface ice or allow for the imaging of the superstructure within the topmost region of the 
sample.
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A review of protocols would not be complete without considering maceration. Soft tissue 
can be removed by maceration in sodium or potassium hydroxide. After removal of the caustic 
chemicals by washing with water, the tissue is usually dried using CPD or HMDS. The dry 
sample can then be viewed with conventional SEM. This approach allows 3D cuticular com-
plex of ducts and venom sac to be imaged without being obscured by the gland cells (Kheyri, 
Cribb, and Merritt 2013).

In summary, electron microscopy provides a range of techniques that enable imaging of 
venom systems at high resolution in 2D and 3D. While conventional approaches utilize bench 
chemical fixation and processing, alternatives exist such as cryofixation and cryoimaging, and 
these are becoming more widely adopted. For further information on SEM, TEM, and imag-
ing of elements within samples, visit the online teaching site MyScope (http://ammrf.org.au/
myscope/). The site includes sample preparation flow charts, videos, and virtual machines.
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THREE-FINGER TOXINS (3FTXS)

Y.  U T KIN ,  K .  S UN AG AR,  T.  N .  W.  JACK S ON,  T.  REE K S ,  A ND  B .  G .  FRY

8.1 sUmmaRY

Three-finger toxins (3FTxs) represent a peptide type that has undergone dynamic evolution 
to produce numerous apotypic structural and functional forms. The plesiotypic function was 
α-neurotoxicity, with this effect greatly potentiated by the deletion of two of the plesiotypic 
cysteine residues secondary to the evolution of advanced venom-delivery architecture in the 
elapid snakes. Subsequent to this deletion of the second and third plesiotypic cysteine residues, 
a plethora of new functions with differing pharmacology have emerged. This molecular diver-
sity has been shown to be of significant therapeutic use, including as painkillers and anticancer 
compounds.

8.2 eNDOphYsIOLOGICaL pLesIOTYpe

Three-finger toxins are so called because of their three-finger fold (3FF), three polypep-
tide loops that protrude from the molecule’s compact hydrophobic core, giving them the 
characteristic fingerlike appearance. The 3FF was first described in snake toxins but was 
later found in numerous nonvenom proteins of different origin and function, which varied 
greatly in structure, some containing multiple 3FF domains (Greenwald et al. 1999; Huai 
et  al. 2006; Galat 2008; Galat et  al. 2008; Klein et  al. 2008). The Ly-6/uPAR superfamily 
(Tsetlin 1999) includes both secreted molecules and membrane-bound receptors, including 
Ly-6 cell-surface glycoproteins (Gumley, McKenzie, and Sandrin 1995); membrane-bound 
proteins, such as urokinase-type plasminogen activator receptors (UPAR) (Llinas et  al. 
2005); GPI-anchored glycoproteins, such as lynx (Miwa et  al. 1999; Ibanez-Tallon et  al. 
2002; Dessaud et al. 2006; Lyukmanova et al. 2011) and prostate stem-cell antigen (PSCA) 
(Reiter et al. 1998; Bahrenberg et al. 2000; Gu et al. 2000; de Nooij-van Dalen et al. 2003); 
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and soluble proteins lacking the GPI anchor, such as SLURP (Horie et al. 1998; Adermann 
et al. 1999; Miwa et al. 1999; Ibanez-Tallon et al. 2002; Chimienti et al. 2003; Mastrangeli 
et  al. 2003; Tsuji et  al. 2003; Arredondo et  al. 2006; Dessaud et  al. 2006; Grando 2008; 
Pettersson et al. 2008; Lyukmanova et al. 2011). While the precise 3FTx nontoxin ancestor 
has not yet been conclusively determined, central nervous system neuromodulators such 
as lynx and SLURP, which contain only one 3FF domain, are the most likely candidates. 
These 3FF peptides not only resemble 3FTxs structurally but also share the same biologi-
cal targets with them; both bind nAChR in order to modify agonist affinity (Adermann 
et al. 1999; Miwa et al. 1999; Choo et al. 2008; Chernyavsky et al. 2009; Hruska et al. 2009; 
Tekinay et al. 2009).

8.3 pLesIOTYpIC sTRUCTURaL  

aND FUNCTIONaL TOxIN FORms

3FTxs constitute one of the largest superfamilies of snake-venom proteins. The plesio-
typic 3FF peptide was recruited for use in envenoming at the base of the snake radiation 
(Fry et  al. 2013). Relative secretion levels of this toxin type between snake lineages are 
extremely variable. Within the henophid snakes, not only have transcripts been sequenced 
from species such as Aspidites melanocephalus (pythonid snake) and Cylindrophis ruffus 
(cylindrophiid snake), but translation and secretion also have been confirmed (Fry et al. 
2013). The nonconstricting C. ruffus expresses toxins in their seromucoidal glands (which 
stain strongly for protein secretion in histological examinations) in much higher amounts 
than constricting species such as A. melanocephalus, which secrete mucus as the primary 
glandular product and have glands that histologically stain accordingly (see  chapter 1.2.3). 
Very low levels of 3FTx mRNA have been sequenced from viperid snake venoms (Junqueira 
de Azevedo et al. 2006; Pahari et al. 2007), but the corresponding proteins have not been 
isolated or characterized. In contrast, in the venoms of non-front-fanged advanced snakes, 
such as the fast-moving and gracile colubrid snakes, plesiotypic 3FTxs are the dominant 
toxin type (Fry et al. 2003a; Fry et al. 2003c; Fry et al. 2008). Similarly, most elapid snake 
venoms are dominated by 3FTxs. Most of the elapid snake venom 3FTxs, however, are 
extremely apotypic, while all other lineages secrete only the plesiotypic toxin type.

The 10-cysteine pattern of nonvenom neuroactive 3FF peptides such as lynx/SLURP 
is preserved in plesiotypic 3FTxs. These are the sole 3FTx type found in snake venoms, 
except for elapid snakes which typically secrete the plesiotypic 3FTxs in low levels and 
instead favor structurally and functionally apotypic forms (Fry et  al. 2003a; Fry et  al. 
2003c; Fry et  al. 2008). The plesiotypic 3FTx activity is binding to neuromuscular α1 
nAChR, and plesiotypic 3FTxs are considerably more toxic to reptiles or birds than 
to mammals (Fry et  al. 2003a; Pawlak et  al. 2006; Pawlak et  al. 2009; Heyborne and 
Mackessy 2013). This specificity of action led to plesiotypic α-neurotoxins being mistak-
enly referred to as “weak neurotoxins” (Utkin et al. 2001) and may have contributed to 
errors in experimental design in investigations of the toxicity of non-front-fanged ven-
oms (Rochelle and Kardong 1993).
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Evaluation of natural selection pressures on various elapid snake venom 3FTxs indicated 
that even forms containing the plesiotypic 10-cysteine arrangement continue to diversify 
structurally and functionally under positive selection (see color plate 26A). Neofunctionalized 
variants of this form target α7 and muscarinic receptors (Chang et al. 2002; Nirthanan et al. 
2002; Fry et al. 2003b; Mordvintsev et al. 2009; Fry et al. 2013; Sunagar et al. 2013b). Similarly, 
in non-front-fanged advanced snake and viperid snake venoms, plesiotypic 3FTxs continue 
to mutate in an accelerated manner typical of predatory toxins (Sunagar et al. 2013b). The 
hypermutation of viperid venom 3FTxs, however, could be a result of the loss of selective con-
straints on this toxin type, which is secreted in extremely low levels by these snakes (Sunagar 
et al. 2013b).

8.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

8.4.1 apOTYpOsIs

Although the characteristic 3FF structural motif is preserved in all 3FTxs, there are several 
structural variations (see color plate 26A). Cysteine variations in the plesiotypic form have been 
noted for henophidian snake secretion 3FTxs and those from the venom of the colubrid genus 
Boiga (see color plate 26A). The henophidian snake secretion 3FTxs have an additional cysteine 
residue after the characteristic cysteine doublet near the C-terminus. The resultant cysteine 
triplet contains a “free cysteine” and therefore has the potential for dimerization. However, it 
is likely that one of the cysteine residues of this triplet is buried in the molecular core, since 
the toxin does not appear to form a dimer (Fry et al. 2013). The venom of snakes from the 
non-front-fanged genus Boiga contains heterodimers of plesiotypic-type α-neurotoxins (Fry 
et al. 2003c; Pawlak et al. 2009) which bind to the postsynaptic nicotinic acetylcholine recep-
tors (see color plate 2B) resulting in flaccid paralysis (see color plates 11L–11N). Each mono-
mer in the toxin possesses a different newly evolved cysteine residue, which together form the 
interchain disulfide bridge.

In elapid snake venoms, additional 3FTx forms have evolved following the deletion of 
the second and third plesiotypic cysteine residues. This removal of structural constraints 
led to an explosive radiation of the 3FTx toxin class, with the subsequent evolution of novel 
neurotoxic, coagulopathic, and cytotoxic pharmacological activities. The small hydrophobic 
core of the molecule is stabilized by the remaining four disulfide bridges. This structure is 
retained by the α-neurotoxins (type I [short-chain] and type III) and other apotypic forms 
such as cytotoxins, aminergic (adrenergic and muscarinic) toxins, L-type Ca2+ blockers, and 
platelet inhibitors. The apotypic type II α-neurotoxins and κ-neurotoxins have an additional 
pair of cysteine residues that stabilize loop 2 (see  figure 8.1). Variations in the number of 
amino acid residues between cysteine residues (loop size), together with amino acid sub-
stitutions, result in considerable diversity of 3FTx biological properties. However, despite 
the extremely large scope and complexity of the snake 3FTx family, only certain neurotox-
ins and cytotoxins/cardiotoxins have been well characterized (Fry et  al. 2003b; Fry et  al. 
2008) (see figure 8.2).
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8.4.2 NeUROTOxIC apOTYpIC 3FTxs

The deletion of the second and third plesiotypic cysteine residues in elapid snake venom 3FTxs 
resulted in a dramatic increase in the strength of binding to nAChRs and thus the potency 
of α-neurotoxicity (Fry et  al. 2003b). These are the potent toxins responsible for the flaccid 
paralysis seen clinically (see color plates 11L–11N). Type I  α-neurotoxins (also known as 
short-chain α-neurotoxins) and type III α-neurotoxins both bind to the neuromuscular α1 
nAChR. Within the type I (short-chain) α-neurotoxins, a further modification to increase the 
cysteine number has occurred to isoforms from Australo-Papuan elapid snake venoms, which 
have this additional cysteine insertion after the first plesiotypic cysteine (Fry et  al. 2003b). 
This cysteine, however, is buried in the molecule’s core and thus does not have any clear struc-
tural or functional role. In contrast, the type II α-neurotoxins (also known as long-chain 
neurotoxins) have two new cysteine residues, which stabilize loop 2 (Fry et  al. 2003b).  

DQ917510.1 Pseudechis australis

0.82

0.66

0.94
1

1

0.97
0.99

1

0.93

1

10.72

0.56

0.62

0.54

0.56

0.56 0.56

0.99

0.92

GAHA01000008.1 Simoselaps roperi
FJ752455.1 Drysdalia coronoides

GAHH01000039.1 Pseudonaja modesta (+2)
GAHH01000034.1 Pseudonaja modesta (–2)

Type II α-neurotoxin
(With 2C)

Type II α-neurotoxin
(Without 2C)

I II

III

IV
180º

V

III
II

I

IV
180º

DQ917511.1 Pseudonaja textilis

(+2)

(–2)

(–2)

(+2)

GAHH01000045.1 Pseudonaja modesta
DQ917513.1 Oxyuranus microlepidotus
EU029749.1 Oxyuranus microlepidotus

DQ917512.1 Oxyuranus microlepidotus
EU029750.1 Oxyuranus microlepidotus
DQ917514.1 Oxyuranus scutellatus

AF082982.1 Pseudonaja textilis (+2)

GAHH01000044.1 Pseudonaja modesta
GAHH01000043.1 Pseudonaja modesta

GAHH01000041.1 Pseudonaja modesta
GAHH01000042.1 Pseudonaja modesta
AY057874.1 Bungarus candidus
DQ273569.1 Ophiophagus hannah

GAGZ01000001.1 Acanthophis wellsi
GAHH01000046.1 Pseudonaja modesta

GAHH01000040.1 Pseudonaja modesta
GAHJ01000008.1 Vermicella annulata

GAHD01000001.1 Echiopsis curta
GAHC01000004.1 Denisonia devisi

GAHF01000002.1 Hemiaspis signata
GAHA01000001.1 Simoselaps roperi

EU003101.1 Austrelaps labialis
GAHG01000001.1 Hoplocephalus bungaroides

EU003089.1 Austrelaps labialis
FJ752462.1 Drysdalia coronoides

II
I V

2010 30 40 50 60 70 80

III IV

AF026893.1 Naja sputatrix

A

C

B

1

FIGURE 8.1: structural evolution of type II 3FTxs (Jackson et al. 2013; sunagar et al. 2013b). 
(a) molecular phylogenetic tree showing that the cysteine pair characteristic of type II 3FTxs 
has been lost on multiple occasions in Oxyuranus/Pseudonaja species. (B) The structural variance 
between forms with and without this cysteine pair. (C) sequence alignment and cysteine 
connectivity of representative type II 3FTxs.
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This structural change is accompanied by the novel function of targeting neuronal α7, α9, 
and α10 nAChR while retaining the plesiotypic activity of binding neuromuscular α1 nAChR 
(Servent et al. 1997). The presence of the fifth disulfide bond in the second loop is crucial for 
these interactions. Recently, an unusual type II (long-chain) α-neurotoxin (α-elapitoxin-Aa2a) 
was isolated from Acanthophis antarcticus (Blacklow et al. 2011). Despite containing the loop 
2 stabilizing disulfide bond, this toxin lacks high affinity for neuronal α7-type nAChRs, while 
binding efficiently with muscle-type receptors. Intriguingly, the characteristic long-chain 
cysteine pair has been secondarily lost on at least two occasions within the venom of the 
Oxyuranus/Pseudonaja clade of Australian elapid snakes (Jackson et al. 2013; Sunagar et al. 
2013b) (see  figure 8.1). However, these toxins still retain the ability to bind to neuronal nAChRs 
(St Pierre et al. 2007b). Evaluation of evolutionary selection pressures on various α-neurotoxins 
(type I, II and III) revealed that they have been subject to a strong influence from positive selec-
tion. The rapid evolution of type II α-neurotoxins in the venom of Oxyuranus and Pseudonaja 
species probably resulted in the accumulation of mutations even in structurally important 
regions, which are typically constrained by negative selection, and led to the origination of the 
aforementioned “unusual” type II 3FTxs (Jackson et al. 2013; Sunagar et al. 2013b).

The deletion of the second and third plesiotypic cysteines not only potentiated 
α-neurotoxicity but also freed up the scaffold for the evolution of novel neurotoxic activities. 
Novel postsynaptic activities include targeting a wide array of adrenergic muscarinic nAChR 
subtypes (Jerusalinsky and Harvey 1994; Bradley 2000; Karlsson et al. 2000) and inhibition 
of neuronal α3β2 and α7 nAChR by κ-neurotoxins (which also have an apotypic pair of cys-
teines stabilizing loop 2)  (Grant and Chiappinelli 1985)  (see color plate 2B and  figure  8.2). 
Synaptically, novel toxins inhibit acetylcholinesterase (Albrand et al. 1995), while presynapti-
cally the L-type Ca2+ channels are targeted (de Weille et al. 1991).

Toxins within the aminergic (adrenergic/muscarinic) clade may be agonists or antagonists 
with exquisite receptor subtype specificity (Servent and Fruchart-Gaillard 2009). For exam-
ple, muscarinic toxins MT1 and MT2 bind strongly to the M1 receptor and less effectively 
to the M3 (Kornisiuk et al. 1995) and M4 receptors (Harvey et al. 2002). MT3 is a selective 
ligand of the M4 receptor with significantly lower affinity for the M1 receptor (Olianas et al. 
1999). MT1 is an agonist at M1 and antagonist at M4 receptors with the affinity for both recep-
tors being similar (Sanchez et al. 2009). Similar examples may be found for other muscarinic 
toxins. Muscarinic toxins are known from the venoms of African snakes in the elapid genus 
Dendroaspis, and similar peptides have been found in cobra venoms (Kukhtina et al. 2000); 
thus, this toxin type is likely to be widespread within African/Asian elapid snake venoms. 
Within the aminergic (adrenergic and muscarinic) clade, additional 3FTxs acting on different 
subtypes of α-adrenoreceptors have been isolated from green mamba Dendroaspis angusticeps 
venom (Quinton et al. 2010; Rouget et al. 2010). One of the toxins (AdTx1) has subnanomolar 
affinity and high specificity for the human α1A-adrenoceptor subtype (Quinton et  al. 2010). 
AdTx1 forms an unusually stable complex with α1A-adrenoceptor and has great potential for 
the development of new drugs targeting this receptor subtype. Another toxin, ρ-Da1b, inhib-
ited rauwolscine by binding to the three α2-adrenoceptor subtypes with an affinity ranging 
from 14 to 73 nM (Rouget et al. 2010). It also demonstrated antagonism on α2A-adrenoceptor. 
Structurally, these two toxins are similar to muscarinic toxins, which were previously shown to 
interact weakly with adrenoreceptors (Harvey et al. 2002). The plesiotypic form from Bungarus 
venom (Chung et al. 2002) with muscarinic activity represents an additional neofunctionaliza-
tion, reinforcing the importance of this activity in envenomation.
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Novel neurotoxins from Dendroaspis venoms interact not only with nAChRs and 
mAChRs but also with sites involved in nerve impulse transmission. This pool of toxins 
includes those that bind the enzyme acetylcholinesterase (AChE) at picomolar concentra-
tions and are highly specific for the enzyme peripheral site. When bound to AChE, the toxins 
block the access of acetylcholine to the active site of the enzyme and prevent neurotransmit-
ter hydrolysis (Karlsson, Mbugua, and Rodriguez-Ithurralde 1984). Presynaptically, other 
unique Dendroaspis 3FTxs bind L-type Ca2+ channels, competing with 1,4-dihydropyridine 
for a binding site on the channel molecule and thus blocking the calcium current (de Weille 
et al. 1991). Another class of 3FTxs, also known only from Dendroaspis venoms, act as revers-
ible gating modifiers by antagonistically binding to closed or inactivated ASIC1a-ASIC2a 
(ACCN2-ACCN1) channels in central neurons and ASIC1b-containing channels in nocicep-
tors (Diochot et al. 2012).

Effects of α-neurotoxins have been assessed in animal/human tissue in vitro. It should 
be noted that the rich functional diversity of 3FTxs is yet to be fully explored, as several 
classes of functionally tested 3FTxs were sourced from only a few genera of advanced snakes. 
It was revealed that α-neurotoxins exhibit a range of specificity toward various in vitro tis-
sue preparations, such as the chick biventer cervicis nerve-muscle preparation, frog sciatic 
nerve-sartorius-muscle preparation, and rat phrenic nerve diaphragm (Lee et  al. 1972)  (see 
table  8.1). Several functionally important residues in type I  α-neurotoxins, retrieved from 
Laticauda semifasciata venom, were found to be important for binding to Torpedo nAChRs 
(Chiappinelli, Cohen, and Zigmond 1981; Stiles 1993). However, very few of these residues in 
type I α-neurotoxin from Naja mossambica were found to be important for binding to mouse 
muscle nAChRs (Ackermann and Taylor 1997; Ackermann et  al. 1998; Osaka et  al. 2000). 
Similarly, it was revealed that erabutoxin-a binds to the human nAChR with lesser affinity in 
comparison with α-bungarotoxin. However, both these neurotoxins were found to be capa-
ble of binding to the Torpedo nAChRs at greater affinity, highlighting the binding difference 
between 3FTxs in various species. Thus, it becomes important to test biochemical activity of 
3FTxs on the natural prey to characterize residues that are actually involved in mediating 
binding to nAChRs. Several functionally important residues in α-cobratoxin from Naja kaou-
thia venom have also been identified (Antil, Servent, and Menez 1999). However, the sites were 
identified to be important for binding to Torpedo fish nAChRs and thus may not play an essen-
tial role in binding to reptilian or mammalian nAChRs. Moreover, many type I α-neurotoxins 
have not been completely sequenced (Barber, Isbister, and Hodgson 2013). Because amino acid 
sequencing is time-consuming and expensive, full sequencing is often not performed when the 
activity is not novel.

Interestingly, several residues were extremely well conserved in plesiotypic 3FTxs from 
A. melanocephalus and C. ruffus (Sunagar et al. 2013b). However, functional studies assess-
ing the importance of these residues in receptor binding are still missing. Similarly, studies to 
determine the role of identified conserved residues in Atractaspis 3FTxs (Terrat et al. 2013) in 
receptor binding are yet to be undertaken. Thus, it becomes essential to test 3FTxs from vari-
ous snake lineages on tissue preparations of natural prey in order to determine the actual role 
of residues in binding to their target receptors.

Taicatoxins are composed of three noncovalently linked subunits in a 1:1:4 stoichiometric 
ratio: (i) 3FTx, (ii) neurotoxic PLA2 (see  chapter 20), and (iii) kunitz peptides (see  chapter 15). 
It has been demonstrated that this oligomeric complex is capable of blocking Ca2+ channels 
(Brown et al. 1987).



222  VeNOmOUs RepTILes aND TheIR TOxINs

8.4.3 CYTOTOxIC apOTYpIC 3FTxs

These toxins are responsible for the severe localized tissue destruction that occurs in some 
elapid envenomations, particularly species such as Naja nigricollis (see color plates 13 and 
14A–14F). Cytotoxins, which are characterized by a molecular surface that has flanking 
hydrophobic and cationic amino acids, exhibit cytolytic activity (Kini and Evans 1989b). In 
experimental manipulations of lysine and methionine residues in these regions, conforma-
tional change does not occur, but cytotoxic activity is lost (Kini and Evans 1989b; Kini and 
Evans 1989a; Kini and Doley 2010). Structure-function studies of CTX V from Naja atra 
revealed Met26 and Lys44 as particularly crucial (Jayaraman et al. 2000). Studies of the toxin 
form γ (gamma) from N.  nigricollis revealed that Trp11 (loop I) and Tyr22 (loop II) were 

Table 8.1: Functional Resides of α-Neurotoxic 3FTxs

Residue Tested on 3FTx from Reference

Type I α-neurotoxin
Lys-27, 

Arg-33, 
and 
Lys-47

Torpedo and mouse nAChR Naja mossambica 
and Laticauda 
semifasciata

Pillet et al. 1993; Tremeau 
et al. 1995; Ackermann 
and Taylor 1997; 
Ackermann et al. 1998; 
Antil, Servent, and 
Menez 1999

Trp-29 Torpedo and mouse nAChR N. m. mossambica and 
L. semifasciata

Pillet et al. 1993; Tremeau 
et al. 1995

Asp-31 Torpedo and muscle nAChR N. m. mossambica and 
L. semifasciata

Tremeau et al. 1995; Antil, 
Servent, and Menez 1999

Arg-33 Torpedo and mouse nAChR N. m. mossambica and 
L. semifasciata

Tremeau et al. 1995; Antil, 
Servent, and Menez 1999

Ile-36 Torpedo nAChR L. semifasciata Tremeau et al. 1995; Antil, 
Servent, and Menez 1999

Type II α-neurotoxin
Lys-23 Torpedo nAChR N. kouthia Antil, Servent, and Menez 

1999
Trp-25 Torpedo nAChR N. kouthia Antil, Servent, and Menez 

1999
Asp-27 Torpedo nAChR N. kouthia Antil, Servent, and Menez 

1999
Phe-29 Torpedo nAChR N. kouthia Antil, Servent, and Menez 

1999
Arg-33 Torpedo nAChR N. kouthia Antil, Servent, and Menez 

1999
Arg-36 Torpedo nAChR N. kouthia Antil, Servent, and Menez 

1999
Lys-49 Torpedo nAChR N. kouthia Antil, Servent, and Menez 

1999
Phe-65 Torpedo nAChR N. kouthia Antil, Servent, and Menez 

1999
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responsible in part for the cytotoxicity, with Tyr22 (loop II) being of structural importance 
(Gatineau et al. 1987). These peptides produce lysis by binding to cell membranes and disturb-
ing their integrity, with some cell types (such as transformed cells) being particularly sensi-
tive to these effects (Feofanov et al. 2004). Cell depolarization results in systolic heart arrest, 
smooth and skeletal muscle contracture, erythrocyte lysis, necrotic cell death, and apoptosis 
(Condrea 1976; Harvey 1985; Wang and Wu 2005; Yang et al. 2005). These toxins have also 
been referred to as cardiotoxins because of their ability to cause cardiac arrest at high con-
centrations. The mechanism of action remains unclear, and there are competing hypotheses, 
including interaction with cell-surface proteins (Wang et al. 2006a) and the primary target 
of lysis action being lysosomes (Feofanov et al. 2005). It is clear, however, that pore forma-
tion and increased membrane permeability are the result of interaction with anionic lipids 
in the cell membrane (Forouhar et al. 2003; Kao, Lin, and Chang 2009; Kao, Wu, and Chang 
2009). A 3FTx type isolated from Ophiophagus hannah venom has been called β-cardiotoxin 
because of its dose-dependent action of blocking β-adrenergic receptors leading to a heart rate 
decrease without affecting contractility (Rajagopalan et al. 2007). However, these peptides are 
phylogenetically distinct from the “true” cytotoxins/cardiotoxins (Sunagar et al. 2013b) (see 
 figure 8.2).

Interestingly, while the majority of 3FTx lineages exhibit considerable sequence diver-
sity and are evolving rapidly under the influence of positive Darwinian selection, cyto-
toxins exhibit little sequence variation and are constrained by negative selection (Sunagar 
et al. 2013b). It has been theorized that a highly conserved hydrophobic patch on the cyo-
toxin’s molecular surface interacts with hydrophobic regions of the cell’s phospholipid 
bilayer (Condrea 1976; Dufton 1984). These hydrophobic residues, which facilitate such 
nonspecific interactions, are spread over the three loops of these cytotoxic 3FTxs and cover 
nearly 40% of the molecular surface (Bilwes et al. 1994). Moreover, cytotoxins are known 
to exhibit a diversity of other biological functions, such as lysis of various types of cells, 
including erythrocytes and epithelial cells; inhibition of enzymes, including protein kinase 
C and Na+/K+ ATPase; and depolarization and contraction of muscle cells and prevention 
of platelet aggregation (Harvey, Marshall, and Karlsson 1982; Bougis, Khelif, and Rochat 
1989; Yu et al. 1993b; Kumar, Lee, and Yu 1996). The residues implicated in these activi-
ties are distributed all along their length. Thus, unlike α-neurotoxins that bind to specific 
molecular receptors, cytotoxins bind in a much more nonspecific manner and thus evade 
the predator-prey co-evolutionary arms race that influences the diversification of other 
predatory toxin types. Therefore, the lack of variation within this 3FTx type results from 
the negative selection pressure on these functionally/structurally important residues. In 
contrast, α-neurotoxins and the array of ion channels they target likely exert reciprocal 
evolutionary selection pressures on each other, which produce positive selection pressure 
for the diversification of the 3FTx gene.

8.4.4 COaGULOpaThIC apOTYpIC 3FTxs

Several 3FTxs interfering with blood-coagulation processes have been identified. The hemex-
tin AB complex inhibits the enzymatic activity of factor VIIa and the factor VIIa/tissue factor 
complex (Banerjee et  al. 2005). Hemextin was isolated from the venom of the elapid snake 
Hemachatus haemachatus and consists of hemextin A and hemextin B forming a tetramer 
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(Banerjee et al. 2007). In isolation, hemextin A exhibits only mild anticoagulant activity, while 
hemextin B is inactive. In the hemextin AB complex, hemextin B synergistically enhances the 
anticoagulant activity of hemextin A. Dendroaspin (or mambin), a type I neurotoxin analogue 
isolated from the venom of the elapid snake Dendroaspis jamesoni contains a disintegrin-like 
RGD motif on the tip of one of its polypeptide loops and is a potent inhibitor of platelet aggre-
gation (McDowell et al. 1992). It is also able to inhibit platelet adhesion mediated by α IIββ3 inte-
grin (Lu et al. 1994). ϒ-bungarotoxin is a plesiotypic 3FTx from the venom of the elapid snake 
Bungarus multicinctus that contains the RGD motif in the second polypeptide loop, where it 
is not easily accessible for interaction. As a result, this toxin is a weak antagonist of platelet 
aggregation (Shiu et al. 2004). The noncytotoxic cardiotoxin A5 from the venom of the elapid 
snake Naja mossambica interacts with integrin, although it does not influence blood coagula-
tion. Cardiotoxin A5 does not exhibit the RGD motif in its amino acid sequence. Nevertheless, 
A5 binds to αVβ3 integrin and inhibits bone resorption (Wu et al. 2006).

8.4.5 mULTImeRIC apOTYpIC 3FTxs

Most 3FTxs are monomeric, although a few exist in multimeric forms, which may associate 
noncovalently or through disulfide bonds. The κ-bungarotoxins are a well-studied class of 
noncovalent dimeric 3FTxs (Dewan, Grant, and Sacchettini 1994). The hemextin-AB com-
plex isolated from H. haemachatus venom is unique in being a noncovalently associated cyto-
toxin tetramer, consisting of two copies of hemextin A and two of hemextin B (Banerjee et al. 
2005). A  series of disulfide-bound dimers of 3FTxs lacking the second and third cysteines 
have been characterized from N. kaouthia venom (Osipov et al. 2008). α-Cobratoxin, a type II 
(long-chain) neurotoxin, may be a homodimer  (αCT-αCT) or as one part of three heterodi-
mer variants, each with a different cytotoxin. In all dimers, the disulfide bond in central loop 
II of α-cobratoxin is intact. The intermolecular disulfides are identified between Cys3 in one 
protomer and Cys20 of the second, and vice versa (Osipov et al. 2012), and disulfides from 
the core are taking part in monomer cross-linking. Both the homodimeric and heterodimeric 
forms bind to α1and α7 AChR, with the homodimer able also to bind to α3β2 nAChRs (Osipov 
et al. 2008). A type I α-neurotoxin disulfide-linked homodimer from O. hannah venom blocks 
both muscle-type and neuronal α7, α3β2, and α4β2 nAChRs, with the highest affinity for α7 
nAChRs (Roy et  al. 2010). The data obtained for the various dimeric toxins show that the 
dimerization is necessary for efficient toxin binding to heterooligomeric AChRs.

Although κ-neurotoxins evolve rapidly and accumulate variations, they are less diverse 
than the α-neurotoxins. The relative lack of variation in κ-neurotoxins could be attributed 
to their unique ability among 3FTxs to form noncovalent dimers (Grant and Chiappinelli 
1985). Most residues in this class of 3FTx evolve under the constraint of negative selection 
(Sunagar et al. 2013b), thus preventing mutations that may affect the toxin’s three-dimensional 
structure and ultimately its ability to form noncovalently linked dimers. The κ-neurotoxins 
are characterized by the presence of two stabilizing cysteines in loop II that maintain a rigid 
three-dimensional structure and are homologous to the same disulfide-bond in loop II of the 
type II α-neurotoxins. Besides the van der Waal’s bond between Phe47 and Leu55, as many 
as six main chains and three side-chain hydrogen bonds are known to stabilize this toxin 
(Dewan, Grant, and Sacchettini 1994). Hence, the necessity to form such bonds exerts a strong 
structural constraint against the accumulation of variation in κ-neurotoxins.
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Interestingly, besides disulfide-bridge formation, there has been only one other posttrans-
lational modification found in 3FTxs. This modification is the glycosylation of asparagine 29 in 
some cytotoxins secreted by N. kaouthia (Osipov et al. 2004). Several 3FTxs contain consensus 
glycosylation sites (Osipov et al. 2004); however, no other modifications have been reported 
so far.

8.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

3FTxs are among the most toxic components of snake venoms. This feature strongly hampers 
their use in vivo. However, there are a number of examples that demonstrate the potential of 
3FTxs in the development of therapeutics.

8.5.1 aNaLGesIa

It has been demonstrated in several studies that both type I  (short-chain) and type II 
(long-chain) α-neurotoxins possess analgesic properties (Zhang et al. 2006a; Zhang et al. 
2006b; Chen et al. 2009; Cheng et al. 2009; Shi et al. 2011). Keluoqu, a painkilling drug with 
α-cobrotoxin as its primary ingredient, has been on the market in China since 1978. This 
drug is used to control severe pain in patients with advanced cancer and for postoperative 
pain (Xu et al. 2006). The biotechnology company Nutra Pharma Corporation and its sub-
sidiary ReceptoPharm are involved in the development of drugs based on α-neurotoxins to 
treat pain, multiple sclerosis (MS), acquired immunodeficiency syndrome (AIDS) caused 
by the human immunodeficiency virus (HIV), and adrenomyeloneuropathy (AMN). 
Nutra Pharma has recently received approval from the US Patent and Trademark Office 
for its patent (US 7,902,152) titled “Use of cobratoxin as an analgesic,” describing the use 
of α-cobratoxin as a treatment for chronic pain. An oxidized derivative of α-cobratoxin 
(Receptin preparation from ReceptoPharm) produced analgesic effects similar to those 
of the natural toxin but is far less toxic (Zhang et  al. 2006a). The recently discovered 
acid-sensing ion channel (ASIC) targeting 3FTx, Malbalgin, from the venom of the elapid 
snake Dendroaspis polylepis, has significant therapeutic potential because of its painkilling 
activity (Diochot et al. 2012).

8.5.2 mULTIpLe sCLeROsIs

The α-cobratoxin and its derivatives are considered pro-drugs for the treatment of multiple 
sclerosis (MS) (Reid 2007). Modified forms of this toxin demonstrated neuromodulatory, 
antiviral, and analgesic activity. It also showed potent immunosuppressive activity in experi-
mental allergic encephalomyelitis (Mohamed et al. 2006). Nutra Pharma is also actively devel-
oping this potential. It has received one more approval for its patent (US 8,034,777), entitled 
“Modified anticholinergic neurotoxins as modulators of the autoimmune reaction,” describing 
the use of neurotoxins for the treatment of MS.
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ReceptoPharm products RPI-MN and RPI-78M, developed from α-cobratoxin, have passed 
preclinical and phase 1 clinical trials for the prevention and/or treatment of MS, HIV, AMN, 
herpes, rheumatoid arthritis, and pain. However, it should be mentioned that use of modified 
α-cobratoxin in treatment of AMN has been strongly criticized (Mundy et al. 2003).

Esperanza Peptide Company produces oxidized α-cobratoxin under the trade name 
Immunokine. The company has developed a sublingual homeopathic spray containing 
Immunokine and uses it for treatment of MS and other diseases. However, the usefulness of 
this product has been thoroughly discredited http://www.dcscience.net/?p=3109.

8.5.3 CaRDIOVasCULaR DIsease

The recently discovered β-cardiotoxins show potential as tools for researching β-adrenergic 
receptors and as therapeutics for cardiovascular disease. Compared with β-agonists, the use 
of β-adrenergic receptor blockers as therapy for chronic heart failure resulted in a 30% to 35% 
reduction in mortality risk (Eichhorn and Bristow 2001). The β1-receptors regulate pro-apoptotic 
signaling (cardiotoxicity), and β2-receptors regulate anti-apoptotic signaling (cardioprotection). 
However, while these are the overarching activities guided by each receptor, the role in regulat-
ing cardiotoxicity and cardioprotection of these two β-adrenergic receptor subtypes is complex 
and variable and influenced by acute and chronic stressors (Bernstein, Fajardo, and Zhao 2011).

8.5.4 aNTICaNCeR

Antitumor activity (squamous-cell skin cancer and breast cancer) of a cardiotoxin and cro-
toxin (see  chapter 21) combination called VRCTC-310 is currently in phase 1 clinical trials 
(Costa et  al. 1998). Antimetastatic activity of the cytotoxin CTX 3 from the venom of the 
elapid snake N.  atra has been shown to be a result of decreased expression and activity of 
MMP-9 (matrix metalloprotease 9) through the inactivation of p38 MAPK and PI3K/Akt sig-
naling pathways and NF-κB activity in the human breast-cancer cell line MDA-MB-231 (Lin 
et al. 2012). In addition, the increase of membrane permeability caused by this toxin, along 
with cytotoxin γ from the venom of the elapid snake Naja nigricollis has been shown to have 
bactericidal effects (Chen et al. 2011a; Chen et al. 2011b). Apoptosis-induced cytotoxicity of 
human leukemic U937 and K562 cells has been shown by the cytotoxin NK-CT1 isolated from 
the venom of the elapid snake N. kaouthia, with this toxin also demonstrating the ability to 
produce auricular blockade (Debnath et al. 2010). The binding of αVβ3 integrin by cardiotoxin 
A5 may be of interest in the development of anticancer drugs, as this integrin is known to 
be important in tumor growth and is highly expressed on new blood vessels of tumors. The 
inhibition of this integrin may therefore inhibit tumor angiogenesis, leading to a reduction in 
tumor growth (Wu et al. 2006).

8.6 CONVeRGeNCe WITh OTheR TOxINs

Structurally, this is the only use of this peptide framework as a toxin. There are, however, areas 
of functional convergence (see color plate 2B). This is particularly the case for the Dendroaspis 
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genus, which produces a complex, unique form of neurotoxicity (see  chapter 1.3.5). Venoms 
from the Dendroaspis genus of the elapid snakes contain presynaptic-acting kunitz peptides 
(see  chapter  15.4) that inhibit voltage-dependent potassium channels and L-type calcium 
channels in the same manner as the apotypic 3FTxs from the same venom. Voltage-dependent 
potassium channels have also been convergently targeted by scorpion venoms (Bergeron and 
Bingham 2012), while L-type calcium channels have also been convergently targeted by spider 
venoms (Kubista et al. 2007; Ono, Kimura, and Kubo 2011).

Another area of convergence within snake venoms is the muscarinic 3FTxs being func-
tionally convergent with PLA2s (type I) (see  chapter 20) from N. atra, which also act on this 
receptor type (Huang et al. 2008). Muscarinic receptors have also been convergently targeted 
by spider venoms (Almeida et al. 2011). Nicotinic acetylcholine receptors have been conver-
gently targeted by other snake-venom peptide types such as the unique SVMP propeptide apo-
typic forms from Psammophis venoms (see  chapter 23.4.4), the neurotoxin azemiopsin from 
Azemipos feae (see  chapter 19.4), and the waglerin peptides from Tropidolaeumus venoms (see 
 chapter  24.25). Convergence extends to coagulopathic actions, such as the RGD functional 
motif of the antiplatelet 3FTxs (dendroaspins/mambins) (see  chapter 8.4.4), which is a domain 
convergence with the disintegrin domains of the SVMP (see  chapter 23) and with RGD anti-
platelet toxins from other venomous animals (Fry et al. 2009a) (see color plate 2A).
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BETA-DEFENSINS

A.  R .  B .  PRIE TO DA SILVA,  B .  G .  FRY,  K .  SUNAGAR,  H.  SCHEIB,  
T.  N .  W.  JACKSON,  G .  RÁDIS-BAPTISTA,  A .  J.  Z AHARENKO,  P.  L .  DE SÁ JR. , 

A .  PEREIRA,  N .  OGUIURA,  M.  A .  F.  HAYASHI,  A .  KERKIS ,  
T.  YAMANE,  AND I.  KERKIS

9.1 sUmmaRY

The β-defensins are a diverse group of small cationic antimicrobial peptides. They are not 
only an integral part of the vertebrate innate immune system, but they also serve as myotoxic 
venom proteins in advanced snakes. Despite extreme sequence variability and diverse biologi-
cal activities, all β-defensins conserve the same three-dimensional structure, and their genes 
have the same organization. The most well-studied reptilian β-defensin venom homologues 
are from the genus Crotalus, of which the toxin crotamine from Crotalus durissus terrificus has 
received the most attention. Crotamine has a well-characterized ability to cause severe muscle 
necrosis through a nonenzymatic mechanism. Crotamine was long thought to affect sodium 
channels, but emerging evidences suggest that it blocks voltage-gated potassium channels 
(KV). This peptide has also demonstrated biological versatility, not only acting as a toxin but 
also possessing cell-penetrating peptide (CPP) properties, targeting chromosomes, and acting 
as a DNA plasmid carrier. Additionally, it shows specificity for actively proliferating cells and 
has selective antitumor activity in preclinical melanoma models. All these biological proper-
ties of crotamines are of great pharmacological potential (Kerkis et al. 2010; Kerkis et al. 2014).

9.2 eNDOphYsIOLOGICaL pLesIOTYpe

The β-defensins, being rich in lysine and arginine residues, are cationic peptides. They are 
found in both vertebrates and invertebrates. They have well-characterized antimicrobial activ-
ity (Lehrer and Ganz 2002). The high net-positive charge of β-defensins facilitates electrostatic 
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interaction with negatively charged cell surfaces. Thus, they can cause membrane permeabili-
zation, in which porelike structures form, leading to the efflux of cellular nutrients. They can 
also interact specifically with negatively charged targets or receptors. The compact structure 
of β-defensins consists of 18 to 45 amino acids, including a conserved cysteine pattern that 
results in a characteristic three-cysteine bridge linked 1-5, 2-4, 3-6. Despite extremely vari-
able sequences and biological activities, β-defensins have well-conserved elements of second-
ary structure and also of residues responsible for the formation of the characteristic fold: all 
the cysteine residues; the glycine residues 8, 9, 26; and proline 20, including the γ-core motif 
G-X(3)-C-X(3-9)-C-K (Yount and Yeaman 2004). Cysteines involved in the formation of disul-
fide bonds, and also the α-helix and the γ-core motifs, are highly conserved. The β-defensins 
and their homologues exhibit impressive variation in their coding sequences, resulting in a 
considerable diversity of physicochemical properties (such as charge and hydropathicity) and 
potential oligomerization propensities. While a similar structural scaffold characterizes these 
peptides, each may individually exhibit numerous biochemical activities and solvent accessi-
bilities. There is extreme variability in molecular-surface charge distribution. Physicochemical 
variability in similarly folded peptides might account for the observed differences in biological 
functions and specificities.

Because of the antimicrobial nature of β-defensins, they are an integral part of the host 
defense mechanism in multicellular organisms. Several avian β-defensins, which are found in 
various compartments of the egg (such as shell, egg white, and vitelline membranes), have been 
theorized to be involved in embryonic protection (Herve-Grepinet et al. 2010). Gallinacin-2, 
for instance, exhibits potent antibacterial activity not only against the Gram-negative bacte-
rium Eschericia coli ML-35 but also against the Gram-positive bacterium Listeria monocyto-
genes EGD; however, it lacks antifungal activity against Candida albicans (Harwig et al. 1994). 
Gallinacins are expressed in circulating avian heterophil granulocytes, bone marrow, lungs, 
and testes. Moderate expression of gallinacin is observed in synovial bursa and intestine, while 
cloaca, gall bladder, brain, pancreas, trachea, air sacs, and spleen exhibit low-level expression 
of these peptides. Gallinacins are also expressed in vagina, ovarian stroma, and the theca 
layer of the ovarian follicle but not in the granulosa layer. Certain avian β-defensins, such as 
spheniscins, are known to play an important role in the preservation of food in the stomach of 
king penguins (Aptenodytes patagonicus) (Thouzeau et al. 2003; Landon et al. 2004). Similar 
to those of birds, the eggs of nonfeathered reptiles are also enriched with several defensin-like 
peptides, such as pelovaterin, which plays a dual role in the eggshell of the Chinese soft-shell 
turtle (Pelodiscus sinensis). It induces the nucleation and stabilization of vaterite, one of the 
crystalline polymorphs of calcium carbonate in eggshells, and also exhibits strong antimicro-
bial activity against Pseudomonas aeruginosa and Proteus vulgaris (Lakshminarayanan et al. 
2008). Other cationic peptides with the β-defensin scaffold may replace lysozymes in reptilian 
eggs (Chattopadhyay et al. 2006). Certain reptilian β-defensins that are secreted by leukocytes 
in blood may participate in the innate immune response (Stegemann et al. 2009). In addition 
to being efficient in combating bacteria, β-defensins display antifungal and antiviral activities.

Crotasin (Cts-p2) is the closest endophysiological homologue of the venom-type 
β-defensins. This peptide was first identified in genomic libraries of crotamine-negative speci-
mens of C. d. terrificus (Rádis-Baptista et al. 2004). Crotasin, whose physiological role is still 
unknown, is abundantly expressed in the pancreas, heart, liver, brain, and kidneys of snakes, 
while being scarcely secreted in the venom glands. The gene organization of crotasin and 
venom β-defensins indicates that both genes have likely evolved through the duplication of 
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a single plesiotypic gene (Correa and Oguiura 2013). Indeed, crotasin is similar to the puta-
tive ancestor of the venom-gland forms (Rádis-Baptista et al. 1999; Rádis-Baptista et al. 2003). 
The signal peptide sequences of crotasin and venom β-defensin precursors are very simi-
lar, whereas the mature peptides share less than 30% identity. However, the conservation of 
disulfide-bond-forming cysteine residues suggests that they might adopt similar folds.

9.3 pLesIOTYpIC sTRUCTURaL  

aND FUNCTIONaL TOxIN FORms

Rattlesnake β-defensins, with similar chemical and biological properties to crotamines, have 
been referred to as small basic polypeptide myotoxins (SBPMs) (Ownby 1998). However, this 
nomenclature does not apply to all reptilian venom-gland β-defensins, since not all are cationic 
and myotoxic activity has only been characterized in Crotalus venom forms. Thus, the broader 
suite of venom-gland-expressed peptides are collectively referred to as β-defensins. While the 
putatively antimicrobial forms from iguanian lizards are diverse, and the anguimorpha lizard 
variants are also extensively mutated, the Crotalus venom forms are highly conserved (see 
figures 9.1 and 9.2 and color plate 27).

While the bioactivities of the lizard gland β-defensins remain to be characterized, the 
snake-venom homologues have been the subject of intense research. Crotamine from C. d. ter-
rificus has been particularly well investigated. Crotamine, first isolated in 1947, is one of four 
major components isolated from the venom of the South American rattlesnake C. d. terrifi-
cus (Gonçalves and Polson 1947). Crotamines have a single chain with 42 amino acids (MW 
4880 Da), six-cysteines pattern characteristic of β-defensins, which fold into the typical three 
disulfide-bond conformations (Nicastro et al. 2003; Fadel et al. 2005). Crotamine is rich in 
basic residues (nine lysines, two arginines, and two histidines) and has a higher net-positive 
surface charge (theoretical pI 9.51, experimental pI 10.3) than nonvenom β-defensin-like pep-
tides (see color plate 27). It lacks alanine, asparagine, valine, and threonine residues. Crotamine 
is an amphipathic molecule that exposes a large positively charged patch on both sides of the 
molecular surface, with a narrow but well-delimited hydrophobic section (see color plate 27). 
Crotamine can be found in two isoforms with a minimal difference in primary sequence. In the 
crotamine-Ile-19 isoform, which was isolated from the venom of Crotalus durissus ruruima, 
the leucine residue at position 19 is replaced by isoleucine (Dos Santos et al. 1993). Previously 
the UniProt database entry P63327 having the isoform 1 crotamine sequence instead of crot-
amine Ile-19 (isoform 2), but this has now been rectified. It appears that the intrinsic chemical 
properties of leucine and isoleucine do not produce appreciable steric differences or influence 
the overall three-dimensional structures of these isoforms, as both peptides have the same 
biological activity and are immunologically indistinguishable. Moreover, neither form causes 
observable tissue damage (Dos Santos et al. 1993).

The electrostatic surface charge of the molecule is responsible for several of the biological 
activities of crotamine, particularly its selective cell-penetrating action toward certain cell types 
at particular phases of cell cycle (Kerkis et al. 2004; Kerkis et al. 2006). Crotamines possibly 
interact with specific targets such as ion channels and proteoglycans (Nascimento et al. 2007; 
Yount et al. 2009), resulting in the reduction of membrane potential, thus increasing the influx 
of ions through the membrane and the modification of conductance by a channel-mediated 



FIGURE 9.1: molecular phylogenetic tree of β-defensin peptides and related nontoxin proteins (Fry 
et al. 2013).
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mechanism, ultimately releasing Ca2+ ions from the sarcoplasmatic reticulum (Katagiri et al. 
1998; Ownby 1998; Nascimento et al. 2012). Crotamine binds strongly to excitable membranes, 
leading to the contraction of skeletal muscles and spastic paralysis in the hind limbs of mice 
(Cheymol et al. 1971). Other effects include lachrymal hypersecretion, dyspnea, tachycardia, 
paralysis, and death (Brazil, Prado-Franceschi, and Laure 1979). The LD50 of crotamine is 1.5 
mg/kg by intravenous injection (Allen, Tucker, and Green 1986).

Crotamine induces irreversible membrane depolarization and spontaneous repetitive fir-
ings of mammalian skeletal muscle (Chang and Tseng 1978; Brazil, Prado-Franceschi, and Laure 
1979), apparently indicating that it interferes with Na+ currents (Matavel et al. 1998). After sev-
eral studies showing indirect evidence that crotamine might act on Na+ currents, it was demon-
strated that it actually did not directly affect mammalian voltage-dependent sodium channels 
(Rizzi et al. 2007). This was further supported by pharmacological comparisons between crot-
amine and toxins with proven sodium-channel activity, where the latter were unable to mimic 
the hind-limb paralysis caused by crotamine (Peigneur et al. 2012a). Computational docking 
models indicated that crotamine might act as a voltage-dependent potassium-channel blocker 
that specifically recognizes residues of the eukaryotic channel pore (Yount et al. 2009). This 
possible action on voltage-gated potassium KV channels has been investigated in an effort to 
explain crotamine’s in vivo effects (Peigneur et al. 2012a). Crotamine’s effect on ion-channel 
function was investigated using the two-electrode voltage-clamp technique on 16 cloned ion 
channels (12 KV channels and 4 NaV channels) expressed in Xenopus laevis oocytes. Crotamine 
was shown to selectively inhibit KV1.1, KV1.2, and KV1.3 channels with IC(50) values of 369.43 ± 
55.51 nM, 386.14 ± 10.62 nM, and 286.53 ± 91.72 nM, respectively. The inhibition of KV1.3 
channels induced by crotamine occurred rapidly, was not voltage-dependent, and was revers-
ible after wash, suggesting a classic channel-blockage effect without altering KV kinetics.

Although there are several animal neurotoxins that can interact with potassium chan-
nels (Mouhat et al. 2008), snake toxins with this activity are uncommon. Previously known 
snake toxins with KV-channel-inhibiting activity were restricted to apotypic CRiSP proteins 
from Naja atra venom (Wang et  al. 2006a) (see  chapter  10), and apotypic kunitz peptides 
from mamba venoms (see Harvey and Robertson 2004) (see  chapter 15). Kunitz peptides with 
this activity have also been characterized from sea anemone venom (see Peigneur et al. 2011). 
However, none of these toxins possesses the β-defensin scaffold; thus, crotamine was the 
first β-defensin characterized with KV-channel-inhibiting activity. However, some structural 
aspects of crotamine have a similar topology to type III KV-channel toxins in anemones that 
potently and selectively modulate the hERG-related potassium channels (Diochot et al. 2003; 
Peigneur et al. 2012b).

The relative presence of β-defensin peptides in Crotalus venoms varies considerably 
between species and even within different populations of the same species (Boldrini-Franca 
et  al. 2010). For example, two subpopulations of C.  d.  terrificus, “crotamine positive” and 
“crotamine negative”, exist in Brazil (Schenberg 1959). Crotamine-positive rattlesnakes show 
variation in the amount of this toxin in the crude venom, although it makes up not less than 
10% of the total venom weight. In crotamine-negative venom, even in high concentration of 
the venom, crotamine could not be detected by ELISA quantification assay (Oguiura et  al. 
2000). Northern blot analysis using crotamine cDNA as a probe with total RNA and poly(A+) 
RNA samples extracted from proven crotamine-positive and crotamine-negative specimens 
revealed a band of approximately 0.4 kb that was present only in the total mRNA sample 
from crotamine-positive venom glands (Rádis-Baptista et al. 1999). This variation in venom 
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composition is not restricted to South American subpopulations. The venom of C. adamanteus 
exhibits remarkable intraspecific variation, as do C. horridus, C. oreganus helleri, C. scutula-
tus, and C. viridis venoms (Straight et al. 1991).

While most venom-encoding genes accumulate tremendous variation, the β-defensins 
secreted in large quantities by various populations of C. o. helleri completely lack variations in 
their coding sequences and experience significant influence from negative selection (Sunagar 
et al. 2014). The few hypermutable sites that exist are located in nonsecreted regions of the 
toxin and likely do not contribute in the envenoming process (Sunagar et al. 2014). Nearly 76% 
of residues in these peptides are extremely well conserved (percent identity ≥ 90%). The lack 
of variation in the secreted regions of these toxins is likely an indicator of their nonspecific 
mode of action, binding to negatively charged membranes using their cationic amino acids, 
consequently resulting in membrane permeabilization. Therefore, it is expected that the evo-
lutionary constraints of this toxin type favor the preservation of cationic residues required for 
toxicity. Of residues in these toxins, 29% are cationic (K, R, and H) and were extremely well 
conserved (percent identity ≥ 80%; Sunagar et al. 2014).

β-defensins isolated from Crotalus venoms include myotoxin-α from C.  viridis viri-
dis (Cameron and Tu 1977; Fox, Elzinga, and Tu 1979) peptide C from C. o. helleri (Maeda 
et al. 1978), myotoxin I and II from C. viridis concolor (Bieber, McParland, and Becker 1987), 
CAM-toxin from C. adamanteus (Samejima, Aoki, and Mebs 1991), and E toxin from C. h. hor-
ridus (Allen et al. 1996). There is a remarkably high degree of amino acid conservation among 
these members, with scores varying from 83% to 98%. For example, crotamine (UniProt 
entry P01475) shares 92.86% sequence identity with C. v. viridis myotoxin-α (UniProt entry 
P01476), differing only by two residues: at position 25, phenylalanine is substituted by leucine, 
and at position 33, conservative substitution has occurred with arginine substituted by lysine. 
Equivalent similarity exists between myotoxin-α and myotoxin 2 and 3 isoforms (UniProt 
P63175, P63176) from C. v. viridis venom. Myotoxin 1 and 2 (UniProt P12028, P12029) from 
C. v. concolor venom and crotamine-IV-2 and IV-3 (UniProt P86193, P86194) from C. duris-
sus cumanensis venom share a similar percentage of residues. Individual variation occurs 
in myotoxin-α (Aird, Kruggel, and Kaiser 1991), and the number of isoforms suggests that 
myotoxin-α is the product of a duplicated locus producing natural variants in venom with 
substitutions of isoleucine by threonine at position 19, leucine by phenylalanine or lysine at 
position 25, and lysine by arginine at position 33. In a similar manner, myotoxin-2 from the 
venom of C. v. concolor occurs in several variants involving minor substitutions: glutamate by 
threonine at position 15, lysine by valine at position 16, threonine by leucine at position 19, 
and lysine by arginine at position 33 (Bieber and Nedelkov 1997). Interestingly, C. v. viridis 
myotoxin-2 is similar to myotoxin-1 from C. v. concolor, except that it possesses an additional 
C-terminal asparaginyl-alanine. With 45 residues, it is the longest known snake myotoxin-α 
homolog, and it is cleaved at position 43, producing the mature myotoxin-4 (Griffin and Aird 
1990). Such divergence indicates active molecular evolution of this venom peptide type.

Crotamines were first isolated and characterized from Crotalus venoms, and they remain 
the most intensively investigated β-defensins; β-defensin was, however, recruited for use as a 
toxin at the base of the toxicoferan reptile chemical arsenal (Fry et al. 2006; Fry et al. 2010b; Fry 
et al. 2013). The β-defensin peptides are the most diverse (possessing hypervariable regions) 
and highly expressed peptide/protein type in the incipient venom glands of iguanian lizards. 
In this lineage, they are likely restricted to an antimicrobial role. Subsequently, they were wea-
ponized for use in envenoming by other toxicoferan lineages.
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9.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

9.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

The reported antinociceptive effect of crotamines (Mancin et al. 1998) is probably caused by 
the co-elution of these peptides with the 14 amino acid long crotalphine. Crotalphine is a 
degradation product of crotapotin γ-chain, a nonenzymatic and nontoxic acidic subunit of the 
major neurotoxic venom component crotoxin (Konno et al. 2008).

Unlike plesiotypic β-defensin peptides, crotamine inhibits microbes only at minimal con-
centrations, 25 µg/mL to 100 µg/mL against E. coli with little or no action against other spe-
cies of Gram-negative and Gram-positive bacteria (Oguiura et al. 2011; Yamane et al. 2013). 
Regardless of its modest effect against bacteria and unlike mammalian β-defensins, crotamine 
acts against eukaryotic cells like those of the fungus C. albicans, altering membrane potential 
and inducing phosphatidylserine accessibility (Yount et  al. 2009; Yamane et  al. 2013). This 
supports the hypothesis that antimicrobial β-defensins and snake-venom myotoxins like crot-
amine differentially evolved to distinguish between microbial and mammalian ion channels. 
This selectivity is achieved through specific molecular surface interactions between toxin and 
target. Crotamine has antifungal activity against not only Candida but also other fungi such as 
Trichosporon and Cryptococcus neoformans in concentrations of 12 to 50 µg/mL (Yamane et al. 
2013). Crotamine activity is clearly distinguishable from other AMPs because it is selective 
for proliferative eukaryotic cells (Kerkis et al. 2010; Radis-Baptista and Kerkis 2011; Yamane 
et al. 2013).

The inhibition of KV channels by crotamine could be related to its selectivity for prolifer-
ating active cells and tumor cells. Potassium channels play an important role in membrane 
hyperpolarization, regulating cell-cycle progression from G1/S (Wonderlin and Strobl 1996; 
Ouadid-Ahidouch and Ahidouch 2008; Becchetti 2011). The enhanced expression of KV1.3 
channels and their critical role in the proliferation of several types of carcinogenic cell types 
have been well established (Bielanska et al. 2012). The inhibition of KV1.3 channels expressed 
in human Jurkat T cells may be involved in the antiproliferative and proapoptotic effects of 
drugs such as 8-prenylnaringenin, which act as immune suppressors (Gasiorowska et al. 2012). 
Recently described, mitoKV1.3 is the first potassium channel located in mitochondrial mem-
branes and plays an important role in regulating cell apoptosis (Szewczyk, Jarmuszkiewicz, 
and Kunz 2009; Szabo, Zoratti, and Gulbins 2010). MitoKV1.3 is inhibited by Bax, which 
induces hyperpolarization of the mitochondrial membrane. Interaction between Bax and 
the pore channel depends on a lysine residue similar to the functional binding dyad from 
K+-channel-blocking toxins (Leanza et  al. 2012). Crotamine might interact with KV chan-
nels, including mitochondrial channels, in a similar way to neurotoxins from sea anemones, 
since a comparable “functional dyad” is hypothesized to occur on it (Peigneur et al. 2012a). 
Identification of this dyad might be helpful in comparing the effects and mechanisms of action 
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of such toxins on organelles such as mitochondria. Recent studies have demonstrated that 
crotamine elicits mitochondrial depolarization and intracellular calcium release (Nascimento 
et al. 2012).

Crotamine in micromolar concentrations is nontoxic to any of the cell cultures tested thus 
far (including fibroblast 3T3, embryonic stem cells [ES cells], HEK293, PC12, CHO-K1, and 
primary culture astrocyte cells) and does not affect the pluripotency of ES cells or the develop-
ment of mouse embryos (Kerkis et al. 2004). Despite its low cytotoxicity against nontumor cell 
lines, crotamine has potent and specific toxicity against aggressive mouse and human tumor 
cell lines such as murine melanoma cells (B16-F10), human skin-melanoma cells (SK-MEL-28), 
and a pancreatic carcinoma cell line (MIA PaCa-2). In vivo crotamine treatment significantly 
delayed implantation of tumor in preclinical melanoma model, inhibited tumor growth, and 
prolonged the life span of the mice (Pereira et  al. 2011). Because of all the aforementioned 
properties, crotamine has great potential for use as an imaging agent for detecting dividing 
cells, for the intracellular delivery of hydrophilic biomolecules, and as an alternative chemo-
therapeutic compound against aggressive types of cancer.

Crotamine is potentially useful because of its selective biological action toward certain 
cell types at a given phase of cell cycle and for its ability to rapidly and efficiently translocate 
into actively proliferating cells (Radis-Baptista and Kerkis 2011). Crotamine has high selectiv-
ity for proliferating cells in vitro and in vivo and shows cell-penetrating ability in various cell 
lines and in mouse blastocysts. By accumulating in the cell nucleus, crotamine can strongly 
label cells from mouse bone marrow, spleen, and peritoneal liquid. Nuclear localization of it 
was observed in both unfixed and fixed cells. In the cytoplasm, crotamine specifically associ-
ates with centrosomes, facilitating the process of centriole duplication and separation. In the 
nucleus, it also binds to chromosomes at S/G2 phase, when centrioles start dividing (Kerkis 
et al. 2004). Actively proliferative cells uptake crotamine via endocytosis, an event that ensures 
crotamine binding to cell membranes via heparan sulfate (Nascimento et al. 2007). It is also 
useful for intracellular vesicle tracking and as a cell-cycle marker of proteoglycans (Nascimento 
et al. 2007; Hayashi et al. 2008). Crotamine interacts with DNA and acts as a carrier capable of 
delivering DNA into replicating mammalian cells with low cytotoxicity against normal prolif-
erative cells (Nascimento et al. 2007; Hayashi et al. 2008; Kerkis et al. 2010; Hayashi et al. 2012).

Crotamine is capable of forming DNA-peptide complexes by electrostatically binding to 
negatively charged DNA molecules like plasmid vectors. Thus, it could be used as a vector for 
rapid and efficient translocation of coupled drug compounds into actively proliferating cells. It 
could also be used for labeling highly replicating cells (Nascimento et al. 2007; Radis-Baptista 
and Kerkis 2011). Recently, the binding of crotamine to single- and double-stranded DNA of 
different lengths and base compositions has been studied over a range of ionic conditions. 
Inspection of the three-dimensional structure of crotamine suggests that residues Arg31 to 
Lys35 could serve as a potential DNA-binding site. A  derivate hex peptide containing this 
sequence behaves similarly to full-length crotamine (Chen et  al. 2012a). Structure-guided 
deconstruction of crotamine in an attempt to define the minimal structural motif essen-
tial for membrane translocation and internalization has been used to identify and design 
therapeutically useful crotamine derivatives called nucleolar translocation peptides (NrTPs) 
(Radis-Baptista, de la Torre, and Andreu 2008; Radis-Baptista, de la Torre, and Andreu 2012; 
Rodrigues et al. 2012). NrTPs and cysteine-rich cell-penetrating peptide for cytosolic delivery 
(CyLop-1) are minimal structural motifs from crotamine essential for membrane transloca-
tion and internalization. CyLop-1 escapes from the endocytic pathway and exhibits cytosolic 
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distribution. CyLoP enters the cytosol by endosomal uptake and delivers small cargos of pro-
apoptotic molecules (Jha et  al. 2011). Several distinct NrTPs-1 were created, which possess 
remarkable translocating properties, such as fast internalization and preferentially targeting 
the nucleolus of tumor cells (Radis-Baptista, de la Torre, and Andreu 2012). NrTPs conjugated 
with EGFP (enhanced green fluorescent protein) confirm the preferential nucleolar localiza-
tion of the translocating and internalized peptide (Radis-Baptista, de la Torre, and Andreu 
2008). The fluorescence vanished after 24 hours’ incubation of HeLa cells with peptide-free 
culture medium, indicating relatively fast degradation of the internalized molecules. All pep-
tides were found to be harmless to HeLa cells up to 100 µM. In order to demonstrate the capac-
ity of NrTP to mediate the intracellular delivery of large molecules, it was conjugated with a 
large protein, β-Galactosidase (116.5 kDa), which far exceeds the thickness of cell membranes 
and is equivalent in size to many therapeutically relevant cargos (such as antibodies around 
150 kDa). The NrTP-β-gal was efficiently translocated into HeLa cells, as monitored by stable 
β-galactosidase activity after cell lysate (Rodrigues et al. 2011). These results clearly demon-
strate that spliced crotamine derivatives are very efficient in entering cells and accumulating 
in their cytoplasm or nucleoli. Crotamines and their derivatives, such as the CPPs, include a 
novel nucleolar localization signature, which confers on them a remarkable nucleolus-homing 
ability. This could be harnessed for a number of purposes, such as specific and precise delivery 
of diverse cargos or DNA vectors into tumor cells, as imaging agents and functional molecules. 
Thus, they have tremendous applications in the field of immunotherapy, cell cycle regulation, 
and transgenesis (Nascimento et al. 2007; Chen et al. 2012a; Radis-Baptista, de la Torre, and 
Andreu 2012).

9.6 CONVeRGeNCe WITh OTheR VeNOms

The β-defensin peptides have been convergently recruited into the venoms of various ani-
mals, including sea anemones, scorpions, spiders, platypus, and shrews (Fry et  al. 2009a). 
Crotamine has evident structural similarities to the platypus venom defensin-like-peptide-2 
(DLP-2) but shares only 25% of its sequence identity (Torres et al. 2000; Torres and Kuchel 
2004; Whittington et al. 2008). DLP-2 is expressed by a precursor with a signal peptide of 21 
residues and a propeptide consisting of only two residues. The mature chain comprises a pep-
tide with 42 amino acids, including two variants at position 26, producing a stereo-inversion 
of L-Met-26 (in DLP-4) to D-Met-26 (in DLP-2). The most significant differences can be seen 
near the N- and C-termini compared with crotamine; the DLP-2 polypeptide is elongated at 
the N-terminus and truncated near the C-terminus. The activity of DLP-2 has not yet been well 
characterized, but it does not act on Na+ ion channels or have any demonstrated antimicrobial, 
myotoxic, hemolytic, or cellular activities.

Recently, another animal toxin called maurocalcine (L-MCa), in its D-diastereomer con-
formation, was isolated and purified from the venom of a Tunisian scorpion (Scorpio maurus 
palmatus) and was also categorized as CPP. However, it has a different fold from crotamine 
and other β-defensins (Poillot et al. 2010). Despite the low sequence similar and the distinct 
sequential arrangement of the secondary structure elements of crotamine (αβ1β2) and toxin 
AaHII (β1αβ2β3) from the venom of the scorpion Leiurus quinquestratus, the overall fold of 
the toxin is quite similar to some of the plant defensins and the scorpion potassium channel 
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toxins, such as the charybdotoxin (Nicastro et al. 2003). Interestingly, this sodium-channel 
scorpion toxin (AaHII) from L. quinquestriatus is also a potent cytoskeletal agent in vitro and 
has pronounced effects on the in vitro polymerization and stability of neuronal microtubules 
purified by temperature-dependent cycles of assembly and disassembly (Brown, Johnston, and 
Tolbert 1983).

Some sea anemone neurotoxins secreted by nematocysts have a disulfide-bridge pattern 
similar to β-defensin-like peptides including crotamine and DLP-2 (Siqueira et  al. 2002; 
Oliveira et al. 2006; Zaharenko et al. 2008). This group includes APETx-1, a neurotoxin from 
Anthopleura elegantissima, which potently and selectively modulates the voltage-dependence 
of the channel gating of human Ether-a-go-go-related potassium channels such as KCNH2, 
KCNH6, and KCNH7 (Chagot et  al. 2005). This group of peptides delays inactivation dur-
ing signal transduction and is much more potent against crustaceans than against vertebrates 
(Monks et al. 1994).
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10.1 sUmmaRY

Cysteine-rich secretory proteins (CRiSPs) are exclusively found in vertebrates and are associ-
ated with a broad range of functions. These proteins, however, are part of the CAP (CRiSP, 
antigen 5 [Ag5], and pathogenesis-related 1 [Pr-1]) superfamily of proteins which are distrib-
uted widely across the tree of life. Proteins from the CAP superfamily are present in the ven-
oms of a range of venomous animal lineages, such as coleoids, cone snails, stinging insects, 
scorpions, spiders, lampreys, and even vampire bats. This diverse recruitment highlights the 
importance of this molecular scaffold in a range of envenomation strategies.

CRiSPs, which are characterized by sixteen universally conserved cysteine residues, were 
originally isolated from mammalian reproductive tracts. Venoms of toxicoferan reptiles, par-
ticularly certain non-front-fanged advanced snakes and anguimorph lizards, are also rich in 
CRiSP proteins. Despite their being characterized as a major component of venom in these 
lineages, there is considerable debate surrounding their biological function in venoms, which 
remains enigmatic in many cases. They are hypothesized to participate in envenoming by dis-
rupting homeostasis in the prey through several mechanisms, including blockage of cyclic 
nucleotide-gated and voltage-gated ion channels and inhibition of smooth-muscle contraction. 
Similarly it is unclear whether CRiSPs have been developed into toxins on a single early occa-
sion or on two separate occasions, but with phylogenetic analyses favoring the latter scenario.

10.2 eNDOphYsIOLOGICaL pLesIOTYpe

The CAP superfamily consists of CRiSP, AG5 (from insects), and PR-1 (from plants). Although 
members of the CAP superfamily are distributed throughout the domains Archaea, Bacteria, 
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and Eukaryota and are found virtually throughout the animal kingdom, CRiSPs are restricted 
to vertebrates alone. CRiSPs were originally identified as acidic epididymal glycoproteins from 
the reproductive tracts of rats (Cameo and Blaquier 1976; Kierszenbaum et al. 1981; Brooks 
et al. 1986). Since then, CRiSPs have been characterized from a wide variety of tissues, includ-
ing the salivary glands, neutrophils, colon, thymus, ovary, pancreas, and blood (Nobile et al. 
1994; Morrissette et  al. 1995; Nobile et  al. 1996; Olson et  al. 2001; Ookuma, Fukuda, and 
Nishida 2003; Yamazaki and Morita 2004; Yamazaki and Morita 2007).

As a result of its high cysteine content, N-terminal signal peptide sequence, and extracel-
lular localization (Haendler et al. 1993), the protein isolated from the rat epididymal fluid is 
now named CRiSP1, and several orthologues have been identified in humans, horses, and mice 
(Rankin et al. 1992; Giese et al. 2002). The androgen-dependent secretion of CRiSP1 by the 
proximal epididymis occurs on the sperm surface during maturation and the fusion of gam-
etes. Initially, CRiSP1 secretion is localized on the dorsal region of the sperm head; however, 
it migrates to the equatorial segment during capacitation. CRiSP2, which is heavily secreted 
in the testes and likely participates in interactions involving Sertoli and spermatogenic cells, 
was initially retrieved from guinea pigs, mice, rats, humans, and horses (Maeda et al. 1998). 
CRiSP2 was previously known by several names, such as auto-antigen 1 and TPX1. CRiSP2 
is also known to regulate RyR activity (Gibbs et al. 2006). It may play a role in either the ini-
tiation or regulation of sperm tail beating via ion channels controlling intracellular calcium 
stores (Harper, Barratt, and Publicover 2004; Marquez, Ignotz, and Suarez 2007). CRiSP3 was 
originally characterized from mice and soon after was retrieved from humans and horses. 
CRiSP3 are the most widely distributed of all CRiSPs and are secreted in the majority of verte-
brate cells and tissues, including saliva, the pancreas, murine pre-B cells, human neutrophils, 
the thymus, the colon, and the ovaries. CriSP3 has also been hypothesized to play a vital role 
in the immune system. In contrast, CRiSP4 has only been identified in mice and rats to date 
(Jalkanen, Huhtaniemi, and Poutanen 2005; Nolan et al. 2006).

CRiSPs are secreted as single-chain proteins, and, depending on the kind of posttransla-
tional modification (such as glycosylation) they undergo, their molecular mass ranges between 
around 20–30 kDa (Yamazaki and Morita 2004; Roberts et al. 2006). CRiSP isoforms share 
a high degree of amino acid sequence similarity and a highly conserved pattern of 16 cys-
teine residues that constitute eight disulfide bridges (Guo et al. 2005; Shikamoto et al. 2005; 
Wang et al. 2005a). The protein can be subdivided into two domains: a ~21-kDa PR-1 (or CAP) 
domain, which exhibits sequence similarity with the plant PR-1 (pathogenesis-related) pro-
teins; and a ~6-kDa cysteine-rich domain (CRD). The PR-1 domain consists of all the struc-
tural motifs characteristic of a CAP domain and is known for its structural conservation. The 
CRD, in turn, is composed of two domains: a hinge region and an ion-channel regulator (ICR) 
domain. Of the eight disulfide bonds, 10 of the 16 cysteine residues involved are confined to 
the CRD region at the C-terminus. The presence of several unrelated proteins with similar 
domains that are enriched with cysteine residues adds to the already confusing nomenclature 
of CRiSPs. A new CRiSP nomenclature system was recently suggested (Gibbs et al. 2006). The 
cysteine spacing in the hinge region of CRiSPs is Cx2Cx3Cx4C. It should be noted that each 
member of the mammalian CAP subfamily differs in the spacing of cysteine residues in the 
hinge region. There seems to be a greater degree of rotational freedom between the hinge and 
the ICR domains, despite the fact that the former is rigidly attached to the PR-1 domain (Gibbs 
et al. 2006). CRiSPs are also characterized by a predicted signal peptide, which aids in localiza-
tion to specific intracellular compartments. These structural domains of CRiSPs were initially 
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identified by partial disulfide-bond mapping studies on CRiSP1. The domain organization of 
these proteins was finally confirmed when the crystal structures of several advanced snake 
CRiSPs were solved. Despite lacking transmembrane domains, CRiSPs are often found associ-
ated with membrane components either by glycosylation or through interaction with integral 
membrane proteins.

It has been suggested that these proteins may have a dual function, with both the 
N-terminal CAP domain and the C-terminal CRD possessing distinct roles. The biological 
activities of CRiSPs are mainly dependent on where they are expressed and in what quantity. 
Mammalian CRiSP1 and CRiSP2 primarily participate in reproductive pathways. CRiSP3 are 
secreted in large amounts not only in the reproductive tract but also in other places, such as 
immune tissues, salivary duct, and exocrine glands. Consistent with these differing roles, evo-
lutionary assessment of CRiSP1 and CRiSP2 protein-encoding genes revealed them as being 
extremely well conserved and under the influence of negative selection, while CRiSP3 accu-
mulates a greater number of variations (Sunagar et al. 2012). The lack of variation in reproduc-
tive homologues of CRiSP (CRiSP1 and CRiSP2) probably results from the fact that they play 
an important role in homeostasis, while the diversity in CRiSP3 is likely a result of their role 
in the immune system (Sunagar et al. 2012). Recently, however, it was revealed that CRiSP1, 
CRiSP2, and CRiSP4 might also have a wider distribution than previously recognized, includ-
ing expression in nonreproductive tissues in the immune system and secretory epithelia, and 
therefore may have more diverse activities.

10.3 pLesIOTYpIC sTRUCTURaL  

aND FUNCTIONaL TOxIN FORms

Reflective of their wide salivary distribution, CRiSPs were among the first toxicoferan toxins 
to be recruited and amplified (Fry 2005). Along with kallikrein enzymes (see  chapter 14) they 
remain the most highly expressed toxin class in the venom systems of anguimorph lizards and 
many non-front-fanged advanced snakes (Fry et al. 2003c; Jin et al. 2003; Osipov et al. 2005; 
Fry et al. 2006; Fry et al. 2008; Fry et al. 2010b; Fry et al. 2013). Although the precise role of 
these proteins in reptilian venoms is yet to be elucidated, as a class they are capable of a diverse 
array of biological functions:  inhibition of neuronal Ca2+ and K+ (Nobile et al. 1994; Nobile 
et al. 1996); inhibition of vascular smooth-muscle contraction (Yamazaki et al. 2002), inhibi-
tion of BK (big potassium) Ca2+ channels (Wang et al. 2005a), inhibition of the release of Ca2+ 
from the sarcoplasmic reticulum of both cardiac and skeletal muscle (Morrissette et al. 1995), 
induction of hypothermia and lethality (Mochca-Morales, Martin, and Possani 1990), inhibi-
tion of K+ ion induced contraction of smooth muscles (Brown et al. 1999; Yamazaki et al. 2003), 
and blocking of ryanodine receptors, voltage-gated Ca2+, and K+ ion channels (Morrissette 
et al. 1995; Nobile et al. 1996). Structures solved for forms from advanced snakes have allowed 
for detailed domain characterization of these proteins (Guo et al. 2005; Shikamoto et al. 2005; 
Wang et al. 2005a). However, the biological function of the majority of reptile venom CRiSPs, 
including plesiotypic forms, still remains completely unknown. Even the sites involved in 
biological activities remain unknown to date. It has been proposed recently that cooperation 
between the cysteine-rich and PR-1 domains facilitates the extreme specificity and affinity 
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of reptile venom CRiSPs for ion channels (Suzuki et al. 2008). These authors also proposed 
the pore turret of CNGA2 as the potential target site for pseudechetoxin (PsTx) and pseu-
decin (Pdc), two CRiSP derivatives from Pseudechis australis and Pseudechis porphyriacus 
(respectively).

The molecular evolutionary history of these toxins also has proven to be intriguing. While 
they form close phylogenetic associations, the lizard and snake sequences do not form a mono-
phyletic group (see  figures 10.1 and 10.2). Thus, based on the principles utilized for determining 
single versus multiple evolutions of venom proteins (Fry and Wüster 2004), it must be cur-
rently hypothesized that these toxins are the result of convergent amplification, duplication, 
and diversification in lizards and snakes. The association of all the lizard toxins together, how-
ever, provides additional evidence for the organismal phylogeny of ([Anguimorpha + Iguania] 
+ [Serpentes]) as the arrangement of the three toxicoferan lineages (see  chapter 1.2.1). Each 
type has undergone differential molecular evolution (see color plate 26B) (Sunagar et al. 2012).

10.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Assessment of natural selection pressures influencing the evolution of genes encoding these 
proteins in toxicoferan venoms reveals that they accumulate considerable variation under 
the influence of positive Darwinian selection (Sunagar et al. 2012). Moreover, reptile venom 
CRiSPs from caenophidian snake venoms accumulate significantly greater variation than 
those from anguimorph lizard venoms. It is probable that the evolution of reptile venom CRiSP 
homologues is influenced by the specific prey-subjugation strategy employed by the organ-
ism. Anguimorph lizards depend more on pace and powerful jaws for predation than venom, 
while advanced snakes are mainly dependent on venom, constriction, and/or a combination 
of the two. Likely as a result of these differing strategies, reptile venom CRiSPs experience a 
greater influence of positive selection in caenophidian snake venom than in anguimorph liz-
ard venoms. Moreover, viperid and non-front-fanged advanced snake venom CRiSPs appear to 
have experienced a greater influence of positive selection than the elapid snake venom forms 
(Sunagar et al. 2012). This suggests that reptile venom CRiSPs may be more important func-
tionally in the venoms of the aforementioned snakes. Normal body CRiSPs, on the other hand, 
experience negative selection and remain extremely well conserved. Nearly 46% of hypermu-
tational sites are found in the CRD of advanced snake venom CRiSPs, the region suspected to 
be responsible for ion-channel-binding activity (Suzuki et al. 2008). The PR-1 domain accumu-
lated the remaining positively selected sites, consistent with its suspected role in supplement-
ing this ability.

For decades, it was assumed that cyclic nucleotides exert their diverse cellular effects pri-
marily through the activation of the cyclic nucleotide-dependent protein kinases, PKA and 
PKG (Meinkoth et al. 1993). It was later revealed that they could also exert biological activi-
ties by binding directly to certain ion channels. Cyclic nucleotide-gated (CNG) channels were 
first characterized in the sensory epithelium of the visual and olfactory systems. They have 
subsequently been retrieved from other tissues, such as brain, skeletal muscle, heart, testes, 
liver, and kidneys. Unique reptile venom CRiSP homologues, called pseudechetoxin (PsTx) 



FIGURE 10.1: Bayesian molecular phylogenetic tree of lizard and snake CRisp toxins and related 
nontoxin proteins.



FIGURE 10.2: maximum-likelihood molecular phylogenetic tree of lizard and snake CRisp toxins and 
related nontoxin proteins.
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and pseudecin (Pdc), from the venoms of Australian elapid snakes, are the only known protein 
blockers of CNG channels (Brown, Bishop, and Brooks 1999; Yamazaki, Brown, and Morita 
2002; Brown et al. 2003). PsTx and Pdc are extremely similar in terms of their pI (highly basic, 
with a pI of 10) and primary (97% identity) and tertiary structures. Despite this, PsTx is more 
potent than Pdc and, unlike Pdc, is able to bind directly to the pore-turret region of CNG chan-
nels (Brown et al. 2003). Moreover, there is a large difference in their affinities for CNG chan-
nels (Yamazaki, Brown, and Morita 2002), with PsTx exhibiting a 15-to-30-fold greater affinity 
than Pdc for olfactory (CNGA2) and retinal CNG channels (CNGA1) (Yamazaki, Brown, and 
Morita 2002). Structural comparisons of the two homologues have revealed that the major 
difference between PsTx and Pdc is located around the concave surface formed between the 
PR-1 domain and the CRD (Suzuki et al. 2008). This highlights the importance of this region 
in binding and inhibition of CNG channels. It was also documented that Zn2+ ion binds to 
and facilitates the movement of the CRD, which, in turn, opens the concave surface (Suzuki 
et al. 2008).

10.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

None is currently documented.

10.6 CONVeRGeNCe WITh OTheR VeNOms

The CAP scaffold has been convergently recruited in the venoms of several animal lineages (see 
color plate 2B), such as cephalopods, cone snails, stinging insects, scorpions, spiders, and even 
vampire bats (Fang et al. 1988; Milne et al. 2003; Francischetti et al. 2013; Low et al. 2013; Ruder 
et al. 2013b). They exhibit a diversity of biological activities in the venoms of these animals. The 
first CAP homologue characterized from the venom of cone snails, known as Tex31, possesses 
a proteolytic activity (Milne et al. 2003). This function was attributed to the PR-1 domain of 
this protein. Like the reptile venom CRiSP homologues, cone snail venom CRiSPs have a CRD. 
However, this domain seems to be extremely divergent from that of the snake homologues 
and hence likely represents an independent derivation. Allergy-inducing hymenopteran ven-
oms are enriched with CAP toxins. CAP homologues have also been recruited to the feed-
ing secretion of various hematophagous insect taxa from the orders Diptera (mosquitoes 
[Arcà et  al.  2005], sandflies [Kato et  al.  2006], biting midges [Campbell et  al.  2005], tsetse 
flies [Li, Kwon, and Aksoy 2001], and muscid flies [Ameri et al. 2008]), Hemiptera (triatomine 
bugs [Ribeiro et al. 2004a]), and Siphanoptera (fleas [Andersen et al. 2007]), with certain lin-
eages expressing multiple homologues. The secretory glands of the mosquitoes Aedes aegypti 
(Ribeiro et  al. 2007)  and Anopheles gambiae (Arcà et  al. 2005)  contain three and four dis-
tinct CAP members, respectively. CAP have also been detected in the secretory concoctions of 
soft (Argas) and hard (Ixodes) ticks, each representing a distinct recruitment event. All these 
aforementioned arthropod CAP proteins differ from their vertebrate homologues in lacking 
the CRD, and their activities are yet to be characterized. CAP homologues in the infective 
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nematode Ancylostoma caninum, present during the transition from larval to parasitic stages, 
lack the CRD (Jones 1996), suggesting that the loss of the CRD might have occurred in the 
early ecdysozoan ancestor. Although these ecdysozoan proteins fall outside the conventional 
definition of CAP proteins, in the phylogenetic tree they are found nested within the CAP 
protein family. Interestingly, unique monodomain CAP proteins have been retrieved from cni-
darians, which lack the N-terminal CAP domain, indicating that the CAP-CRiSP combination 
is likely to be a bilaterian innovation. The buccal glands of the parasitic lamprey Lethenteron 
japonicum are also enriched with CRiSP proteins, which block L-type voltage-gated Ca2+ chan-
nels (CaV1) and act as potent vasodilators that facilitate hematophagy (Ito et al. 2007). CRiSP 
homologues have also been retrieved from the hematophagous secretions of vampire bats, 
Desmodus rotundus (Francischetti et al. 2013; Low et al. 2013). In addition, Pr-1 proteins are 
one of the most up-regulated proteins in plants after pathogen invasion (van Loon, Rep, and 
Pieterse 2006).
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11.1 sUmmaRY

Exendin peptides are not only the most enigmatic of all toxins, but they are also among the 
most medically useful. Their genetic ancestry remains to be conclusively resolved, but the evi-
dence and the principle of parsimony point toward a single evolutionary origin after duplica-
tion of an ancestral multidomain gene from a gene encoding hormones of the VIP/glucagon 
superfamily. The two glucagon-like toxins (exendins 3 and 4) are less cardiotoxic than the two 
toxins that are more similar to vasoactive intestinal peptides (VIP; exendins 1 and 2). Thus the 
evidence points towards a glucagon gene origin for this toxin type but further work remains 
to be undertaken. Exendin-4 has been developed into a drug to treat diabetes (exenatide, trade 
name Byetta) by enhancing insulin secretion in response to elevated plasma glucose levels. 
While this drug is effective and also is off-label useful for obesity treatment, it has a number of 
severe side effects that have limited its market penetration.

11.2 eNDOphYsIOLOGICaL pLesIOTYpe

Exendin toxins in Heloderma venoms pose a fascinating molecular evolutionary riddle. They 
are cleaved from monodomain monoproduct precursor proteins, in contrast to the hor-
mones of the glucagon/VIP superfamily which are cleaved from multidomain multiprod-
uct precursor proteins. Sequence comparisons of exendin precursors and related glucagon 
and VIP precursors reveals a number of contrasting similarity patterns. The highly similar 
exendin-1/1b and exendin-2 (also known as helospectin-1/2 and helodermin, respectively) 
resemble the second peptide domain of the VIP precursor (corresponding to the VIP pep-
tide itself). However, the highly similar exendin-3 and exendin-4 resemble either the first 
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or third domain of the glucagon precursor (see figure 11.1). Superficially, these similarities 
would suggest that some of the exendin precursors (exendin-1, -1b, and -2) are evolutionary 
derived from a VIP-like plesiotypic precursor, while others (exendin-3 and -4) are derived 
from a glucagon-like ancestor. All exendin precursors, however, share highly similar (nearly 
identical) N-terminal signal peptides and prepro-regions and form a monophyletic clade 
(see  figure 11.2). This pattern instead suggests a close evolutionary relationship between all 
four exendin precursors.

As a result of these contrasting patterns, three alternative scenarios, each involving dif-
ferent mechanisms of molecular evolution, can be proposed for the origin of the four exendin 
toxins (Fry et al. 2010a; see color plate 28): (1) two independent origins of exendin precursor 
genes followed by loss of peptide domains and gene conversion; (2) a single origin of a multi-
domain exendin precursor gene followed by domain loss and convergent domain evolution; 
and (3) a single origin of a multidomain exendin precursor gene followed by gene fission and 
convergent domain evolution.

FIGURE 11.1: sequence alignment of exendin toxins and representative related nontoxin peptides 
(Fry et al. 2010a). (1) The nontoxin, normal body glucagon peptide Q6RYB9 (Ictalurus punctatus). The 
glucagon-like venom peptides (2) eU790959 (Heloderma suspectum cinctum), (3) p26349 (H. suspectum), 
and (4) p20394 (Heloderma horridum). The nontoxin, normal body glucagon peptides (5) Q3hLJ1 
(Meleagris gallopavo) and (6) O12956 (H. suspectum). (7) The nontoxin, normal body vasoactive 
intestinal peptide p01283 (Rattus norvegicus). The vasoactive intestinal peptide-like venom peptides 
(8) eU790960 (H. suspectum), (9) p04204 (H. suspectum), (10) p04203 (H. suspectum). posttranslationally 
cleaved bioactive peptides are highlighted in black, and signal peptides are shown in lower-case. > 
designates incomplete N-terminal sequence.
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Scenario 1 (color plate 28A) implicates two independent evolutionary origins of Heloderma 
exendins, once by recruitment of a VIP-like precursor (the ancestor of exendin-1, and -2), and 
another from a glucagon-like precursor (the ancestor of exendin-3 and -4). However, phylo-
genetic analyses (Fry et al. 2010a; see  figure 11.2) recovered all exendin precursors in a single 
clade, hence suggesting a single toxin recruitment.

If the exendin pairs had indeed originated twice, the nearly identical signal peptides must 
be explained by transfer of the signal peptide-encoding exon from one ancestral exendin gene 
to that of the other. However, the likelihood that the two independently recruited ancestral 
toxin genes are located on the same chromosome would be very low. In the genomes of other 
vertebrates (chicken, human, rat, and zebrafish), the glucagon and VIP genes are situated on 
different chromosomes, indicating spatial separation of the related hormone genes early in 
vertebrate evolution. The same could be expected to hold true for the Heloderma hormone 
genes and thus for any toxin gene that would have duplicated from them. Consequently, unless 
the ancestral exendin genes were accidentally relocated to the same chromosome, the transfer 
of a signal peptide from one ancestral gene to the other would require an interchromosomal 
(ectopic) gene-conversion event or a retrotransposition event. Scenario 1 would therefore imply 
not only two independent toxin-recruitment events and subsequent peptide domain losses but 
also extremely unlikely interchromosomal exchange of one or several ancestral exendin gene 
segments between the independently evolved loci.

The two scenarios entailing a single evolutionary origin of exendin peptides (color plates 
28B and 28C) are equally consistent with phylogenetic analyses (see  figure  11.2; Fry et  al. 
2010a). Scenario 2 entails the loss of one or two domains (depending on whether the ances-
tral toxin gene evolved from the VIP or glucagon gene; compare color plates 28B with 28B′). 

FIGURE 11.2: phylogenetic tree of exendin toxins and related nontoxin proteins (Fry et al. 2010a).
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After an additional duplication events (yielding two monodomain exendin genes), convergent 
mutations in the peptide domains of the precursors yielded the presently observed differential 
similarity of exendins to the VIP and glucagon hormones. A second round of gene duplication 
events gave rise to the present-day exendin gene pairs.

Alternatively, scenario 3 explains the rise of distinct VIP-like and glucagon-like exendin 
precursors as a result of fission of a single multidomain ancestral gene through one or several 
gene conversion events, rather than gene duplication followed by domain losses. In this sce-
nario, a single multidomain gene that either duplicated from the VIP-like or glucagon like hor-
mone gene (compare color plates 28C and 28C′) first underwent convergent mutations to obtain 
both VIP-like and glucagon-like domains. Next, gene conversion (such as a result of unequal 
crossing-over) would insert the 5′-segment (including the signal peptide-encoding region and 
probably also the gene promoter and 5′-UTR region) in between two of the peptide-encoding 
regions, resulting in the single multidomain precursor gene being split into two tandem genes. 
Subsequent duplication of each of the two tandem genes would then give rise to the presently 
observed exendin precursor pairs.

Sequencing of the Heloderma genome (or at least the flanking regions of the VIP and glu-
cagon hormone genes) could determine if the exendin genes lie in the neighborhood of one 
of the two hormone genes and thereby elucidate their origin by tandem duplication. Insight 
into the genomic organization of exendin genes with respect to the VIP and glucagon genes 
of Heloderma could determine which one of the two hormone genes gave rise to the exen-
dins: adjacency of all exendin genes to one of the two hormone genes would be a strong indica-
tion of their origin by tandem duplication. Molecular evidence favors glucagon precursor gene 
as the plesiotypic gene (see color plate 28B′ or 28C′) with subsequent convergent mutations 
producing VIP-like exendins. Glucagon as the plesiotypic substrate is favored by PCR inves-
tigations that detected low levels of the VIP-like exendin-1 in Heloderma horridum and failed 
to detect VIP-like exendin-2 in the same species but with both showing up in high levels for 
Heloderma suspectum (Fry et al. 2010a). This is suggestive of cardiotoxic exendin isoforms hav-
ing a larger role in H. suspectum venom than in H. horridum.

The current implication that at least some of the exendins evolved convergently with VIP/
glucagon hormones is a strong indication of adaptative evolution to increase resemblance with 
either one of the two hormones. Therefore, in light of rapid prey immobilization, the evolution 
from a less cardiotoxic (glucagon-like) peptide toward a more cardiotoxic (VIP-like) one seems 
more plausible than the converse.

11.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The glucagon-like exendins-3 and exendin-4 are only moderately cardioactive (Fry et  al. 
2010a). Studies have shown that exendin-3 and exendin-4 are similar (50% and 53% identity, 
respectively) to human glucagon-like peptide-1 (GLP-1) and act as high-affinity agonists on 
the GLP-1 receptor (GLP1R) (Eng et al. 1990; Eng 1992). Several important functional resi-
dues, such as the N-terminal histidine, are conserved in both exendin and GLP-1. Exendin 
is much more resistant to cleavage by dipeptidyl peptidase-4 (DPP-4) than GLP-1 as a result 
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of the substitution of the plesiotypic alanine with glycine at the second position. As a result, 
exendin-4 shares the bioactivities of GLP-1 but has a longer half-life (60 to 90 minutes) (Greig 
et al. 1999).

Interestingly, while exendin-4 acts as an agonist of GLP1R, the truncated version, exendin-4 
(9–39), behaves as an antagonist and is able to block GLP-1-induced cAMP formation. In 
addition, truncated exendin-4 (9–39) inhibits insulin secretion triggered by GLP-1 (7–36), 
exendin-3, and full-length exendin-4 (Goke et  al. 1993; Raufman 1996; Chen and Drucker 
1997). Structurally, seven of eight N-terminal amino acids are identical between exendin-4 and 
GLP-1. On the remainder of the molecule, only nine of 22 amino acids are conserved between 
exendin-4, exendin-4 (9–39), and GLP-1. This suggests that some residues at the C-terminal 
end of these peptides may be sufficient for binding but that agonist activity requires the pres-
ence of the highly conserved eight N-terminal residues.

11.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

As argued above, molecular evolution from a glucagon-like (mildly cardiotoxic) form toward 
a VIP-like (strongly cardiotoxic) form is more plausible than the converse. As endogenous VIP 
hormones are more potent vasodilators than endogenous glucagon hormones, a peptide that 
mimics a generalized VIP hormone would indeed be a more effective toxin. This is consistent 
with exendin-1 and exendin-2 exhibiting greater cardioactivity than not only exendin-3 and 
exendin-4 but also the nontoxin peptide GLP-1 (O12956) (see figure 11.3) (Fry et al. 2010a). 
This is in agreement with other studies on exendin-1 and exendin-2 which demonstrated vaso-
dilatory actions similar to VIP (Uddman et al. 1999; Tsueshita et al. 2004).

11.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

Pharmacological studies have reported that exendin-4 can act at GLP-1 receptors in vitro on 
certain insulin-secreting cells, at dispersed acinar cells from guinea pig pancreas, and at pari-
etal cells from the stomach and the peptide is also reported to stimulate somatostatin release 
and inhibit gastrin release in isolated stomachs (Goke et al. 1993; Eissele et al. 1994; Schepp 
et al. 1994). Exendin-3 and exendin-4 were found to stimulate cAMP production in, and amy-
lase release from, pancreatic acinar cells (Malhotra et al. 1992; Raufman et al. 1992; Singh, Eng, 
and Raufman 1994). Exendin-4 has a significantly longer duration of action than GLP-1, with 
dose-dependent lowering of blood-glucose levels by exendin-4 in diabetic mice persisting for 
up to 24 hours. As a result of their insulinotropic activities, the use of exendin-3 and exendin-4 
for the treatment of diabetes mellitus and the prevention of hyperglycemia has been proposed.

Exendin-4 is one of the most well-known venom peptides because of its high-profile use as 
adjunctive treatment, first-line therapy, and/or monotherapy for type 2 diabetes mellitus. As 
a therapeutic agent, the generic name of exendin-4 is exenatide. Exenatide twice-daily (EBID) 
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was approved in 2005 by the Food and Drug Administration (FDA) in the United States under 
the trade name Byetta. In 2013, global sales of Byetta and its newer formulation, Bydureon (to 
be injected only once a week; see below), grossed $698 million.

Exenatide and derived drugs act at GLP-1 receptors and enhance insulin secretion in 
response to elevated plasma glucose levels (Goke et al. 1993). By mimicking the insulinotropic 
activity of GLP-1, the drug enhances this pathway to improve glycemic control for the treat-
ment of diabetes mellitus and the prevention of hyperglycemia (Singh, Eng, and Raufman 
1994). Reports have found certain side effects of EBID, and weight loss is a common factor in a 
number of cases (Kendall et al. 2005; Buse et al. 2007). Therefore, in recent years, EBID has also 
been investigated for its antiobesity properties, since it slows stomach emptying, extending the 
period of satiation after eating.

Analysis of postmarketing results from 2004 to 2009 stored in the FDA’s Adverse Events 
Reporting System database found a 6.7-fold increase in reported cases of pancreatitis and a 
2.9-fold increase in reported cases of pancreatic cancer in patients taking EBID (Elashoff et al. 
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FIGURE 11.3: (a) effect of exendins 1–4 or GLp-1 (100 μg/kg, i.v. n = 3) on the map of anesthetized 
rats. *p, 0.05, significantly different from exendin-1, one-way analysis of variance (aNOVa). 
(B) effect of exendins 1–4 or GLp-1 (10 μg/ml, n = 3) on phenylephrine precontracted aorta. *p, 0.05, 
significantly different from exendin-1, one-way aNOVa (Fry et al. 2010a).
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2011). These findings have been both refuted and corroborated in trials on animals, and there 
is general consensus among researchers that further studies on human subjects are necessary 
to either establish or rule out a link between pancreatic cancer and EBID. Although a defini-
tive link between EBID and pancreatic cancer has not yet been clearly established, biomedical 
researchers have additional reasons to believe that the drug can increase a patient’s risk of 
developing the disease. Diabetics typically lack a sufficient amount of hormones like GLP-1, 
which stimulate the pancreas to release insulin during and after a meal in order to lower blood 
glucose levels. By increasing GLP-1 receptor activity, EBID reduces the patient’s blood glucose 
level. Unfortunately, many studies suggest that increased levels of GLP-1 receptor activity are 
strongly linked to a greater risk of pancreatic cancer (Giovannucci et al. 2010).

Aside from possible side effects, the foremost clinical disadvantage of venom-derived 
drugs such as EBID is that in the native peptide form, they generally cannot be administered 
orally. This is because either they are likely to be degraded by peptidase enzymes in the gastro-
intestinal tract, or they are too large to be absorbed. As a consequence, these drugs are typi-
cally delivered via the parenteral route, which makes the therapy intrusive for the patient and 
increases the costs for the healthcare provider. As such, it seems that the search for potential 
lead compounds in lizard venoms will need to proceed in tandem with research into formula-
tion development to ensure that pharmacological discoveries are translated into commercially 
successful therapies. The drawbacks associated with EBID’s parenteral route of administration 
and the twice-a-day frequency requirement are being addressed in different ways. In all of the 
following examples, the basic therapeutic indication tends to be the same as for EBID, while 
the route and frequency of administration differ. Efforts outlined next are also relevant for the 
development and formulation of other therapeutic agents based on peptide toxins.

Exenatide once-weekly (EQW, trade name Bydureon) is a long-acting formulation. 
Exenatide is encapsulated in 0.06-mm-diameter biodegradable microspheres of medical-grade 
poly-(d,l-lactide-co-glycolide) (PLG). Following injection, the microspheres degrade in situ by 
natural (such as noncatalyzed) hydrolysis into lactic acid and glycolic acid while providing an 
extended release of exenatide into the circulation (DeYoung et al. 2011). EQW is administered 
subcutaneously once a week, and it has been approved in 2011 in the EU and 2012 in the United 
States.

VRS 859 (exenatide-XTEN) is a fusion protein that contains exenatide and a long hydro-
philic polypeptide segment. XTEN stands for half-life extension technology, which is an alter-
native to PEGylation, the covalent attachment of polyethylene glycol (PEG) to recombinant 
peptides (Payne, Murphy, and Manning 2011). XTEN is made of natural amino acids, is bio-
degradable, has low immunogenicity, and has no known toxic metabolites. VRS 859 has a long 
half-life, thus holding the potential for once-a-month administration intervals by the subcu-
taneous route. It is produced recombinantly and is undergoing clinical trials (Sivertsen et al. 
2012). In experimental settings, site-specific PEGylation of exenatide has also been investi-
gated as a comparable solution to address the short plasma half-life of the native peptide (Gong 
et al. 2011).

The noninvasive treatment option Exenatide Nasal is a nasal spray formulation of exenatide 
in clinical trials (Sivertsen et al. 2012; Millotti et al. 2013). In experimental animals, sublingual 
and intratracheal administration of exenatide have also been identified as potential means to 
reach therapeutic concentrations (Gedulin et al. 2008). Biotinylated exendin-4 analogues (Jin 
et al. 2009) and exenatide-loaded pH-responsive microspheres (Zhang et al. 2014) have been 
reported as potential solutions for oral administration. In the case of microspheres, tested 
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in mice, the bioavailability of exenatide reached 10.2% relative to the subcutaneous injection 
(Zhang et al. 2014).

Other formulation attempts in various stages of preclinical and clinical trials are as follows 
(Madsbad et al. 2011; Sivertsen et al. 2012): exendin-4 with leucine substituted for methionine 
at position 14 (AC3174) (Hargrove et al. 2007), once-a-week exendin-4 conjugated to recom-
binant human albumin (CJC-1134-PC, PC-DAC exendin-4) (Baggio et  al. 2008), continu-
ous subcutaneous delivery exenatide (ITCA 650) (Henry et al. 2013), oral exenatide capsule 
(ORMD-0901) (Eldor et al. 2010), exenatide-based transdermal ViaDor-GLP1R agonist (for-
mulated to be stable at body temperatures for up to one year), and exendin-4 fused to human 
transferrin (PF-04603629) (Gustavson et al. 2011).

GLP-1 based therapies have potential in cardiovascular diseases (Sivertsen et al. 2012). In 
experimental settings, exenatide has been shown to have cardioprotective properties, such 
as protection against reperfusion injury-induced cell death, thus reducing the infarct size in 
acute myocardial infarction (Sonne, Engstrom, and M. Treiman 2008; Timmers et al. 2009; 
Lonborg et al. 2012a; Lonborg et al. 2012b). The cardioprotection is believed to be mediated via 
GLP-1 receptors on the cardiomyocytes, which in turn activate the prosurvival signaling path-
ways of phosphatidylinositol 3-kinase (PI3K)–Akt and protein kinase A  (PKA) (Hausenloy 
and Yellon 2012; Lonborg et  al. 2012a). Suggested potential downstream mechanisms lead-
ing to cardioprotection are the inhibition of the mitochondrial permeability transition pore, 
activation of A-kinase anchoring proteins (AKAPs), increased myocardial glucose uptake, 
reduced apoptotic cell death, and transcription of various cardioprotective factors (Hausenloy 
and Yellon 2012).

11.6 CONVeRGeNCe WITh OTheR VeNOms

VIP/PACAP-like peptides have recently been characterized as components of vampire bat 
venom (Low et al. 2013), but their bioactivities remain to be elucidated.
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12.1 sUmmaRY

Among the most potent of all coagulopathic snake-venom components is the factor Xa-factor 
Va prothrombin activator complex found exclusively in the venoms of Australian elapid snakes 
from the genera Oxyuranus and Pseudonaja. The complex consists of a prothrombin-activating 
protease homologous to the mammalian coagulation factor Xa (snake venom factor Xa 
[SV-fXa]) and a cofactor (snake venom factor Va [SV-fVa]) homologous to the mamma-
lian coagulation factor Va. By recruiting these two factors to their venoms, Pseudonaja and 
Oxyuranus have evolved a powerful and unique procoagulant toxin that can induce rapid 
venom-induced consumption coagulopathy in prey. Isolated SV-fVas have been found to share 
structural and functional similarities with endophysiological fVa but has also evolved addi-
tional features such as increased stability. These attributes have contributed to SV-fVas having 
applications as therapeutic agents to combat surgical and traumatic hemorrhage and is cur-
rently in preclinical development for these indications.

12.2 eNDOphYsIOLOGICaL pLesIOTYpe

The plesiotypic precursor to SV-fVa is coagulation factor V (fV) (Fry 2005), the inactive precur-
sor to fVa. These proteins function as part of the clotting cascade, aiding in the formation of a 
hemostatic plug to stop bleeding following vascular injury. Factor V is predominantly synthe-
sized in the liver (Tracy, Eide, and Bowie 1982) and circulates in plasma as a large single-chain 
pro-cofactor. The human form has a molecular mass of 330 kDa (Kane and Majerus 1981; 
Suzuki, Dahlback, and Stenflo 1982; Nesheim et al. 1984). The total blood concentration of fV 
is 20 nM, and approximately 20% of this is found in the platelet α-granules, where it is critical 
for clot formation (Tracy et al. 1984; Nesheim et al. 1986; Janeway et al. 1996; Hayward et al. 
1997; Guasch et al. 1998; Montefusco et al. 2000).
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Factor Va functions as part of the prothrombinase complex, the central protein complex of 
the clotting cascade (see color plate 2A). This complex is composed of a serine protease (fXa), a 
protein cofactor (fVa), and Ca2+ assembled on an anionic membrane and functions by cleaving 
prothrombin to form thrombin (Orfeo et al. 2004). Thrombin is the key mediator of clotting, 
cleaving fibrinogen into fibrin to form a fibrin clot but also activating additional prothrombin, 
factor V, VIII, XIII molecules and platelets to propagate the clotting signal (Brummel et al. 
2002). Factor Va plays a critical role in the output of the prothrombinase complex, since its 
function as an fXa receptor and catalytic effector increases the rate at which prothrombin is 
converted to thrombin by 300,000-fold relative to the rate of the reaction catalyzed by fXa 
alone (Nesheim, Taswell, and Mann 1979). In other words, the amount of thrombin formed in 
one minute by the prothrombinase complex would take six months to form if fXa acted alone 
(Mann and Kalafatis 2003). This slow rate of thrombin formation by fXa alone would be insuf-
ficient for clot formation, and evidence of the physiological importance of fVa in blood clotting 
can be observed from mice in which complete deficiency results in massive hemorrhage and 
death (Cui et al. 1996).

The inactive fV pro-cofactor is converted to the active form fVa by thrombin during the 
early stages of the blood-coagulation process (Butenas, vantVeer, and Mann 1997; Brummel 
et al. 2002; Butenas et al. 2002; Hockin et al. 2002). Thrombin cleaves fV sequentially at Arg709, 
Arg1018, and Arg1545 to liberate a 150-kDa fragment (B domain). Factor Va is a heterodimer 
composed of a 74-kDa light chain (A3, C1, and C2 domains) and a 105-kDa heavy chain (A1 
and A2 domains) (see figure 12.1) held together with noncovalent interactions requiring diva-
lent metal ions (Kane and Majerus 1981; Suzuki et al. 1982; Nesheim et al. 1984; Jenny et al. 
1987; Krishnaswamy, Russell, and Mann 1989). The fVa light chain contains the hydrophobic 
binding site for platelet membranes, and both the heavy and light chains of fVa bind to fXa 
(Krishnaswamy and Mann 1988; Kalafatis, Jenny, and Mann 1990; Ortel et al. 1992; Kalafatis, 
Rand, and Mann 1994a; Kalafatis, Rand, and Mann 1994b; Lecompte, Bouix, and Mann 1994; 
Ortel et al. 1994). Thus, fVa anchors fXa to the membrane surface, and having both fXa and 
prothrombin bound to the membrane decreases the effective Km for prothrombin activation 
by two orders of magnitude and increases the kcat for the reaction by three orders of magni-
tude, resulting in a rate increase of five orders of magnitude in the presence of fVa (Mann and 
Kalafatis 2003).

While fVa plays a vital function in clot formation, it also prevents an overactive clotting 
process that would result in thromboembolism. First, the cofactor activity of fVa enables it 
to regulate fXa activity and thereby regulate clotting activity. The difference in the concen-
trations of fXa (present in blood at 100 nM) and fVa (effectively 4 nM) also makes fVa the 
limiting component in prothrombinase-complex formation and accordingly clot formation 
(Halkier 1991). Additionally, the coagulation process is down-regulated by proteolytic inacti-
vation of fVa. Protein C is cleaved to form activated protein C (APC) by the action of throm-
bin. In the presence of the vascular cofactor thrombomodulin, APC subsequently competes 
with fXa for binding to fVa (Nesheim et al. 1982; Krishnaswamy, Mann, and Nesheim 1986; 
Krishnaswamy, Williams, and Mann 1986; Solymoss et al. 1988; Kalafatis and Mann 1993; 
Kalafatis, Rand, and Mann 1994a; Kalafatis, Rand, and Mann 1994b; Kalafatis et  al. 1994; 
Hockin et al. 1999). APC then inactivates fVa by cleaving the heavy chain (of the human form) 
at Arg506, Arg306, and Arg679 (see  figure 12.1), thus providing inhibition of clot formation 
by both competitive and inactivation mechanisms. Following single cleavage at Arg506, fVa 
shows reduced affinity for fXa, reducing the rate of thrombin formation. Subsequent cleavage 
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at Arg306 leads to complete inactivation of fVa and dissociation of the prothrombinase com-
plex (Kalafatis, Rand, and Mann 1994a; Kalafatis, Rand, and Mann 1994b; Hockin et al. 1997; 
Mann et al. 1997).

12.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The recruitment of endophysiological fV to form SV-fVa occurred in the common ancestor of 
the Australian elapid snake genera Oxyuranus and Pseudonaja (Fry et al. 2008; Fry et al. 2012a). 
SV-fVa mRNA transcripts have been sequenced from three species thus far: Pseudonaja tex-
tilis, Oxyuranus scutellatus, and Oxyuranus microlepidotus (Rao, Joseph, and Kini 2003; St 
Pierre et al. 2005; Welton and Burnell 2005). These share 95.7% sequence identity at the nucleo-
tide level, suggesting that there is a highly conserved structure-function relationship within 
these forms (St Pierre et al. 2005). The cloning of the cDNA transcript for endophysiological 
(blood) fV from the liver of P. textilis and comparison between deduced amino acid sequences 
revealed that there is 96% sequence identity between the blood and venom homologues of 
fV in this species (Le et al. 2005). Comparison between SV-fVa and human fVa homologues 
showed that there is approximately 50% identity at the amino acid level and that the venom 
homologues maintain the same domain structure as their mammalian fVa counterparts. It is 
important that most residues in human fVa directly implicated in functional activity appear 
to be conserved in SV-fVas. For example, from a string of nine residues on the human fVa 
heavy chain identified as the binding site for fXa, eight are conserved in SV-fVas (St Pierre 
et al. 2005). The region of greatest difference between the mammalian and venom forms is 

Pseudonaja textilis venom fVa

Pseudonaja textilis blood fVa

Homo sapiens blood fVa
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FIGURE 12.1: schematic comparison of different factor V proteins. Relative sizes of the different 
domains, apC cleavage sites, and the predicted disulfide bond in Pseudonaja textilis sV-fVa 
connecting the a2 and a3 domains are shown.
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the B domain, which is significantly smaller in SV-fVas (see  figure 12.1). The SV-fVa mRNAs 
code for a 1429–1430 amino acid protein with a predicted mass of approximately 160 kDa. The 
observed molecular mass, however, is approximately 180 kDa, with contributions from glyco-
sylation (Birrell et al. 2006; Birrell et al. 2007).

The limited distribution of SV-fVas within snake venoms has meant that functional char-
acterization of the protein has been predominantly performed on only one form from P. tex-
tilis. When P.  textilis SV-fVa is separated from P.  textilis SV-fXa, prothrombin-activation 
activity and total clotting activity are reduced dramatically (Rao and Kini 2002). This con-
firms that SV-fVa is functioning as a SV-fXa cofactor in the SV-fXa/SV-fVa complex (see also 
 chapter 13). Similarly, it has been demonstrated that recombinant P. textilis SV-fVa can bind to 
human fXa and form a hybrid prothrombinase complex (Bos et al. 2009). However, the affinity 
between P. textilis SV-fVa and human fXa is approximately 25 times weaker than those within 
the P. textilis SV-fXa/SV-fVa and the human fXa/fVa complexes. The relatively large size of 
both endophysiological fVa and SV-fVa coupled with its structural instability in the absence 
of SV-fXa has made crystallography studies challenging, and no crystal structures have suc-
cessfully been solved for either form of the protein. However, molecular modeling has been 
performed on endophysiological fVa, giving clues to its three-dimensional structure (Delev 
et al. 2008). Despite many similarities between the forms of fVa, it is clear that the venom form 
has evolved several key features, not present in blood fVa, which give rise to unique structural 
and functional properties (Le et al. 2005; Bos et al. 2009).

12.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The steric and conformational constraints of the large B domain maintain mammalian blood 
fV in an inactive state until thrombin cleavage of the B domain generates fVa (Toso and 
Camire 2004). The B domain in SV-fVas are only 127 residues in length (Le et al. 2005); there-
fore, the venom form is more similar in structure to endophysiological fVa than to fV. Indeed, 
the shortened B domain of SV-fVas means that they are constitutively active, unlike mamma-
lian blood fV, possessing cofactor activity without thrombin cleavage. This was demonstrated 
with a recombinant form of the P. textilis SV-fVa with thrombin-cleavage sites in the B domain 
mutated. This mutant protein possessed similar cofactor activity to that of wild-type recombi-
nant P. textilis SV-fVa activated with thrombin (Bos et al. 2009). Interestingly, P. textilis endo-
physiological fVa has a B domain that is one amino acid shorter than the venom homologue, 
but it is unclear whether this blood form is also constitutively active (Le et al. 2005). However, 
the B domain includes the greatest amount of sequence difference between P. textilis venom 
and blood fVa, suggesting that there may be tighter evolutionary constraints on the blood 
form. Another novel functional feature of P. textilis SV-fVa is its ability to act as a cofactor to 
SV-fXas in solution, without binding to anionic membranes (Bos et al. 2009). This is in stark 
contrast to mammalian fVa, which requires anchoring to a phospholipid membrane (usually 
the platelet surface) in order to function as a cofactor.

Two of the three APC cleavage-inactivation sites present in mammalian fVa are missing 
in SV-fVas (see  figure 12.1) (Rao, Joseph, and Kini 2003). As a consequence of this, SV-fVas 
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are functionally resistant to inactivation via cleavage by APC (Rao, Joseph, and Kini 2003; 
Bos et al. 2009), the major down-regulation mechanism for blood fVa utilized to attenuate the 
clotting process. APC cleavage of P. textilis SV-fVa does, however, occur at one site. There is 
a disulfide bond present in addition to the noncovalent interactions, which stabilize the light 
and heavy chains in SV-fVas (Bos et al. 2009). This disulfide bond confers increased stability 
to SV-fVas, as it enables the light and heavy chains to remain structurally intact, maintain-
ing cofactor activity after cleavage by APC at position 507 (Bos et al. 2009). In contrast, APC 
cleavage at this site in blood fVa, which lacks the disulfide bond, leads to dissociation of the 
fVa subunits and a loss of activity (Mann et al. 1997). A schematic diagram of the comparative 
structural features of the different fVa molecules is presented in  figure 12.1. From these exam-
ples, it is clearly evident that structural adaptations in SV-fVas have given rise to increased sta-
bility and unique functionality. These functional derivations demonstrate that SV-fVas have 
evolved unique attributes, which enable it to escape the normal hemostatic-regulation mecha-
nisms present in blood. These adaptations generate a sustained and disseminated procoagulant 
stimulus, which is employed to great effect as a biological toxin to induce lethal thromboembo-
lism. Indeed, venoms from the Pseudonaja and Oxyuranus species are among the most lethal 
of all snake venoms (Broad, Sutherland, and Coulter 1979), and at least some of this extreme 
toxicity can be attributed to the powerful procoagulant effects induced by the SV-fVa/SV-fXa 
complex (Fry et al. 2008; Fry et al. 2012a).

Clinically, the most relevant feature of the SV-fVa/SV-fXa complex from Pseudonaja venom 
is that the factors do not require an activation process and hence induce venom-induced con-
sumption coagulopathy (VICC) rapidly in bite victims (Isbister, Duffull, and Brown 2009). 
Australian elapid snakes of the genera Hoplocephalus, Notechis, and Tropidechis secrete ven-
oms that only contain SV-fXa prothrombin activators, while P. textilis venom contains both 
SV-fXa and SV-fVa; however, the coagulopathy associated with envenoming by these diver-
gent snakes is extremely similar (Isbister, Duffull, and Brown 2009). A study examining coag-
ulopathy in 167 patients observed that the symptoms associated with envenoming by both 
groups of snakes included: (i) complete consumption of fibrinogen, (ii) very high concentra-
tions of D-dimers, (iii) nonrecordable international normalized ratio, and (iv) similar recovery 
time from VICC (Isbister, Duffull, and Brown 2009). The onset of coagulopathy is delayed, 
however, in Hoplocephalus, Notechis, and Tropidechis bites relative to P. textilis bites (Isbister, 
Duffull, and Brown 2009). Using serial clotting-factor assays, the study demonstrated that in 
Pseudonaja envenoming the concentrations of fibrinogen, factor V, and factor VIII dropped 
to very low levels almost instantly, whereas it took nearly one to two hours to detect a dip in 
concentration following bites from Hoplocephalus, Notechis, and Tropidechis (Isbister 2009).

12.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

Blood clotting is a tightly controlled process, but SV-fVas have evolved to bypass several 
control points. While these regulatory mechanisms prevent thromboembolism under endo-
physiological circumstances, they may also hinder rapid and effective clot formation and 
thereby compromise ability to reduce blood loss under circumstances of severe and prolonged 
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hemorrhage. Furthermore, fVa is the component that is depleted to the greatest extent in sur-
gical patients with persistent bleeding (Despotis, Joist, and Goodnough 1997). Given the criti-
cal role of fVa in clot formation and that it is limiting in concentration relative to fXa, it can 
be hypothesized that increasing the amount of fVa available and prolonging its activity could 
significantly improve clot formation and reduce blood loss in the case of severe and sustained 
hemorrhage. Therefore, SV-fVas may have therapeutic applications for the reduction of blood 
loss arising from surgery or trauma. There are multiple advantages of SV-fVas for this appli-
cation. First, the combination of both constitutive activity and resistance to clot inactivation 
by APC suggests that SV-fVas could provide a transient prolonging of the clotting signal to 
assist clot formation in cases of severe bleeding. Second and most important, the mechanism 
of SV-fVas as cofactors is highly advantageous. Most hemostatic agents cannot be injected into 
the bloodstream because of risk of thromboembolism.

Intravenous administration is an ideal delivery route for some wounds, particularly in 
noncompressible hemorrhage, as it is often impossible to reach all bleeding sites and therefore 
unfeasible to apply topical hemostatic agents. Being cofactors, blood fVas are inactive until 
combined with fXas, which should only be present at the site of injury. Conceivably, there-
fore, SV-fVa could be administered intravenously without inducing thromboembolism and 
would be able to supplement endophysiological fVa at the site of bleeding and contribute to a 
transient clotting response to stop severe bleeding. Activity of SV-fVas would also eventually 
be down-regulated through inhibition and degradation of blood fXas. To evaluate SV-fVas as 
potential therapeutic agents, the protein from P. textilis venom was isolated and tested for its 
hemostatic properties in vitro and in vivo in a rodent bleeding model (Masci 2007). P. textilis 
SV-fVa was found to dramatically increase clotting in vitro and significantly reduce blood loss 
in a murine tail-vein excision model after intravenous administration. A patent was subse-
quently filed for this protein, and it is currently in preclinical development by Venomics and 
the University of Queensland under the candidate name CoVase and candidate code V0801. 
Studies to evaluate P. textilis SV-fVa in larger animal models of hemorrhage are currently in 
planning stages.

In summary, SV-fVas are unique cofactors that have maintained the plesiotypic activ-
ity but gained important new structural and functional properties that potentiate its toxic 
effects. However, under controlled circumstances, the novel structural and functional attri-
butes of SV-fVas could potentially be harnessed to provide a next-generation therapeutic agent 
for intravenous administration to control severe surgical and traumatic bleeding. This is yet 
another example of exploiting the unique properties of venom proteins for the discovery and 
development of new human therapeutic agents.

12.6 CONVeRGeNCe WITh OTheR VeNOms

None is documented.
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13.1 sUmmaRY

Factor Xa is a serine protease that plays a crucial role in blood coagulation by cleaving 
prothrombin to activate thrombin, which in turn leads to the cleavage of fibrinogen and 
the formation of a clot. Snake venom homologues of factor Xa (SV-fXas) have retained 
this activity and upon envenomation initiate coagulation in the prey. Insertion of certain 
nucleotide segments in the promoter region of these venom homologues has elevated 
their level of expression in venom glands relative to physiological tissues. SV-fXas are 
found in two forms: as the enzymatic subunit of SV-fXa/SV-fVa complexes or as free pro-
teins. The recruitment of SV-fXa occurred near the base of the Australian elapid snake 
radiation, and this toxin is exclusively found in the venoms of these snakes. SV-fXas 
have been invaluable in therapeutic research, particularly in the development of novel 
hemostatic drugs.

13.2 eNDOphYsIOLOGICaL pLesIOTYpe

Hemostasis, the ability to stem bleeding in case of an injury, is one of the basic survival 
mechanisms of higher animals. Hemostasis has to be both highly efficient and tightly con-
trolled in order to quickly form a blood clot at the site of an injury but prevent clotting under 
normal circumstances. This feat is accomplished by a complex series of activation steps and 
feedback mechanisms involving a cascade of enzymes and cofactors that ultimately leads 
to the formation of a fibrin clot (see color plate 2A). The endophysiological plesiotype of 
SV-fXa, coagulation factor Xa, is a vitamin K dependent glycoprotein synthesized in the 
liver and released into the bloodstream as an inactive zymogen, factor X. The human form 
of factor X consists of a 16-kDa light chain and a 42-kDa heavy chain held together by 
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a disulfide bond. Upon initiation of the coagulation cascade, the zymogen is activated by 
either the intrinsic (IXa, VIIIa, phopholipids, and Ca2+) or the extrinsic (VIIa, tissue factor, 
and Ca2+) tenase complex. Activation is achieved through the excision of the activation pep-
tide, a 52-residue segment at the N-terminus of the heavy chain. Factor Xa, a fully functional 
serine protease, then forms a complex with factor Va, phospholipids, and Ca2+ to activate 
prothrombin to thrombin. Like other serine proteases of the coagulation cascade, factor 
Xa shows characteristic domain architecture. The light chain consists of the Gla domain 
and two growth-factor-like domains, EGF-I and EGF-II, while the heavy chain contains the 
serine protease domain.

Prothrombin, a 72-kDa single-chain glycoprotein, circulates in plasma at a concentra-
tion of 100 to 200 mg/L (McDuffie et al. 1979; von Ahsen et al. 2000). Under physiological 
conditions, prothrombin is activated by the prothrombinase complex, a protein complex 
made up of the serine protease factor Xa, its cofactor factor Va, Ca2+, and phospholipids. 
The activation involves cleavage of two peptide bonds (Arg274-Thr275 and Arg323-Ile324), 
which results in the excision of the activation peptide and the release of active α-thrombin 
(Joseph et al. 1999).

13.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

13.3.1 sTRUCTURe–FUNCTION ReLaTIONshIps

The most effective procoagulant venom proteins (or complexes) are those that activate pro-
thrombin to thrombin, since this reaction is one of the central steps in blood coagulation. 
Factor Xa was recruited for use as a toxin near the base of the Australo-Papuan elapid radia-
tion (see color plate 3). SV-fXas are found either as freestanding toxins or as the enzymatic 
subunits of SV-fXa/SV-fVa venom complexes (see  chapter 12). Both stand-alone toxins and 
the enzymatic subunit of the fXa/fVa complex are the result of the same toxin recruitment 
event (Fry et al. 2005; Fry et al. 2012a; Fry et al. 2013) and will therefore be treated together 
in this chapter.

The stand-alone form is plesiotypic and is expressed in highly variable levels across the 
Australian radiation. It is abundant in the venoms of snakes from within the “tiger snake 
clade” (the genera Hoplocephalus, Notechis, and Tropidechis) in addition to that of Pseudechis 
porphyriacus and Demansia vestigiata. On the other hand, it is present in extremely low levels 
in Acanthophis, best detected by PCR or transcriptomics (see St Pierre et al. 2005; Birrell et al. 
2007; St Pierre et al. 2007a; Jackson et al. 2013). SV-fXa is also part of the SV-fXa/SV-fVa toxin 
complex found only in the venoms of Oxyuranus and Pseudonaja (see  chapter 12).

SV-fXas have retained the overall structure of their plesiotypic protein along with its mat-
uration sequence from pro-protein to zymogen to active enzyme and its main activity, the 
cleavage of prothrombin to thrombin. However, a number of subtle changes have turned a 
moderately expressed coagulation protein into a powerful toxin. These include modifications 
of expression patterns, length of the activation peptide, a heavy-chain insert, β-hydroxylation, 
processing, storage, and function. Thus the liver and venom forms of factor Xa differ by ~20% 
sequence identity (Reza, Swarup, and Kini 2005; Reza et al. 2006).
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13.3.2 GeNe ORGaNIZaTION

Comparison of the complete trocarin D gene sequence with that of liver-derived factor X 
from Tropidechis carinatus revealed eight exons in each gene, identical exon-intron boundar-
ies, and, with the exception of the first intron, 92% to 99% shared identity between introns 
(Reza, Swarup, and Kini 2006). However, the trocarin D promoter contains a 264-bp insertion 
with elements that induce high levels of expression. This segment, termed venom recruitment/
switch element (VERSE), is responsible for approximately 30-fold higher expression of the tro-
carin D gene in the venom gland relative to the factor X gene in the liver (Reza, Swarup, and 
Kini 2005). A  similar insertion (with approximately 95% shared identity) was found in the 
promoter region of the Pseudonaja textilis SV-fXa gene (Reza et al. 2006).

13.3.3 expRessION

The recruitment of fXa as a toxin results in these snakes having two parallel prothrombin-  
activating systems, one produced in the liver and excreted into the bloodstream to achieve 
hemostasis in case of an injury and the other selectively expressed and stored in the venom 
gland to act as a toxin in bite victims. Both forms display extreme tissue specific expression, 
with expression in the corresponding tissue being up many times higher than the expression 
of the same gene in the reciprocal tissue (Reza, Swarup, and Kini 2005; Reza et al. 2006). For 
example, two genes for factor X have been documented as being expressed in the liver of P. texti-
lis. One of these genes codes for a protein, PFX1, which is the endophysiological homologue and 
thus closely resembles liver-derived factor Xa from reptiles and mammals. The protein coded 
for by the second gene, PFX2, however, shows some features typical for venom SV-fXas, includ-
ing a shorter activation peptide and an insertion in the heavy chain. The expression of PFX2 in 
the liver is approximately 56,000 times lower than that of PFX1.

13.3.4 aCTIVaTION pepTIDe

Maturation of the factor X zymogen to its active form requires excision of the activation pep-
tide. In T. carinatus, the activation peptide of liver-derived factor X is 57 residues in length, 
whereas that of the venom form trocarin D is only 28 residues long, similar to that of other 
venom SV-fXas (Rao, Swarup, and Kini 2004). The amino acid sequence of this shortened 
activation peptide is highly conserved between most SV-fXas but differs considerably from 
liver-derived sequences of both mammalian and snake origin. Interestingly, the length of the 
activation peptide in vestarin D1 and D2 (from D. vestigiata) is somewhat in between that of 
liver-derived and other venom-derived SV-fXas, while P. textilis PFX2 has a short activation 
peptide despite its liver origin.

13.3.5 heaVY-ChaIN INseRT

Most SV-fXas contain a 12-residue insert in the heavy chain, with the notable exceptions 
being porpharin D (P.  porphyriacus) and vestarin D1 and D2 (D.  vestigiata) (Birrell et  al. 
2007; St Pierre et al. 2007a). At this point in time, the function of this insert is unclear.
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13.3.6 GLYCOsYLaTION

While the activation peptide released during the processing of blood-coagulation factor X is 
heavily glycosylated, mature factor Xa does not contain any such posttranslational modifica-
tions. In contrast, studies of the venom forms trocarin D and the enzymatic subunit of pseu-
tarin C are O-glycosylated at Ser52 in the EGF-1 domain of the light chain and N-glycosylated 
at Asn45 (Asn240 in pseutarin C numbering) in the heavy chain (Joseph et al. 1999; Joseph 
et al. 2003a; Joseph et al. 2003b; Rao, Swarup, and Kini 2004). O-glycosylation at Ser52 is also 
present in human and bovine coagulation factors VII and IX (Hase et al. 1988; Nishimura 
et al. 1989; Iwanaga et al. 1991). A Ser52Ala mutant of VIIa has reduced clotting activity but 
unaltered amidolytic or factor X-activating properties (Bjoern et al. 1991). The carbohydrate 
moiety at Ser52 may be required for the rapid association of factor VII/VIIa with its cellular 
receptor and its cofactor (tissue factor) (Iino, Foster, and Kisiel 1998). Human factor X contains 
two O-glycosylation and N-glycosylation moieties (Inoue and Morita 1993). However, they are 
located on the activation peptide that gets cleaved out during the activation process, and as a 
result, the activated factor X is not glycosylated.

The purpose of glycosylation in SV-fXas has not been investigated to date, but there is 
evidence that it enhances protein stability and even prolongs the circulatory time of serum 
proteins (Marshall 1972). Deglycosylation of trocarin D resulted in autolytic destruction, and 
the lack of glycosylation in mature mammalian factor Xa may be an evolutionary adaptation 
to make factor Xa short-lived in the bloodstream (Reza, Swarup, and Kini 2005). In contrast, 
glycosylation may prevent the inactivation of trocarin D through proteolysis and confer mol-
ecule thermal stability (Wang et al. 1996; Rao, Joseph, and Kini 2003).

13.3.7 Β-hYDROxYLaTION

In human factor Xa, Asp63 in the EGF1 domain is β-hydroxylated to β-hydroxyaspartic acid 
(McMullen et al. 1983). Despite some sequence conservation around this hydroxylation site, 
the corresponding residue in trocarin D is not posttranslationally modified (Rao, Swarup, and 
Kini 2003).

13.3.8 pROCessING aND sTORaGe

Two enzymes are essential for the processing and release of fully functional factor Xa. First, 
a vitamin K dependent carboxylase is required to γ-carboxylate a series of Glu residues vital 
for the binding of factor Xa to phospholipid membranes. Second, the zymogen factor X needs 
to be converted to active factor Xa by excision of the activation peptide, an enzymatic cleav-
age that is performed by factor VIIa (in the extrinsic tenase complex) or factor IXa (in the 
intrinsic tenase complex). It is unclear how SV-fXas are processed in the venom gland, since 
no carboxylase has yet been identified. In contrast to coagulation factors, which circulate in 
blood in their zymogen form, SV-fXas are stored in the venom gland in their active form. It 
is conceivable that the proteolytic processing step (the excision of the activation peptide from 
the zymogen) is performed by mature SV-fXas present in the gland. Autoactivation of human 
factor X by factor Xa has been reported at very low levels (Colman 2006).



Factor xa enzymes  265

13.3.9 FUNCTION

SV-fXas have retained the procoagulant properties of liver-derived factor Xa, but it seems 
that some controlling elements have been altered or lost. The venoms of some Australian 
elapid snakes contain large quantities of prothrombin activators. Pseutarin C was reported 
to account for 20% to 30% of the total venom in P.  textilis (Rao and Kini 2002), while as a 
stand-alone toxin, SV-fXas typically represent 3% to 6% of total venom protein (Joseph et al. 
1999; Rao, Swarup, and Kini 2003), although it may be much higher in some genera such as 
Hoplocephalus or Tropidechis.

Considering the abundance of prothrombin activators in Australian snake venoms and 
their powerful properties, it is no surprise that venom-induced consumptive coagulopathy 
(VICC) is a common clinical sign of snake envenomation in Australia. VICC is seen after bites 
from Pseudonaja, Oxyuranus, Notechis, Tropidechis, and Hoplocephalus species (Isbister et al. 
2008) and is generally diagnosed by a grossly prolonged activated partial thromboplastin time 
(APTT) and elevated D-dimer concentrations. In 112 cases of complete VICC, fibrinogen, fac-
tor V, and factor VIII were often totally depleted, but prothrombin levels never fell below 60% 
of normal (Isbister et al. 2010). While conversion of 10% to 15% of prothrombin is sufficient to 
completely activate the coagulation cascade and cause total fibrinogen depletion, this partial 
prothrombin activation can only be explained by the relatively rapid inactivation of the pro-
thrombin activator. Indeed, a mathematical model of coagulopathy can only correctly predict 
the changes seen after an Oxyuranus bite if the half-life of the prothrombin activator is only 10 
to 15 minutes (Tanos et al. 2008; Wajima, Isbister, and Duffull 2009).

Although onset of VICC is more rapid with venoms containing SV-fXa/SV-fVa complexes, 
resolution of VICC occurs within 24 to 36 hours irrespective of prothrombin activator type 
(Isbister et al. 2010), which points toward inactivation of the SV-fXa rather than of the SV-fVa 
cofactor. In addition to its procoagulant properties, trocarin D has been shown to cause 
inflammation and mitogenensis (Joseph et al. 2003a).

13.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

In contrast to a large number of venom protein families that have undergone rapid diversifi-
cation, both in peptide sequence and in function, SV-fXas still closely resemble their plesio-
typic endophysiological protein homologue, coagulation factor Xa. This is consistent with the 
slow molecular evolutionary rates typical of most large globular proteins (see  chapter 1.3.2) 
(Fry 2005).

13.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

Haempatch (Q8009), developed from the P.  textilis SV-fXa, has been patented as a hemo-
static drug. In the venom, Haempatch is present in a complex with a factor-Va-like protein the 
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properties and procoagulant activity of which were first described in 1988 (Masci, Whitaker, 
and de Jersey 1988). The efficacy of Haempatch has been assessed in a series of dermal injury 
and rat organ trauma models and its antibleeding properties compared to those of FloSeal 
(Baxter Healthcare), a thrombin and collagen preparation used in surgical settings (Warner 
et  al. 2007; Warner et  al. 2009). Standardized sections of the spleen, liver, or kidney were 
excised, the agent applied to the wound surface, and blood loss determined in one-minute 
intervals. Haempatch reduced the average overall blood loss by 56% to 90%, compared with 
0% to 70% with FloSeal, and it shortened the average time to hemostasis (defined as a blood 
loss of less than 1 μL per minute) by 42% to 53%, compared with 0% to 22% for FloSeal. In the 
spleen model, total blood loss with FloSeal was actually higher than without any treatment, 
while in the liver model, time to hemostasis was longer than untreated. In both cases, Q8009 
demonstrated greater hemostatic properties, with a reduction in total blood loss of as much 
as 56% (spleen model) and reduction in time to hemostasis by as much as 48% (liver model). 
Recombinant Haempatch with procoagulant activity comparable to that of the native SV-fXa 
has been successfully expressed in human kidney cells (H293F), and the highest expression 
levels were obtained with constructs in which the activation peptide was deleted or replaced 
with a peptide involved in insulin-receptor processing (Filippovich et al. 2002). The ability to 
produce a highly active recombinant molecule certainly increases the likelihood of a market 
application and opens the path for future clinical trials.

13.6 CONVeRGeNCe WITh OTheR VeNOms

Although recruitment of fXa as a procoagulant toxin has not been documented in other ani-
mal venoms, factor Xa inhibiting (anticoagulant) toxins have been widely exploited by hema-
tophagous animals such as vampire bats (Fernandez et al. 1999), leeches (Tuszynski, Gasic, and 
Gasic 1987; Nutt et al. 1988), and ticks (Waxman et al. 1990) (see color plate 2A).
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KALLIKREIN ENZYMES
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14.1 sUmmaRY

Toxicoferan venom kallikrein enzymes (TV-kallikreins) evolved from members of the kalli-
krein class of serine proteases. Although they have retained some of the plesiotypic activities, 
they have also acquired several apotypic biochemical functions. TV-kallikreins mainly affect 
blood pressure or coagulation. Despite sharing significant structural similarity, these enzymes 
vary widely in their functions. To date, more than 250 TV-kallikrein enzymes have been iden-
tified, and nearly half of them have been functionally characterized; however, very few of these 
have been recovered from the venoms of reptiles other than viperid snakes. The structural and 
functional mechanistic information regarding TV-kallikreins is somewhat limited, hindering 
a clear understanding of their pathology. These enzymes have, however, received a consider-
able amount of attention for their potential use in diagnostics and therapeutics, particularly in 
relation to hemostatic disorders in humans. The clinical and diagnostic applications of these 
proteins exemplify the need for further studies characterizing their sequences, structures, 
functions, and phylogeny and the molecular evolutionary regimes they are subject to.

14.2 eNDOphYsIOLOGICaL pLesIOTYpe

TV-kallikreins are derived from glandular/tissue kallikrein-type serine proteases, which are 
a widely distributed family of cysteine cross-linked β-barrel enzymes with diverse activities 
(Page and Di Cera 2008). These hydrolytic enzymes contain a serine residue in their catalytic 
site and hydrolyze peptide bonds in target substrates. Serine proteases are present in all organ-
isms and may be intracellular or extracellular in location. They play important roles in bio-
logical processes such as digestion, blood coagulation, neurotransmission, or posttranslational 
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processing of secreted peptides or proteins. Chymotrypsin and chymotrypsin- (or trypsin-)
like proteases belong to the SA clan and S1 family of serine proteases and have similar struc-
tural and mechanistic properties (Barrett and Rawlings 1995).

Kallikrein enzymes are a group of secreted serine proteases primarily found in glan-
dular cells and biological fluids (Bhoola, Figueroa, and Worthy 1992). These enzymes 
release vasoactive substances called kinins from kininogens, which are their endophysi-
ological substrates (Muller-Esterl 1989). There are two types of kallikrein enzymes: plasma 
and glandular/tissue. These two types differ in MW, substrate specificity, immunological 
characteristics, and the type of kinins released as a consequence of their activities (Bhoola, 
Figueroa, and Worthy 1992). Tissue kallikrein enzymes are secreted serine proteases that 
belong to the S1 family within the SA clan (Barrett and Rawlings 1995; Rawlings, Barrett, 
and Bateman 2012). These kallikrein enzymes are single-chain proteins synthesized as pre-
proenzymes with a signal peptide 16 to 30 amino acids in length at the N-terminus, fol-
lowed by a propeptide of 4 to 9 amino acids and a catalytic serine protease domain (Yousef 
and Diamandis 2001). The signal peptide and the propeptide are removed during the matu-
ration process through enzymatic cleavage. The calculated MW of kallikrein enzymes is 
in the range of 23–26 kDa, although posttranslational modification such as glycosylation 
will increase the molecular mass further in some cases, such as hK1, hK3, hK5, and hK7 
(Yousef and Diamandis 2001; Borgono, Michael, and Diamandis 2004). Tissue kallikrein 
enzymes possess a similar tertiary structure to chymotrypsin and trypsin, which consists of 
two juxtaposed six-stranded antiparallel β-barrels and two α-helices (Rawlings, Tolle, and 
Barrett 2004). The active site (H57, D102, and S195) lies between the β-barrels and brings the 
domains together. Structural variations in kallikrein enzymes have been observed mainly 
in the surface loops surrounding the substrate-binding domains, which dictate substrate 
and inhibitor specificities and control catalysis (Perona and Craik 1995; Bernett et al. 2002). 
In general, five or six covalently linked disulfide bonds are formed in kallikrein enzymes 
to provide structural rigidity. The presence of N-glycosylated moieties is known to influ-
ence the substrate and inhibitor specificity of kallikrein enzymes (Borgono, Michael, and 
Diamandis 2004). At the S1 substrate-binding specificity pocket of 12 kallikrein enzymes 
(at position 189 according to α-chymotrypsinogen numbering; this numbering system is 
followed throughout this chapter), aspartate or glutamate residues are present, and these 
can cleave the carboxyl side chains of basic amino acids (such as arginine or lysine) in their 
substrates in a similar manner to trypsin (Borgono, Michael, and Diamandis 2004). The 
remaining three kallikrein enzymes, hK3, hK7, and hK9, and chymotrypsin have nonpolar 
serine, asparagine, and glycine residues, respectively, which confer specificity toward large 
hydrophobic amino acids such as tyrosine and phenylalanine (Yousef and Diamandis 2001; 
Borgono, Michael, and Diamandis 2004).

Glandular/tissue kallikrein enzymes are expressed in a range of tissues and mostly as a 
group of several enzymes. For example, almost all are expressed in salivary glands, but certain 
subgroups of kallikrein enzymes are expressed in other organs, such as skin, prostate, breast, 
pancreas, and central nervous system. There are two major types of kininogens: low and high 
MW (Muller-Esterl 1989; Bhoola, Figueroa, and Worthy 1992). Plasma kallikrein converts 
high-MW kininogen into bradykinin (a nonapeptide), which mediates physiological processes 
such as blood coagulation, regulation of blood pressure, and vasodilation (Bhoola, Figueroa, 
and Worthy 1992; Sainz, Pixley, and Colman 2007). In contrast, tissue kallikrein converts 
low-MW kininogen into Lys-bradykinin (a decapeptide) to regulate blood pressure, vascular 
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permeability, smooth-muscle contraction, and inflammatory processes (Bhoola, Figueroa, and 
Worthy 1992; Borgono, Michael, and Diamandis 2004).

Consistent with kallikrein enzymes being expressed in diverse tissues, they play a wide 
range of physiological roles (Bhoola, Figueroa, and Worthy 1992; Borgono, Michael, and 
Diamandis 2004). For example, hK1 cleaves low-MW kininogen and releases kallidin, which 
binds to bradykinin receptors and mediates biological processes such as the regulation of blood 
pressure, smooth-muscle contraction, pain induction, and vascular permeability (Bhoola, 
Figueroa, and Worthy 1992). In addition to kininogenase activity, hK1 is also involved in pro-
cessing growth factors and peptide hormones, mainly in the pituitary gland and the pancreas. 
The hK1 enzyme has been suggested to convert inactive procollagenase and angiotensinogen 
into active collagenase and angiotensin (Borgono, Michael, and Diamandis 2004). The hK2 
and hK3 enzymes possess lower kininogenase activity and are involved in the liquefaction of 
seminal fluids by hydrolyzing seminogelin I and II and fibronectin (Borgono, Michael, and 
Diamandis 2004). The hK3 enzyme (prostate-specific antigen) produces angiostatin-like frag-
ments through the limited proteolysis of plasminogen and may inhibit proliferation, growth, 
and metastasis of cancer cells (Heidtmann et al. 1999; Sotiropoulou et al. 2003). The hK6 enzyme 
is also reported to cleave plasminogen (Borgono, Michael, and Diamandis 2004). It cleaves 
the Aα- and Bβ-chains of the clotting protein fibrinogen to release α- and β-fibrinopeptides 
and collagen type I and IV, and it may play a role in tissue remodeling and tumor invasion 
(Magklara et al. 2003). The hK5, hK6, hK13, and hK14 enzymes are able to cleave extracellular 
matrix proteins (Borgono, Michael, and Diamandis 2004). Several kallikrein enzymes (such 
as hK1) process peptide hormones such as insulin and glucagon in the pancreatic Islets of 
Langerhans (Bhoola, Figueroa, and Worthy 1992; Borgono, Michael, and Diamandis 2004). In 
addition, they have been reported to maintain epidermal hemostasis in skin. Some kallikrein 
enzymes, such as hK6, play a role in the central nervous system by regulating myelination 
and myelin turnover in mice (Yamanaka et al. 1999). Some kallikrein enzymes, such as hK8, 
activate protease-activated receptors (PAR) and G-protein-coupled receptors to trigger cellular 
signaling (Borgono, Michael, and Diamandis 2004), which highlights their possible function 
in hemostasis through the regulation of platelets and endothelial functions. The 15 kallikrein 
enzymes are differentially expressed in various cancer cells, and thus their expression pattern 
could be exploited in the diagnosis of cancer (Bhoola, Figueroa, and Worthy 1992; Borgono, 
Michael, and Diamandis 2004).

14.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

14.3.1 pLesIOTYpIC sTRUCTURaL FORms

This toxin form contributes to the profound, rapidly developing swelling characteristic of most 
viperid snake and anguimorph lizard envenomations (see color plates 11D and 12C). Although 
TV-kallikrein is one of the major types of proteolytic enzymes found in the venoms of viperid 
snakes, its relative presence in the venoms of other toxicoferan reptiles is variable. While most 
elapid snakes secrete this toxin type in low levels, TV-kallikreins are a major component of 
the venom of some non-front-fanged caenophidian snakes (such as Philodryas species) and 
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anguimorph lizards (Fry et al. 2003c; Fry and Wüster 2004; Fry et al. 2006; Fry et al. 2008; Fry 
et al. 2009a; Fry et al. 2009b; Vaiyapuri et al. 2011; Vaiyapuri et al. 2012). Phylogenetic analysis 
shows that TV-kallikreins evolved from glandular/tissue kallikrein (Itoh et al. 1988; Fry and 
Wüster 2004; Fry 2005; Fry et al. 2006; Fry et al. 2013) and thus belongs to the SA clan and 
S1 family of serine proteases (Serrano and Maroun 2005). Similar to endophysiological kal-
likreins, TV-kallikreins are secreted as preproenzymes, with a signal peptide of approximately 
18 amino acid residues in length and a 6-residue activation peptide followed by a 229–237 
amino acid kallikrein domain (Fry 2005; Fry et  al. 2006; Fry et  al. 2008; Fry et  al. 2010b; 
Vaiyapuri et al. 2011; Koludarov et al. 2012). As for endophysiological kallikreins, the MW of 
TV-kallikreins ranges from 26–28 kDa. However, in most cases, these enzymes are glycosyl-
ated posttranslationally, and thus the native MW may vary widely (Fry 2005; Fry et al. 2006; 
Fry et al. 2008; Fry et al. 2010b; Vaiyapuri et al. 2011).

Most of the TV-kallikreins sequenced to date from snake venoms are from viperid 
snakes, but more than 30 TV-kallikreins have also been recovered from anguimorph liz-
ard venoms. All viperid-snake-venom TV-kallikreins contain a unique C-terminal exten-
sion of seven amino acids, including an additional cysteine (see figure 14.1). This C-terminal 
extension has been reported as present in two elapid-snake-venom kallikrein enzymes but 
is absent from all other non-viperid-snake sequences, including all those from lizards (see 
 figure 14.1). It must be noted that this cysteine was present in the first reported sequence of 
anguimorph-lizard-venom-specific TV-kallikrein (Utaisincharoen et  al. 1993). There are 
dramatic differences between this sequence and those obtained from Heloderma and other 
anguimorph lizards in a later study (Fry et al. 2010b). Sequence alignments show that the ter-
tiary structure determined by disulfide bonds is likely to be affected if the previously reported 
sequence was correct, as it contained 13 cysteines (missing the second plesiotypic cysteine with 
two new cysteines in atypical positions) (see  figure 14.1). Conspicuously, the last cysteine of the 
Heloderma horridum sequence is absent from all other lizard toxin sequences but is instead 
characteristic of snake-venom isoforms. Another anomaly in this sequence is an insertion at 
positions 126–132 that is not present in any other toxicoferan lizard sequence. RT-PCR inves-
tigations revealed that primers designed off of the reported H. horridum sequence do not react 
with H. horridum cDNA, while primers designed using the reported Heloderma suspectum 

FIGURE 14.1: Kallikrein toxin sequence alignment (Fry et al. 2010b). (1) h9GaC6 (Anolis carolinensis), 
(2) K4I265 (Abronia graminea), (3) e2e4I5 (Celestus warreni), (4) e2e4h9 (Gerrhonotus infernalis), 
(5) Q2xxN1 (Varanus acanthurus), (6) e2e4G3 (Varanus gilleni), (7) e2e4h0 (Varanus glauerti), 
(8) e2e4G4 (Varanus glauerti), (9) e2e4h2 (Varanus gouldii), (10) e2e4G6 (Varanus gouldii), (11) e2e4G1 
(Varanus gouldii), (12) e2e4G5 (Varanus indicus), (13) e2e4G2 (Varanus indicus), (14) B6CJU5 (Varanus 
komodoensis), (15) B6CJU6 (Varanus komodoensis), (16) e2e4G7 (Varanus mertensi), (17) Q2xxN0 
(Varanus mitchelli), (18) e2e4h4 (Varanus scalaris), (19) e2e4G0 (Varanus scalaris), (20) e2e4G9 (Varanus 
scalaris), (21) e2e4h1 (Varanus tristis), (22) C6eVG4 (Heloderma suspectum), (23) p43685 (Heloderma 
horridum), (24) H. horridum) (Utaisincharoen et al. 1993), (25) Q09GK1 (Philodryas olfersii), (26) Q5mCs0 
(Hydrophis hardwickii, formerly Lapemis hardwickii), (27) a8QL56 (Ophiophagus hannah), (28) Q512B6 
(Deinagkistrodon acutus), (29) e9JG23 (Echis coloratus). The erroneous H. horridum sequence (24) (from 
Utaisincharoen et al. 1993) is highlighted in gray.
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sequence reacted strongly with the H. horridum cDNA library (see figure 14.2). Resequencing 
of the TV-kallikrein encoded in the H. horridum cDNA library revealed it to be very similar 
to the H. suspectum sequence while contrasting starkly with that reported in the 1993 paper. 
Thus, it appears that the H. horridum sequence P43685 contains multiple errors. The aber-
rant cysteine pattern is particularly suggestive in this regard, as it is divergent from all other 
lizard-toxin isoforms, including those from the same species, but displays all the hallmarks of 
typical snake sequences.

While more than 250 TV-kallikreins have been characterized at sequence level (Fry et al. 
2006; Fry et al. 2008; Fry et al. 2009b; Fry et al. 2010b; Vaiyapuri et al. 2012), only eight crystal 
structures have been solved to date and all from viperid snake venoms. Similar to normal body 
kallikrein enzymes and other members of the S1 family, TV-kallikreins possess two antiparal-
lel β-barrel domains with an α-helical domain at the C-terminus. The catalytic site (H57, D102, 
and S195) is located between the two domains. All TV-kallikreins have been predicted to have a 
common trypsin-like kallikrein domain. In general, 12 cysteine residues are present in viperid 
snake venom TV-kallikreins (see  figure 14.1), and they form 6 disulfide linkages, which sta-
bilize the structure of these proteins. The disulfide linkage between C91-C245e appears to be 
unique to viperid-snake-venom TV-kallikreins, as this is formed by the viperid-venom-specific 
C-terminal extension (Parry et al. 1998). Since the C-terminal extension of 7 amino acids is 
absent in anguimorph-lizard-venom TV-kallikreins, it is not clear how many disulfide link-
ages stabilize their structure. The cysteine residue present in the internal extension at position 
93G may compensate for the absence of the cysteine from the C-terminal extension, but fur-
ther investigation is required to confirm this notion. Similarly, TV-kallikreins from the venom 
of sea snakes and Ophiophagus hannah contain the C-terminal extension with a cysteine resi-
due at position C245e. However, those from other elapid snake venoms, and the venoms of 
non-front-fanged caenophidian snakes, lack this extension. In addition, a salt bridge formed 
between V/I16 and D194 (see  figure  14.1) is involved in stabilizing the active site structure 
of venom kallikrein enzymes (Parry et al. 1998; Vaiyapuri et al. 2012). Similar to the case of 
physiological kallikreins, an aspartate residue is found at position 189 (S1 pocket) in most 
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FIGURE 14.2: Gel electropherograms of RT-pCR products generated from kallikrein gene-specific 
primers. Lane m, standard DNa ladder, each band representing 100-base pair increments; lane 1, 
RT-pCR product from the venom library of Heloderma horridum with primers designed from Heloderma 
suspectum kallikrein sequence eU790962; lane 2, nontemplate control; lane 3, RT-pCR from venom 
libraries of H. horridum with primers designed from the H. horridum kallikrein sequence p43685 
reported previously; lane 4, nontemplate control (Fry et al. 2010b).
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venom kallikreins (see  figure 14.1). This may confer affinity for basic amino acids such as argi-
nine and lysine in substrates, a feature present in trypsin and thrombin (Vaiyapuri et al. 2012). 
Some venom enzymes have nonpolar amino acids such as glycine or serine at position 189, and 
this may confer affinity for large hydrophobic amino acids such as tyrosine or phenylalanine, 
similar to that of chymotrypsin (Vaiyapuri et al. 2012). Indeed, some of the TV-kallikreins, 
such as those from Bothrops jararaca (Kuniyoshi et al. 2012) and Macrovipera lebetina (Siigur 
et al. 2011), have specificity for tyrosine residues at the P1 position. The residues present at the 
sides of the substrate-binding pocket at positions 216 and 226 have been reported to influence 
the selection of substrates, and various combinations of these residues are present in different 
venom kallikrein enzymes. With the exception of a few TV-kallikreins, all these enzymes are 
predicted to have potential N-glycosylation sites, which upon glycosylation may influence the 
substrate and inhibitor specificities of these enzymes (Vaiyapuri et  al. 2012). Glycosylation 
accounts for as much as 62% of the native MW of Bothrops protease A (BPA) from the venom 
of B. jararaca (Paes Leme et al. 2008).

Since very few TV-kallikreins have been recovered from caenophidian snakes other than 
viperid snakes, it is currently not possible to conclude whether the C-terminal extension is a 
common feature in snake-venom-specific kallikreins. However, it is consistently absent from 
all known toxicoferan lizard-venom TV-kallikreins, which instead contain a unique internal 
extension of 6 to 9 amino acids between positions 93 and 95 of chymotrypsinogen, with a con-
served cysteine residue at position 93G (see  figure 14.1). The length of the signal peptide and 
the activation peptide is greater (56 amino acids together) in two of the TV-kallikreins identi-
fied in the venoms of the elapid snakes Bungarus multicinctus and Naja atra, in comparison 
with other elapid-snake-venom sequences. Although for the majority of the TV-kallikreins 
the predicted isoelectric point is between 5 and 7 or 8 and 9, certain forms (such as one from 
the venom of the viperid snake Gloydius ussuriensis) have isoelectric points as low as 4.6 
(Vaiyapuri et al. 2012).

14.3.2 pLesIOTYpIC FUNCTIONaL FORms

14.3.2.1 Substrate Specificity
TV-kallikreins are synthesized and stored as inactive zymogens in the lumen of the venom 
gland. They are stored at low pH to prevent premature activation (Mackessy and Baxter 2006). 
During venom delivery, snake-venom kallikreins and other toxins flow through the ros-
tral portion of the accessory gland, which is rich in serous secretions containing proteolytic 
enzymes that result in the removal of the propeptide and the activation of enzymes (Mackessy 
and Baxter 2006). Currently, the activation processes of toxicoferan lizard-venom-specific 
TV-kallikreins remain uncharacterized.

Many of the functionally characterized viperid-snake-venom TV-kallikreins have 
been shown to cleave more than one substrate, potentially indicating multiple targets 
and mechanisms of action in human bite victims or prey (Vaiyapuri et  al. 2012). Some 
TV-kallikreins retain kallikrein-like activities by cleaving kininogen to release brady-
kinin. Plasma kallikrein is capable of converting high-MW kininogen into bradykinin, 
while plesiotypic TV-kallikreins can convert low-MW kininogen into kallidin (Bhoola, 
Figueroa, and Worthy 1992). In addition to this kininogenase activity, endophysiological 
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tissue kallikrein enzymes have fibrinogenolytic and angiotensin-converting activities. 
Thus, these three activities are considered plesiotypic functional activities of TV-kallikrein. 
Although some tissue kallikrein enzymes cleave plasminogen to produce angiostatin 
(Heidtmann et al. 1999), this activity is not discussed in this chapter, as TV-kallikreins do 
not produce angiostatin and instead only liberate plasmins. Functional characterization 
of TV-kallikreins from toxicoferan reptiles other than viperid snakes has been limited to 
three Heloderma lizard-venom kallikreins to date (Hendon and Tu 1981; Utaisincharoen 
et al. 1993).

14.3.2.2 Kininogenase Activity
Enzymes that convert kininogen into biologically active peptides called kinins are known 
as kininogenases (Bhoola, Figueroa, and Worthy 1992). These include not only endophysi-
ological kininogenases such as plasma and tissue kallikreins but also some TV-kallikreins. 
As a result of the plesiotypic nature of this activity, TV-kallikreins with kininogenase 
activities are present in the venoms of highly divergent toxicoferan lineages, viperid snakes 
and Heloderma lizards (Hendon and Tu 1981; Vaiyapuri et al. 2012). Numerous isoforms 
with this activity have been isolated and characterized from a wide array of viperid snake 
venoms spanning the full taxonomical range (see Hendon and Tu 1981; Markland et  al. 
1982; Bjarnason et al. 1983; Ohtani et al. 1988; Nikai et al. 1993; Matsui et al. 1998; Serrano 
et al. 1998; Oyama and Takahashi 2003; Oyama, Fukuda, and Takahashi 2008; Vaiyapuri 
et al. 2010). Documented activities include the cleavage of high- and low-MW kininogen 
to release kinins such as bradykinin and kallidin (Markland et al. 1982; Ohtani et al. 1988; 
Serrano et  al. 1998; Oyama and Takahashi 2003; Oyama, Fukuda, and Takahashi 2008). 
Secondary to the liberation of kinins, these enzymes reduced blood pressure (Zaganelli 
et al. 1996). The limited testing of Heloderma lizard TV-kallikrein shows identical activi-
ties with those of viperid snake homologues, including the cleavage of kininogen to release 
bradykinin resulting in the lowering of blood pressure (Hendon and Tu 1981; Alagón et al. 
1986; Utaisincharoen et al. 1993; Datta and Tu 1997), thus reinforcing this as a plesiotypic 
activity.

14.3.2.3 Angiotensin-Converting Activity
Angiotensinogen is a globular protein synthesized by the liver and released into circu-
lation constitutively. It is a substrate for renin, which converts this protein into angioten-
sin I, a precursor for the active peptide angiotensin II. The hydrolysis of angiotensin I  by 
angiotensin-converting enzymes liberates angiotensin II (hypertensive peptide), resulting in 
an increase of blood pressure (Peach 1977; Ondetti and Cushman 1982). Tissue kallikrein 
enzymes such as hK3 cleave angiotensin I  and II to produce inactive peptides. Consistent 
with this, TV-kallikreins have been shown to destructively cleave angiotensin I or II (or both) 
and thus contribute to the induction of hypotension in envenomed victims or prey (Hung 
and Chiou 2001; Siigur et al. 2011; Kuniyoshi et al. 2012). Similarly, gilatoxin, a TV-kallikrein 
from H. horridum venom, degrades angiotensin I to II by removing dipeptides (D-R) and thus 
contributes to the prolonged hypotensive effects exhibited by envenomed victims (Hendon 
and Tu 1981).
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14.3.2.4 Fibrinogenolytic Activities
This activity contributes to hemorrhage (see color plates 11E, 11I, 11J, 12C). Fibrinogen is a 
soluble protein produced in the liver and released into the bloodstream. This protein is made 
up of three chains: Aα, Bβ, and γ. During coagulation, thrombin, a kallikrein enzyme, digests 
fibrinogen to liberate fibrinopeptides and activate clotting factor XIII, which in turn forms 
an insoluble fibrin clot. Human kallikrein (hK6) digests the Aα and Bβ chains of fibrinogen 
(Magklara et al. 2003). Similarly, several TV-kallikreins cleave either or both Aα and Bβ fibrin-
ogen chains (Vaiyapuri et al. 2012). The cleavage of fibrinogen by venom kallikrein results in 
the formation of unstable clots in circulation and in other cases reduces the level of functional 
fibrinogen in circulation, thus contributing to clotting inhibition (see color plates 11I–11K). As 
fibrinogenolysis is the major function of thrombin, structurally distinct TV-kallikreins that 
exhibit similar fibrinogenolytic activities are commonly known as thrombin-like enzymes. 
However, this nomenclature has led to some confusion, as they are thrombin-like through 
functional convergence but are not structurally similar to thrombin.

The nomenclature of TV-kallikreins is based on the fibrinogenolytic activity. TV-kallikreins 
with specific α-fibrinogenolytic activity have been classified as Venombin As. Such isoforms 
have been isolated and characterized widely from Crotalinae venoms but not from Viperinae 
venoms to date (Nolan, Hall, and Barlow 1976; Stocker and Barlow 1976; Markland and Pirkle 
1977; Ascenzi et al. 1986; Kisiel et al. 1987; Orthner, Bhattacharya, and Strickland 1988; da Silva 
et al. 1989; Huang and Chiang 1994; Nishida et al. 1994; Serrano et al. 1998; Sanchez et al. 2000; 
Muanpasitporn and Rojnuckarin 2007; Costa et al. 2010). Venombin Bs, which are specifically 
β-fibrinogenolytic, are currently known exclusively from Crotalinae venoms (Nolan, Hall, and 
Barlow 1976; Stocker and Barlow 1976; Markland and Pirkle 1977; Ascenzi et al. 1986; Kisiel et al. 
1987; Orthner, Bhattacharya, and Strickland 1988; da Silva et al. 1989; Huang and Chiang 1994; 
Nishida et al. 1994; Serrano et al. 1998; Sanchez et al. 2000; Muanpasitporn and Rojnuckarin 
2007; Costa et al. 2010). The apparently unique occurrence of such enzymes in Crotalinae ven-
oms may, however, be the result of a bias in toxinological research toward such species. In con-
trast, enzymes possessing both α- and β-fibrinogenolytic activities have been isolated from both 
Crotalinae and Viperinae (Komori et al. 1993; Gao et al. 1998; Lee et al. 1999; Zhang et al. 2001; 
Jiao et al. 2005; Vaiyapuri et al. 2010). Consistent with the fact that αβ-fibrinogenolytic activity 
is widespread in viperid snake venoms and α- or β-fibrinogenolytic specialization being apo-
typic, the TV-kallikrein isolated and characterized from the elapid snake Ophiophagus han-
nah exhibits αβ-fibrinogenolytic activity (Zhang et al. 1994b). While γ-specific activity has not 
been documented, generalized α-, β-, and γ-fibrinogenolytic activity are likely to be the ple-
siotypic state, since these activities have been documented for both caenophidian-snake- and 
anguimorph-lizard-venom TV-kallikreins (Hendon and Tu 1981; Marrakchi et al. 1995).

14.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

14.4.1 apOTYpOsIs

TV-kallikreins exhibit a wide range of apotypic functions. While most TV-kallikreins retain 
the aforementioned plesiotypic activities of endophysiological kallikreins, several perform 
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additional apotypic coagulopathic functions, including clotting-factor activation, plasmino-
gen activation, platelet aggregation, and protein C activation.

Several TV-kallikreins with substitutions in one or two of the catalytic triads have been 
recovered from viperid snake venoms (Vaiyapuri et  al. 2011; Vaiyapuri, 2012b). These sub-
stitutions are mostly at position 57, and arginine replaces histidine in several cases. Some 
viperid-snake-venom TV-kallikreins have substitutions for S195, and one sequence has threo-
nine at position 102 instead of the typical aspartate residue. Most TV-kallikreins have been 
identified only at transcript level, and only a couple have been functionally characterized; 
therefore, the functional significance of these substitutions is not always clear. Functional 
analysis of a TV-kallikrein from Bothrops alternatus with substitutions at position N57 and 
T102 has confirmed that this enzyme retains functional stability (Costa et al. 2010). Whereas a 
TV-kallikrein from the venom of Protobothrops jerdonii in which an arginine residue is substi-
tuted for H57 is apparently nonfunctional (Wu et al. 2008). The presence of kallikrein homo-
logues has been widely observed in vertebrates and invertebrates. Some of these kallikreins no 
longer hydrolyze peptide bonds, although in most cases, they have acquired alternative func-
tions (Pils and Schultz 2004). Thus, TV-kallikreins that have lost their plesiotypic functional-
ity likely participate in envenoming through other means, such as by binding to substrates 
irreversibly and reducing their normal concentration.

14.4.2 aCTIVaTION OF CLOTTING FaCTORs

Blood coagulation is an essential process that prevents excessive loss of blood following 
injury. TV-kallikreins activate various blood-clotting factors (Kini 2005a). Factor V is a 
high-MW single-chain protein that circulates in plasma as a zymogen. Following activa-
tion by thrombin, factor Va forms a prothrombinase complex with activated factor X (Xa) 
to convert prothrombin into thrombin (see  chapters  12 and 13). Viperid-snake-venom 
TV-kallikreins such as RVV-Vα and β from the venom of Daboia siamensis (Schiffman, 
Theodor, and Rapaport 1969; Tokunaga et al. 1988), factor V activator from the venom of 
Macrovipera lebetina (Siigur et al. 1998), thrombocytin from the venom of Bothrops atrox 
(Niewiarowski et  al. 1979), and contortrixobin from the venom of Agkistrodon contortix 
contortrix have been reported to activate factor V (Amiconi et  al. 2000). The Viperinae 
TV-kallikreins with these activities are phylogenetically distinct from the Crotalinae toxins 
possessing the same activity; this activity is either convergently apotypic in the two lineages 
or is present but undocumented in intervening lineages. TV-kallikreins from the venoms 
of O. hannah, Bungarus fasciatus, and Cerastes vipera possess diversity of other activities 
including factor X activation (reviewed in Kini 2005a), suggesting that this activity also 
either evolved convergently or was of plesiotypic origin.

TV-kallikreins with atypical coagulopathic activities include activators of factor X and 
prothrombin from C. cerastes (Marrakchi et al. 1995); protein C activators that also cleave 
human prothrombin, factor X, factor IX, and factor VII from Agkistrodon contortix contor-
trix (Kisiel et al. 1987), Agkistrodon bilineatus (Nakagaki, Kazim, and Kisiel 1990), Gloydius 
halys (Bakker et al. 1993), and G. ussuriensis (Kogan et al. 1993); activators of factor VIII 
from B. jararaca (Nishida et al. 1994); activators of factor XIII from Agkistrodon contortix 
contortrix (Amiconi et al. 2000); activators of factor XIII and prothrombin from B. atrox 
(Niewiarowski et al. 1979); plasminogen activators from Viridovipera stejnegeri (Zhang et al. 
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1995), Lachesis muta muta (Sanchez et al. 2000), Gloydius blomhoffi brevicaudus (Park et al. 
1998), and Cryptelytrops albolabris (Muanpasitporn and Rojnuckarin 2007). Additional 
activities include lysis of fibrin clots directly in the absence of plasmin (Vaiyapuri et  al. 
2010), inactivation of plasminogen activator inhibitor-1 and α2-antiplasmin (Urano et al. 
2000), and platelet aggregation (Niewiarowski et al. 1979; Nishida et al. 1994; Marrakchi 
et al. 1995; Serrano et al. 1995; Braud, Bon, and Wisner 2000). Although the mechanism of 
action by which most TV-kallikreins activate platelets is unknown, those from B. jararaca 
(Serrano et al. 1995) and B. atrox (Serrano et al. 1995) do so by cleaving protease-activated 
receptors 1 and 4 in a similar manner to thrombin. The phylogenetic positioning of these 
apotyposis events within the evolution of viperid snake venom is unclear, and further work 
will be necessary to resolve these timing issues.

As these TV-kallikreins also cleave fibrinogen, it is apparent that the activities of 
TV-kallikreins are much more complex than those of the endophysiological tissue kalli-
kreins from which they were recruited. These additional apotypic activities may act syner-
gistically with the activation of fibrinogen and clotting factors in victims or prey animals. 
Inappropriate activation of plasminogen leads to the cleavage of immature blood clots, 
resulting in increased bleeding. Protein C is a kallikrein enzyme that circulates in blood in 
an inactive form. This protein plays major role as an anticoagulant in the negative regula-
tion of blood clotting. Upon activation by thrombin, the activated protein C proteolytically 
inactivates factors Va and VIIIa to control blood clotting. In contrast to normal activation, 
the inappropriate and excessive activation of protein C affected by TV-kallikreins leads 
to impaired blood clotting which results in a bleeding diathesis. Plasminogen is the inac-
tive precursor to plasmin that circulates in the blood plasma. Upon activation by tissue 
or urokinase plasminogen activators, the fibrinolytic plasmin dissolves fibrin clots dur-
ing the wound-healing process. Additional plasminogen activation by TV-kallikreins will 
therefore result in the rapid breakdown of any clots that form. Platelets are small circulat-
ing blood cells that play critical roles in hemostasis. Following blood-vessel wall damage, 
platelets are activated by exposed collagen, and thrombin is generated at the site of injury 
to form a platelet plug (or aggregate) to prevent loss of blood. Inappropriate activation of 
platelets under pathological conditions such as rupture or atherosclerosis leads to the for-
mation of platelet aggregates within circulation which results in a life-threatening block-
ade of blood f low to organs such as the heart and the brain (Gibbins 2004). Activation 
of platelet aggregation by TV-kallikreins may therefore result in the rapid death of prey 
animals.

14.4.3 OTheR apOTYpIC FUNCTIONs OF TV-KaLLIKReIN

Other potentially pathological noncoagulopathic activities by TV-kallikreins include cleav-
age of type I  collagen and gelatin (Reichl et  al. 1993); increase of blood-brain barrier per-
meability, causing barrel rotation syndrome (known as gyroxin syndrome when caused by 
TV-kallikrein) in mice (Alves et al. 2011); cleavage of C3 to activate the complement cascade 
(Yamamoto et  al. 2002); increase of capillary permeability cause by TV-kallikreins from 
the venoms of G.  ussuriensis, Crotalus ruber, and Crotalus viridis viridis (Shimokawa and 
Takahashi 1993a; Shimokawa and Takahashi 1993b); and albuminolytic, myonecrotic, and 
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hemolytic activities caused by Bothrops alternatus TV-kallikrein. In addition, this enzyme 
can induce hyperemia, lymphocytic interstitial pneumonitis in the lung, necrosis, inflamma-
tory infiltration in the liver, and glomerular congestion in the kidneys (Costa et al. 2010); and 
release of endothelium-dependent relaxing factor from the vascular endothelium leading to 
the relaxation of coronary arteries is caused by TV-kallikrein from B. atrox (Kirby et al. 1979; 
Niewiarowski et al. 1979).

14.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

Snake-venom components that affect hemostasis have received broad attention for their poten-
tial in the development of diagnostics and therapeutics for hemostatic disorders.

14.5.1 DIaGNOsTIC Uses

RVV-V, a TV-kallikrein from the venom of D. siamensis, cleaves coagulation factor V, convert-
ing it into active factor Va (Schiffman, Theodor, and Rapaport 1969). Because of its selectivity 
for factor V, RVV-V has been prepared as a reagent (Pentapharm, Switzerland) for the routine 
assay of factor V in plasma (Marsh 2001; Marsh and Williams 2005). A fast-acting protein C 
activating TV-kallikrein (Protac, Pentapharm, Switzerland) from the venom of Agkistrodon 
contortrix contortrix has been used for the functional assay of protein C and S in plasma 
(Stocker et al. 1987). As this TV-kallikrein does not require thrombomodulin to cleave protein 
C, it simplifies and reduces the cost of assaying protein C in plasma. Thus, Protac has been 
used to identify patients with defects in protein C activation pathways (Robert et  al. 1996; 
Kirschbaum et al. 1999). It has also helped in identifying dysfunctional protein C (Girolami 
et al. 1993).

TV-kallikreins primarily cleave either α or β (sometimes both) chains of fibrinogen and 
generally do not activate (with one known exception) factor XIII, which is important for 
stabilizing fibrin clots (Vaiyapuri et al. 2012). Thus, TV-kallikreins either form easily dis-
persible clots or do not form clots but just degrade fibrinogen. These fibrinogen-degradation 
products are eliminated by fibrinolysis. This reduction of functional fibrinogen levels makes 
TV-kallikreins useful in assaying fibrinogen and its breakdown products in plasma (Marsh 
2001; Marsh and Williams 2005). TV-kallikreins are not inhibited by heparin and thus can 
be used for assaying antithrombin III and other hemostatic variables in heparin-containing 
samples. The most widely used TV-kallikreins in fibrinogen functional assays are reptilase 
(commercial name Bothrombin from Pentapharm, Switzerland) from the venom of B. atrox 
and Ancrod (Knoll, Germany) from the venom of Calloselasma rhodostoma (Marsh and 
Williams 2005). Since conventional thrombin time is used to measure the speed of coagu-
lation in patients, the use of this assay in plasma is limited by the presence of thrombin 
inhibitors, such as antithrombin and heparin. Thus, “reptilase time” is a convenient func-
tional clotting assay in heparin-containing samples (Funk et  al. 1971). Reptilase is also 
used in assaying antithrombin III in fibrinogen-free plasma samples (Howie, Prentice, and 
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McNicol 1973). Reptilase is a very useful tool for the identification of hypofibrinogenemia, 
fibrin-degradation products in plasma, and defects in fibrin polymerization (dysfibrino-
genemia) (Latallo and Teisseyre 1971). TV-kallikreins also have potential for use in studies 
of fibrin assembly (Torbet 1987), thrombin-dependent feedback activation of the clotting 
system (Kumar, Beguin, and Hemker 1994), and platelet-force development (Carr, Carr, 
and Greilich 1996). In addition, some TV-kallikreins activate prothrombin and thus could 
be used in measuring prothrombin time (Marsh and Williams 2005). These plasminogen 
activators may also be useful in assaying functional plasminogen and plasmin in place of 
tissue plasminogen activator.

14.5.2 TheRapeUTIC Uses

Because of its fibrinogen-degrading activity, the TV-kallikrein Ancrod (from C. rhodostoma) 
has been introduced as an anticoagulant under the commercial name of Arvin for the treatment 
of stroke, heart attack, and deep-vein thrombosis (Marsh and Williams 2005). Use of Ancrod/
Arvin in ischemic-stroke patients may be better and more cost-effective than use of other 
existing drugs (Samsa et al. 2002). Ancrod/Arvin may also be of therapeutic benefit to patients 
with heparin-associated thrombocytopenia and thrombosis syndrome (Illig and Ouriel 1996). 
Ancrod/Arvin has been used as an alternative anticoagulant to heparin in cardiopulmonary 
bypass surgeries (von Segesser et  al. 2001). Another TV-kallikrein, defibrase (commercial 
name of Batroxobin, Pentapharm) from the venom of B. atrox, is used to reduce the fibrinogen 
content in plasma in order to prevent inappropriate blood clotting (Marsh and Williams 2005). 
Both of these TV-kallikreins have been used to treat deep-vein thrombosis and peripheral 
occlusive diseases. They also reduce the incidence of postoperative deep-vein thrombosis and 
the recurrence of thrombosis after vascular surgeries (Marsh and Williams 2005).

14.6 CONVeRGeNCe WITh OTheR VeNOms

The kallikrein toxins found in Blarina species shrews liberate kinins (Kita et al. 2004; Kita et al. 
2005). The errors in the sequence of a published Heloderma TV-kallikrein (Utaisincharoen 
et al. 1993) addressed earlier in this chapter led astray a study that examined convergent evo-
lution between lizard and Blarina kallikrein toxins. The demonstration that this Heloderma 
TV-kallikrein sequence was not authentic (Fry et  al. 2010b) unfortunately invalidated the 
central conclusion of convergence that relied on the questionable insert at 126–132 as a key 
element (Aminetzach et al. 2009). This inauthentic relationship has caused considerable confu-
sion, spreading through the literature and being cited on a number of occasions as an example 
of convergence (Brodie 2010; Janes et al. 2010; Lawrence, Lai, and Clements 2010; Pavlopoulou 
et al. 2010; Zhu et al. 2010; Boutemy et al. 2011; Losos 2011; Simmer et al. 2011; Yennamalli 
et  al. 2011; Davies et  al. 2012; Green and Extavour 2012; Ligabue-Braun, Verli, and Carlini 
2012; Song et al. 2012; Wong and Belov 2012; Zhu et al. 2012; Garb and Hayashi 2013; Martin 
and Orgogozo 2013; Meyer et al. 2013).

Kaillikrein toxins are also found in Lonomia caterpillar venoms, and these have been 
demonstrated to possess fibrinolytic activity (Amarant et al. 1991). The venom of the parasitic 
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wasp Cotesia rubecula contains a protein derived from the serine protease scaffold (Vn50), 
which, like the insect homologues from which it evolved, lacks a functional catalytic triad 
(His-Asp-Ser), as the plesiotypic serine residue is replaced by a glycine (Asgari et al. 2003). The 
insect endophysiological enzymes from which Vn50 is derived are involved in a proteolytic 
cascade that causes hemolymph melanization, a primary defensive reaction upon infection 
or invasion by parasites. Vn50 instead inhibits hemolymph melanization and, given its strong 
structural similarity, is postulated to be a competitive inhibitor of endogenous serine protease 
homologues in the host.

Serine proteases in the venom of coleoids (cuttlefish, octopuses, and squid) exhibit a 
molecular diversity comparable to those observed in venomous reptiles (Fry, Roelants, and 
Norman 2009; Ruder et al. 2013b). Their variation in intraloop (functional) residues appears to 
constitute an adaptive neofunctionalization pattern that seems analogous to those observed in 
other multigene toxin families. However, knowledge of the activity, potency, and differentia-
tion of these enzymes awaits detailed functional analyses.

In addition to being widely present in predatory venoms, the venoms of hematophagous 
organisms are rich in serine proteases (Fry et al. 2009a). For example, serine proteases from the 
venom of vampire bats are powerful plasminogen activators and display structural variation in 
relation to the diets of the bats, some of which specialize in feeding on the blood of either birds 
or mammals (Kratzschmar et al. 1991; Schleuning et al. 1992; Low et al. 2013). Serine proteases 
have also been independently recruited into the feeding secretions of diverse lineages of hema-
tophagous arthropods, including hard ticks (Xu, Bruno, and Luft 2005), nematoceran flies 
such as mosquitoes (Ribeiro et al. 2007) and biting midges (Campbell, Wilson, and Manninen 
2005), and triatomine bugs (Santos et al. 2007). While the specific function of any of these pro-
teins is not known, the presence of CUB domains suggests substrate-specific activity (Ribeiro 
et al. 2007). Possibly, these serine proteases target specific host proteins at the bite site or are 
involved in activating other proteins following secretion into the host.
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15.1 sUmmaRY

Reptile venom kunitz peptides have undergone extraordinary structural and functional 
molecular adaptation, from multiproduct precursors to single-product precursors and from 
enzyme inhibitors to channel-blocking neurotoxins. These small peptides are useful not only 
for probing neurological activity but also as potential therapeutics in preventing blood loss 
during surgery.

15.2 eNDOphYsIOLOGICaL pLesIOTYpe

Kunitz-type protease inhibitors are ubiquitous among plants and animals. The MEROPS data-
base (http://merops.sanger.ac.uk/) classifies these molecules into two subclasses:  kunitz-A 
(family I2, isolated from animal) and kunitz-P (family I3, isolated from plants) (Rawlings, 
Barrett, and Bateman 2010). The most typical function of kunitz-type inhibitors is inhibition 
of serine proteases, a class of enzyme characterized by the presence of a catalytic triad consist-
ing of histidine, aspartate, and serine amino acid residues (Rawlings, Barrett, and Bateman 
2010). Important members of the serine protease family include trypsin, chymotrypsin, elas-
tase, plasma kallikreins, tissue kallikreins, and plasmin. Precursors for plesiotypic kunitz-type 
inhibitors encode two kunitz peptides that are posttranslationally cleaved from each other. 
However, derivatives in which the precursor encodes a single peptide are common among 
apotypic versions (such as BPTI P00974).

Bovine pancreatic trypsin inhibitor (BPTI, also known as aprotinin or by its commercial 
name, Trasylol) was first characterized in the early 1930s (Kunitz and Northrop 1936). The 
three-dimensional structure was determined using X-ray crystallography (Huber et al. 1970), 
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and its solution structure was subsequently solved by nuclear magnetic resonance (NMR) 
spectroscopy (Wüthrich 1989). The structure of BPTI may be used to describe the general 
features of this class of peptide.

Both crystal and NMR structures show that BPTI, which consists of 58 amino acid resi-
dues, folds into an α/β/α motif, with the tertiary structure stabilized by three disulfide bonds 
(Cys5-Cys55, Cys14-Cys38, Cys30-Cys51). An important feature of BPTI is a loop located 
between the first α-helix (α1) and the first β-sheet (β1). This region, known as the canonical 
loop, binds in a complementary manner (in terms of shape, charge, and hydrogen bonding) 
to the active site of a serine protease but is not cleaved by the enzyme (Rühlmann et al. 1973). 
There are six amino acid residues critical to serine protease inhibition by BPTI: Pro13, Cys14, 
Lys15, Ala16, Arg17, and Ile18. The nomenclature describing the locations of these amino acids 
identifies them as P3, P2, P1, P1′, P2′, and P3′, respectively. Proteolytic cleavage ordinarily occurs 
at the peptide bond between the P1 and P1′ residues (Schechte and Berger 1967). However, cleav-
age does not occur when BPTI forms a complex with a protease (such as trypsin). Instead, 
BPTI becomes irreversibly bound to the enzyme, thereby acting as an inhibitor. An additional 
region of kunitz peptides that contributes to the binding of proteases is referred to as the sec-
ondary binding loop. This is the part of the polypeptide that is directly after the second β-sheet 
(β2) and includes amino acid residues from positions 36–39 in the sequence. When BPTI and 
trypsin bind, all four of these residues form contacts (mostly through van der Waals attrac-
tions) and may contribute significantly to the inhibition of serine proteases.

15.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Like the precursors of endophysiological homologues, in the plesiotypic state of Toxicofera 
kunitz peptides (TV-kunitz), the precursor encodes two peptides, which are liberated 
from each other through posttranslational cleavage and secreted separately (Doley et  al. 
2008; Koludarov et al. 2012; Fry et al. 2013; Jackson et al. 2013). Phylogenetically, the dual 
TV-kunitz-domain encoding precursors are located at the base of the toxin trees (Fry et al. 
2013) (see  figure 15.1). Only this plesiotypic form has been recovered from anguimorph liz-
ards and iguanian lizards (Fry et al. 2013). In contrast, the dominant form present in caeno-
phidian snakes is an apotypic precursor that encodes for only a single TV-kunitz peptide and 
has a distinct signal peptide relative to the two-domain plesiotypic precursor (Fry et al. 2008; 
Koludarov et al. 2012; Fry et al. 2013; Jackson et al. 2013) (see  figure 15.2). Despite the isolation 
and characterization of TV-kunitz peptides from a wide array of venoms over a long period 
of time, they remain poorly characterized. For some, the inhibitory activity against a range 
of proteases has been assayed, while for most others, very little information other than the 
primary sequence data is available. For example, an extensive genomic investigation of the 
Australian snake venoms has identified 44 distinct TV-kunitz peptide sequences (St Pierre 
et al. 2008). Filippovich and colleagues identified six TV-kunitz-type inhibitors, referred to 
as textilinins, in the venom of Pseudonaja textilis (Filippovich et al. 2002). However, among 
these to date, only textilinin-1 has been extensively characterized in terms of structure and 
activity (Masci et al. 2000; Filippovich et al. 2002; Flight et al. 2005; Millers et al. 2006; Flight 
et al. 2009) (see section 15.4).



Kunitz peptides  283

The plesiotypic function is inhibition of trypsin or chymotrypsin, and some variants 
exhibit specific affinity for trypsin or chymotrypsin. Potent trypsin-inhibitory action has been 
attributed to the presence of a charged lysine residue at the P3′ position, as opposed to the 
hydrophobic isoleucine that is found in the same position in BPTI or the aromatic phenylala-
nine found in the majority of Australian elapid snake venom forms. OH-TCI from the elapid 
snake Ophiophagus hannah is an inhibitor of both α-chymotrypsin and trypsin with Ki values 
of 174 and 172 nM, respectively (He et  al. 2008). The P1 residue for this inhibitor is lysine, 
emphasizing the importance of this amino acid in trypsin inhibition but also indicating that 
α-chymotrypsin-inhibiting TV-kunitz peptides do not always possess hydrophobic residues at 

FIGURE 15.1: molecular phylogeny of kunitz toxins and related nontoxin peptides (Fry et al. 2013; 
Jackson et al. 2013).
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the P1 site. Bungarus fasciatus fraction IX (BF9) is an example of a variant that exhibits greater 
affinity for chymotrypsin than for trypsin (Liu, Wu, and Lo 1983). Surface plasmon resonance 
and isothermal titration calorimetry (ITC) reveal that it binds tightly to α-chymotrypsin, with 
dissociation constants of 58 and 230 nM, respectively (Chen et al. 2001). ITC studies demon-
strate that this molecule does not inhibit trypsin. BF9 is unable to bind trypsin because the P1 
site is occupied by an asparagine. Another TV-kunitz peptide that has asparagine in this posi-
tion is Oh11-1 from O. hannah, although its Ki value is significantly higher, 3.52 μM (Chang 
et al. 2002), than that of the inhibitors previously described. However, when a nonpolar amino 
acid is found in this position (such as leucine in a TV-kunitz peptide from the venom of the 
viperid snake species Vipera ammodytes ammodytes [Ritonja, Meloun, and Gubensek 1983]), 
the inhibitory constant is significantly lower (13 nM), which is in keeping with chymotrypsin’s 
general substrate-specificity profile.

Based on the similarities and differences of these sequences with those of TV-kunitz pep-
tides with characterized activities, it is possible to speculate on the activities of proteins for 
which only the sequence data are available. About half of all TV-kunitz peptides for which 
sequence data are available have either an arginine or a lysine at P1, suggesting that these mol-
ecules are protease inhibitors with specificity for trypsin-like proteases. Textilinin-3 from 
P.  textilis venom, for example, possesses an asparagine residue in the P1 position, which is 
also observed in TV-kunitz peptides from the venoms of B. fasciatus (P25660) and O. hannah 

FIGURE 15.2: sequence alignment of kunitz toxin peptides (Fry et al. 2013; Jackson et al. 2013). 
(1) Jx459935 (Abronia graminea), (2) Jx467158 (Heloderma suspectum cinctum), (3) Jx467155 (Chameleo 
calyptratus), (4) Jx467157 (Iguana iguana), (5) h9G8B3 (Anolis carolinensis), (6) h9GQ81 (Anolis 
carolinensis), (7) h9GRC6 (Anolis carolinensis), (8) B2Bs84 (Austrelaps labialis), (9) B5L5m7 (Austrelaps 
superbus), (10) Q6T6s5 (Bitis gabonica), (11) a7x3V4 (Telescopus dhara). posttranslationally cleaved 
bioactive peptides are shaded in gray. > and < indicate incomplete sequences.
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(P82966), which are known to exhibit not only chymotrypsin-like inhibitory activity but 
also limited trypsin-like inhibitory activity. Thus, it is likely that textilinin-3 would exhibit 
a similar specificity profile. Textilinin-4 has a lysine residue at P1, suggesting that it is likely 
to be a potent and specific inhibitor of trypsin-like proteases but may also be a weak inhibi-
tor of chymotrypsin-like proteases. Textilinin-5 and textilinin-6 both have negatively charged 
amino acids at P1 and are therefore unlikely to be inhibitors of either chymotrypsin or trypsin. 
The MEROPS peptidase database indicates that enzymes that have preference for substrates 
with negatively charged amino acids at P1 include aminopeptidase A, streptogrisin E, glutamyl 
peptidases I BI and BL, blotched snakehead birnavirus Vp4 peptidase, caspases 1–3 and 6–10, 
and granzyme B, suggesting that textilinin-5 and textilinin-6 are potentially inhibitors of 
these enzymes.

15.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

It is interesting to observe that about half of the TV-kunitz peptides sequenced to date do not 
have an arginine or a lysine in the P1 site; therefore, the role these molecules might play in 
the snake’s venom is unknown. Some of these, such as those from Demansia vestigiata (St 
Pierre et al. 2007a), have a lysine and a leucine at positions 5 and 9 in the polypeptide chain, an 
arrangement that suggests the molecule is likely to have potassium-channel blocking activity. 
As with the TV-kunitz peptides that inhibit proteases, our understanding of the mode of action 
of these molecules would be greatly enhanced if structural data of the complexes with the target 
ion channel become available. Nonetheless, there are enough activity data to be confident that 
the major binding site for these molecules is associated with the N-terminus of the polypeptide.

Several structurally and functionally apotypic forms of venom TV-kunitz peptides have 
been isolated and characterized. Precursor derivations include those that encode a single 
TV-kunitz peptide and a splice variant that encodes a TV-kunitz peptide and a waprin pep-
tide (Jackson et al. 2013). As the TV-kunitz-waprin dual domain has only been recovered in 
transcriptome studies, it remains to be established whether the TV-kunitz-waprin fused toxin 
is posttranslationally processed into two separate toxins or if it exerts its toxic function as a 
protein complex.

Functional derivatives include plasmin inhibitors (Flight et  al. 2005; Flight et  al. 2009), 
potassium-channel blockers (Skarzynski 1992; Danse et al. 1994; Harvey et al. 1997; Gasparini 
et al. 1998; Harvey 2001) and calcium-channel blockers (Schweitz et al. 1994; Gilquin et al. 
1999). Structural derivatives have roles that include disulfide-linked subunits of toxin com-
plexes such as β-bungarotoxin from Bungarus venom (Kondo, Narita, and Lee 1978a; Kondo, 
Narita, and Lee 1978b) and taicatoxin from Oxyuranus venom (Possani et  al. 1992)  (see 
 chapter 20).

Textilinin-1 and textilinin-2 from the venom of P. textilis are uniquely effective at prevent-
ing blood loss in an animal model (Masci et al. 2000). Textilinin-1 is a potent inhibitor of plas-
min with a Ki

* value of 3.5 nM and is also effective at inhibiting thrombin (Flight et al. 2005; 
Flight et al. 2009). The reason for textilinin-1’s potency as a plasmin inhibitor lies in the fact 
that its P1 residue is positively charged (arginine) and therefore fits neatly into the S1 specificity 
pocket of trypsin-like proteases. Textilinin-1 has been crystallized and its three-dimensional 
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structure determined (Millers et al. 2006). It has a fold that strongly resembles that of BPTI, 
but it possesses the unusual feature of a canonical loop that displays a great deal of structural 
flexibility. In the crystal structure, there are two conformations for this loop: one with the 
standard canonical structure where the P1 and P1′ residues are exposed to the solvent and a 
second where the fold of the loop is inverted around the P1–P1′ bond. As a result of this, the 
side chain of the P1′ residue, valine, becomes partially buried and forms contacts with residues 
located in the mid-section of the protein (such as Pro15, Thr 13, and Ile36). An important 
difference between the inhibitory activity of textilinin-1 and aprotinin is their specificity for 
different proteases. Textilinin-1 is at least a 3-fold to 1.3 x 104–fold weaker inhibitor of tissue 
plasminogen activator, urokinase, activated protein C, elastase, plasma and tissue kallikrein, 
and trypsin than aprotinin. This tighter binding specificity and more reversible binding may 
give textilinin-1 an advantage as a therapeutic antibleeding agent compared with aprotinin 
(Filippovich et al. 2002). Many of the enzymes associated with the blood-clotting cascade are 
trypsin-like proteases; thus, it is easy to see how these peptides may interfere with hemostasis 
in victims of snake envenomation. However, what is unclear is how small changes in the amino 
acid sequences of these molecules can modulate specificity for particular proteases. One of the 
reasons for this lack of understanding is that structural data for complexes of these inhibi-
tors with their target enzymes are presently of limited availability. Once these data have been 
expanded, it will be possible to more precisely define the roles of these molecules and their 
direct effects on enzymes of the blood-coagulation pathways.

Dendroaspis angusticeps venom uniquely potentiates and prolongs the action of the 
neurotransmitter acetylcholine (Osman, Ismail, and El-Asmar 1973). The molecule respon-
sible for this activity is a TV-kunitz peptide (α-dendrotoxin) that acts by blocking potas-
sium channels, thereby facilitating the release of acetylcholine (Harvey and Karlsson 1980; 
Harvey and Anderson 1985). In contrast with BPTI, it is only a very weak inhibitor of tryp-
sin, and BPTI does not interact with potassium channels. These differences suggest that 
different parts of the molecules are responsible for the observed activities (Harvey 2001). 
A sequence comparison of α-dendrotoxin with other Dendroaspis venom TV-kunitz pep-
tides (δ-dendrotoxin, dendrotoxin-I, and dendrotoxin K) and BPTI shows that Lys28, Lys29, 
and Lys30 are conserved in dendrotoxins but absent in BPTI, suggesting that these resi-
dues may be responsible for the binding of the former to potassium channels. Surprisingly, 
site-directed mutagenesis experiments demonstrated that these residues are in fact not 
essential for binding (Danse et al. 1994). It was subsequently observed that acetylation of 
Lys5 results in the loss of potassium-channel binding activity, suggesting that this is the 
functional site for α-dendrotoxin (Harvey et  al. 1997). Site-directed mutagenesis and 
chemical synthesis experiments on α-dendrotoxin also suggest that the functional site of 
α-dendrotoxin is at the N-terminal region and that the most important residues in this inter-
action are Lys5 and Leu9 (Gasparini et al. 1998).

Dendroaspis venoms not only include TV-kunitz peptides with potassium-channel 
inhibiting activity but also uniquely contain additional apotypic forms that block 
voltage-gated calcium channels (Schweitz et al. 1994), exemplifying the functional plastic-
ity of this peptide type. Calcicludin (P81658) is a TV-kunitz peptide isolated from D. angus-
ticeps venom that blocks L-, N-, and P-type Ca2+ channels (Schweitz et  al. 1994). It has 
greatest affinity for L-type channels, with reported IC50 values as low as 0.2 nM (depending 
on the cell type), and has no affinity for dendrotoxin-sensitive K+ channels. Calcicludin 
was the first peptide with a TV-kunitz-type protease inhibitor domain determined to block 
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Ca2+ channels. It was previously believed that only proteins with either a three-stranded 
β-sheet and cysteine-knot motif or the three-fingered scaffold were capable of blocking Ca2+ 
channels. The three-dimensional structure of calcicludin was determined by NMR spec-
troscopy (Gilquin et al. 1999) and is structurally similar to all other TV-kunitz-BPTI-type 
protease inhibitors. However, a difference in structure at the N-terminus of the protein is 
evident between calcicludin and the dendrotoxins. A comparison of N-terminal amino acid 
sequences confirms that the major differences between these two forms occur in this region. 
Of most significance is that Lys5 and Leu9, which appear to be important for dendrotoxin 
binding to potassium channels, are replaced by tryptophan and glutamate, respectively, 
in calcicludin. Based on these differences, it is hypothesized that the N-terminal region 
of calcicludin is responsible for binding to Ca2+ channels (Nishio et al. 1999). Calcicludin 
binding to the outer vestibule of L-type Ca2+ channels may promote structural changes in 
the pore that stabilize the channel, bracing it in a nonconducting blocked state (Wang, Du, 
and Peterson 2007).

Snake-venom TV-kunitz peptides can also occur as components of larger multi-subunit 
complexes. Two such complexes that have been widely studied are β-bungarotoxins and taica-
toxins (see  chapter 20) with other complexes also known but lesser studied.

The β-bungarotoxin was first isolated from the venom of the elapid snake Bungarus 
multicinctus and has presynaptic neurotoxic properties (Chang and Lee 1963). It consists 
of two dissimilar polypeptide chains (referred to as A- and B-chains) that are cross-linked 
by a disulfide bond (Kondo, Narita, and Lee 1978a; Kondo, Narita, and Lee 1978b). The 
A-chain is structurally homologous to phospholipase A2 (PLA2), while the B-chain is a 
TV-kunitz peptide consisting of 61 amino acid residues (Wu et al. 1998). The B-chain has 
an extra cysteine residue (Cys55) not normally observed in TV-kunitz peptides. It is this 
residue that cross-links with Cys15 of the A-chain forming the interchain disulfide bridge 
and thus the heterodimer (Wu and Chang 2001). It is hypothesized that the A-chain acts 
as a presynaptic neurotoxin, while the B-chain is involved in the binding of specific tar-
gets on the cell membrane, likely blocking voltage-dependent potassium channels (Kondo, 
Narita, and Lee 1978a; Kondo, Narita, and Lee 1978b; Kini and Iwanaga 1986; Benishin 
1990; Wu et al. 1998). Although more than 16 β-bungarotoxins isoforms have been isolated 
from B. multicinctus venom alone (Kondo et al. 1982), to date only eight of them have been 
studied in detail: β1- to β5-bungarotoxin and SPI-III (Kondo, Narita, and Lee 1978a; Kondo, 
Narita, and Lee 1978b; Kondo et al. 1982; Chu et al. 1994). The X-ray crystal structure of 
β2-bungarotoxin has been determined and is composed of chain A1 (P00617) and chain B2 
(P00989) (Kwong et al. 1995). Chain B2 possesses a TV-kunitz-BPTI domain but does not 
exhibit protease-inhibitory activity. The amino acid sequence contains a glutamine in the 
P1 position of the canonical loop, making it unlikely to be an inhibitor of trypsin-like pro-
teases. None of the common amino acids at the N-terminus that are generally associated 
with the blocking of ion channels is present.

Lesser known complexes have also been discovered. Taicatoxins are composed of three 
noncovalently linked subunits in a 1:1:4 stoichiometric ratio: (i) 3FTx (see  chapter 8), (ii) neuro-
toxic PLA2 (see  chapter 20), and (iii) kunitz peptides. It has been demonstrated that this oligo-
meric complex is capable of blocking Ca2+ channels (Brown et al. 1987). MitTx, a heteromeric 
TV-PLA2-GI complex made up of a kunitz peptide and a TV-PLA2-GI (see  chapter 20). This 
complex acts as a powerful agonist on acid-sensing ion channels (ASICs), inducing excruciat-
ing pain (Bohlen et al. 2011).
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15.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

Based on its specific inhibition of and binding affinity for plasmin, textilinin-1 may be suitable 
as an alternative antihemorrhagic treatment to BPTI (Trasylol), which had until recently been 
the medication of choice to control blood loss during cardiac surgery. Data collected from the 
“Blood Conservation Using Antifibrinolytics in a Randomized Trial” (BART) study demon-
strated an increased rate of death in patients receiving Trasylol compared with those receiv-
ing lysine analogues (tranexamic acid or aminocaproic acid) during high-risk cardiac surgery 
(Fergusson et al. 2008). As a result of these findings, the Food and Drug Administration (FDA) 
has suspended the use of this drug in such surgeries in the United States and in many other 
countries.

Some nonvenom kunitz peptides have been shown to prevent inflammation and tissue 
injury and therefore may promote tissue remodeling (Shigetomi et al. 2010). Trypsin-dependent 
activities of epithelial Na+ ion channels in the kidney, gut, and airway, which are associated 
with embryonic development, organogenesis, and maintaining blood pressure and volume, 
are influenced by BPTI and bikunin, and thus TV-kunitz could be therapeutically use-
ful in these contexts (Planes and Caughey 2007). With an enhanced understanding of the 
structure-function relationships of the active components of the TV-kunitz peptides in snake 
venoms, there is great potential to develop new therapeutics to treat a broad range of diseases.

The development of ecallantide (KALBITOR) (Williams and Baird 2003)  is a prime 
example that highlights the therapeutic potential of the molecular scaffolds on which ani-
mal toxins are built. As noted above and similar to many other venom toxin superfamilies, 
TV-kunitz scaffolds can tolerate a wide variety of amino acid substitutions, which may confer 
novel biological activities to the molecule. The template for the development of ecallantide 
was a TV-kunitz scaffold present in the human lipoprotein-associated coagulation inhibitor 
(LACI), also known as tissue-factor pathway inhibitor (TFPI) (Ley, Markland, and Ladner 
1996). Iterative amino acid variations were introduced in the region that corresponds to the 
BPTI-trypsin recognition site, while the parts of the molecule responsible for scaffold integrity 
(such as disulfide patterns) were left intact. Employing a phage-display system, the molecules 
with the greatest affinity for human plasma kallikrein were selected from the resulting librar-
ies. The ultimate result was DX-88 (the investigational name for ecallantide), a selective and 
reversible inhibitor of human kallikrein. Ecallantide is a 60 amino acid residue TV-kunitz 
scaffold differing in only seven residues from the template LACI domain. Upon binding to 
kallikrein, ecallantide inhibits the generation of bradykinin from kininogen. The US FDA 
approved it in 2009 for the treatment of acute attacks of hereditary angioedema, a rare but 
life-threatening genetic disorder linked to the kallikrein-kinin cascade (Zuraw, Yasothan, and 
Kirkpatrick 2010). Ecallantide is produced in the yeast Pichia pastori.

15.6 CONVeRGeNCe WITh OTheR VeNOms

Kunitz peptides are a particularly fascinating toxin type. They represent an extraordinary 
example of dual convergence: not only have they been independently recruited into the venom 
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arsenal of numerous organisms (see color plate 2), but they are also convergently apotypic for 
the same neurotoxic and coagulopathic activities in multiple lineages (Beress 1982; Antuch 
et al. 1993; Minagawa et al. 1997; Harvey and Robertson 2004; Bayrhuber et al. 2005; Hisada 
et al. 2005; Honma and Shiomi 2006; Fry et al. 2008; Koludarov et al. 2012). Kunitz-type tox-
ins belong to a superfamily of protease inhibitors and are short α/β proteins constrained by 
three disulfide bridges. The three-dimensional fold has been conserved during the derivation 
of novel activities. Two apotypic sites of action (potassium channels and coagulation factor X) 
have been convergently targeted on several occasions (see color plate 2). The functional con-
vergence of Dendroaspis kunitz peptides on calcium and potassium channels with 3FTx (see 
 chapter 8.4.2) also from Dendroaspis venoms is particularly notable (see  chapter 1.3.5).

Apotypic kunitz peptides from the venom of cone snails (Bayrhuber et  al. 2005), sea 
anemones (Schweitz et al. 1995), snakes (Harvey and Robertson 2004), and spiders (Yuan et al. 
2008) convergently block potassium channels. This is not a plesiotypic activity but is conver-
gently apotypic. Conspicuously, despite significant overall sequence variation, the toxins share 
a motif in which the minimum ion-channel pharmacophore is defined by a critical basic resi-
due (usually a lysine) located 7 Å from a hydrophobic residue. This functional site, assisted by 
various constellations of “secondary” residues for K+ channel binding, is quite distinct from 
the protease inhibition site. The same fold is therefore being used for two distinct functions, 
but different side chains of the molecule are involved in each. Sea anemones contain a range 
of kunitz peptides (Beress 1982; Antuch et al. 1993; Minagawa et al. 1997; Honma and Shiomi 
2006), some of which are also dual-action polypeptides (Schweitz et al. 1995). For example, 
kalicludines 1-3, also known as AsKC1-3, not only inhibit trypsin but also block K+ ion chan-
nels. Compared with the dendrotoxins (described above), they are weaker inhibitors of Kv1.2, 
and compared with BPTI, they are less potent trypsin inhibitors. Conus striatus venom con-
tains a kunitz-type neurotoxin that shares 33% sequence identity with BPTI and 35% with 
dendrotoxin I.  This toxin, named Cn-kunitzin-S1, blocks Shaker potassium channels with 
an IC50 of about 60 nM. The kunitz-type toxins in mygalomorph spider venoms also have a 
dual activity, acting as both trypsin inhibitors and Kv ion channel blockers (Yuan et al. 2008). 
For example, huwentoxin-XI, a kunitz-type toxin from the Chinese tarantula Ornithoctonus 
huwena, competitively inhibits trypsin with a Ki value of 68 nM (Liang 2004) and is also a 
weak blocker of Kv1.1 ion channels. The epitopes responsible for protease inhibition and block-
age of Kv ion channels are spatially distinct and located at opposite ends of the cone-shaped 
molecule (Yuan et al. 2008).

Kunitz peptides are also a major constituent of the secretions of ticks and some insects, 
arthropod groups that have independently evolved hematophagy. The kunitz peptides in the 
secretions of these discrete lineages inhibit coagulation factor Xa and are convergent in this 
activity both with those of each other and with those of snakes (Wei et al. 1998; Campbell 
et al. 2005). A diversity of apotypic kunitz scaffolds occur within tick secretions, including 
representatives with one, two, or five kunitz domains, which have been named the mono-
laris (which includes three distinct subgroups), bilaris (with four distinct clades), and pen-
thalaris groups (Francischetti et al. 2002; Ribeiro et al. 2006). The bilaris kunitz peptides also 
have 15 to 23 putative O-galactosylation sites that may aid in targeting and protection from 
degradation by carboxypeptidases. The bilaris protein ixolaris is a TFPI mimic (Francischetti 
et al. 2002). This protein uses fX as a scaffold, binding to the active site through one kunitz 
domain. This prevents diffusional loss, and when factor X docks on the factor VIIa/TF com-
plex, the second kunitz domain binds to the active site of factor VIIa. As a result, ixolaris is 
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active at picomolar concentrations. A different protein, ornithodorin, from the argasid tick 
Ornithodoros moubata, also has two kunitz domains, but, in contrast to ixolaris, it functions as 
a slow, tight-binding inhibitor of thrombin (van de Locht et al. 1996). The crystal structure of 
the ornithodorin-thrombin complex reveals, surprisingly, that neither kunitz fold is involved 
in binding to thrombin. Rather, the C-terminal region interacts with the fibrinogen recognition 
exosite, and a series of residues near the N-terminus interact with the catalytic cleft. Neither 
kunitz “reactive site loop” contacts the substrate. A similar situation occurs with tick antico-
agulant peptide (TAP) binding factor Xa (Wei et al. 1998). A number of other double-kunitz 
domain proteins have been identified in the secretory-gland transcriptome of a hematoph-
agous nematoceran fly, Culicoides sonorensis (Campbell et al. 2005). Although the function 
of these proteins has not been experimentally demonstrated, three of them (TFPI1–TFPI3) 
are presumed to be TFPIs, based on the pronounced anti-factor-Xa activity of the secretion 
of this species and their apparent orthology (32% identity and 38% similarity) with known 
anti-factor-Xa proteins of tick feeding secretion (Francischetti, Andersen, and Ribeiro 2002).

Kunitz peptides have also been recovered from the venom of the vampire bat Desmodus 
rotundus (Francischetti et al. 2013; Low et al. 2013). Through transcriptome analysis, the pre-
cursors of these peptides were found to be multidomain. Nucleotide and amino acid level 
selection assessments evaluating the regime of natural selection influencing the evolution of 
these vampire bat kunitz homologues indicated that they have rapidly accumulated mutations 
under the influence of positive Darwinian selection, and a majority of these hypermutable sites 
were located on the molecular surface (Low et al. 2013). It was thus revealed that these toxins 
evolve rapidly under the influence of focal mutagenesis and accumulate a large proportion 
of mutations on the molecular surface and in structurally and/or functionally unimportant 
regions. It has been suggested that focal mutagenesis not only aids in the conservation of the 
structural and functional integrity of these toxins but may also prevent or delay the mounting 
of immunological resistance against these molecular scaffolds in prey animals. Prey animals 
of D. rotundus have been shown to develop immunity to venom components such as draculin 
if targeted and fed upon over prolonged periods (Delpietro and Russo 2009), and therefore, 
mechanisms for evading the immune system of prey animals are likely to be selected for.
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L-AMINO ACID OXIDASE ENZYMES
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16.1 sUmmaRY

L-amino acid oxidases (LAAOs) catalyze the oxidative deamination of an L-amino acid to pro-
duce the corresponding α-keto acid. In the process, hydrogen peroxide (H2O2) and ammonia 
are generated. Snake venoms are a rich source of LAAOs. The enzyme is a flavoprotein with two 
identical subunits, and MW ranging from 110 kDa to 140 kDa. LAAOs from different snake 
venoms are highly similar in terms of their amino acid sequence, and hence they may pos-
sess similar three-dimensional structures. X-ray diffraction studies have indicated that each 
subunit of these enzymes consists of three well-defined domains: the FAD-binding domain, 
the substrate-binding domain, and a helical domain that provides access to the active site of 
the enzyme. The roles of snake venom LAAOs (SV-LAAOs) are not yet completely understood. 
However, a cytotoxic action, caused mainly as a result of H2O2 generated by the oxidative action 
of the enzyme, may contribute to hemorrhagic and necrotic effects of the venom. In addition, 
H2O2 can trigger inflammation and also result in blood clots. Recent studies have revealed that 
SV-LAAOs exhibit several interesting pharmacological activities with potential therapeutic 
applications. The pharmacological effects are mainly mediated by the H2O2 generated, and the 
binding of the enzyme to the target cells appears to play an important role in its cytotoxicity. 
Effects include platelet aggregation induction, platelet aggregation inhibition, and antibacte-
rial, antiproliferative, antiparasitic, and antiviral (HIV) activities. Although the practicality of 
therapeutic applications of this enzyme is yet to be fully demonstrated, its potential usefulness 
as a molecular probe for investigating cellular processes and the utilization of its cytotoxic 
action against certain cells should not be underestimated.
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16.2 eNDOphYsIOLOGICaL pLesIOTYpe

L-amino acid oxidase (L-amino acid: O2 oxidoreductase, EC 1.4.3.2) is a dimeric protein 
containing FAD as a prosthetic group and belonging to the flavin monoamine oxidase 
family. The N-terminal sequence contains a common βαβ-fold, which is the binding site 
of FAD. LAAO is a glycoprotein, with nearly 3% to 4% of its mass made up of carbohy-
drate. Glycosylation appears to be important for the secretion and solubility of the protein 
(Geyer et  al. 2001). Deglycosylation does not, however, appear to affect enzymatic activ-
ity (Stabeli et al. 2004; Izidoro et al. 2006; Rodrigues et al. 2009). The role of the glycans 
in the pharmacological activities of the enzyme is, therefore, still not fully understood. 
This enzyme catalyzes the oxidative deamination of an L-amino acid to produce the cor-
responding α-keto acid, ammonia, and hydrogen peroxide. The oxidation of L-amino acids 
by the enzyme proceeds in two steps, resulting in the formation of an α-imino acid as the 
intermediate product (Tan and Fung 2009). A mechanism of direct hydride transfer from 
the amino acid to FAD during the reaction has been supported by a recent study (Chen 
et  al. 2012b). LAAOs from different sources differ substantially in their specific activity; 
however, they generally possess similar substrate specificity. Typically, the preferred sub-
strates are hydrophobic amino acids. Substrate-specificity studies indicated the presence of 
an alkyl side-chain binding site which includes at least four subsites, each accommodating 
a methyl/methylene carbon:

RCH(NH3
+)COO- + O2 + H2O → RCOCOO-+ NH4 

+ + H2O

16.3 pLesIOTYpIC sTRUCTURaL  

aND FUNCTIONaL TOxIN FORms

SV-LAAOs are flavoproteins with one flavin coenzyme per subunit; the flavins are responsible for 
the yellowish color of the enzyme (Tan 1998). The enzymes are generally stable at room tempera-
ture and at 4o C but are unstable in alkaline conditions and generally reversibly inactivated by 
freezing (Tan and Fung 2009). SV-LAAOs generally have a MW ranging from 110 kDa to 140 kDa. 
The enzyme is a dimer with two identical subunits. The complete amino acid sequences of several 
snake-venom L-amino acid oxidases have been elucidated by deduction from cDNA sequences 
(Raibekas and Massey 1998; Macheroux et al. 2001; Takatsuka et al. 2001; Zhang et al. 2003; 
Franca et al. 2007; Chen et al. 2012b). All sequences elucidated so far are highly similar, display-
ing a pattern of sequence conservation typical of large globular venom proteins. High-resolution 
three-dimensional structures show that each subunit of the enzyme consists of 15 α-helices and 
22 β-strands that fold into three well-defined domains: the FAD-binding, substrate-binding, and 
helical domains (Zhang et al. 2004a; Moustafa et al. 2006; Alves et al. 2011; Georgieva et al. 2011). 
The motif of the FAD-binding domain constitutes the classic nucleotide-binding fold seen in 
many FAD-binding enzymes. The interface between the substrate-binding and helical domains 
forms a 25-Å-long funnel, which provides access to the active site.
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Snake venoms are rich sources of SV-LAAOs, which may constitute as much as 30%, 
or as little as 1%, of the total venom protein. The roles of SV-LAAOs in the patho-
physiological actions of snake venoms are not clearly understood, but the enzyme has 
recently attracted attention because it exhibits a wide range of pharmacological activi-
ties that have therapeutic potential. The enzymatic and pharmacological activities of 
SV-LAAOs have been extensively reviewed (Du and Clemetson 2002; Tan and Fung 
2009; Zuliani et  al. 2009). It has been suggested that SV-LAAO-induced apoptosis is 
facilitated by promoting the generation of intracellular reactive oxygen species and then 
p53 protein expression (Sun et al. 2003). It has also been suggested that apoptosis could 
occur as a result of oxidative stress induced by H2O2 that is generated by SV-LAAOs 
(Tempone et al. 2001). The oxidative stress could then activate heat-shock proteins and 
initiate cell-membrane disorganization and then apoptosis. It is likely that the mito-
chondrial pathway plays an important role in the apoptosis induced by a SV-LAAO from 
Deinagkistrodon acutus venom (Zhang and Wei 2007), with the apoptosis mediated by 
caspase (Alves et al. 2008).

More recently, the antiproliferative effect of a SV-LAAO from Bothrops atrox venom was 
demonstrated to be accompanied by an accumulation of cells in the G0/G1 phase boundary 
in JL-60 cells, indicating that this SV-LAAO blocked G0-G1 transition, resulting in G0/G1 
phase cell cycle arrest (Alves et al. 2011). Recently, it has been reported that injection of a 
SV-LAAO from Gloydius ussuriensis venom induced lung lesions (pneumorrhagia) and also 
liver and cardiac damage (cardiac interstitial edema and bleeding) in mice, at a dose of 0.25 
mg/kg (Wei et al. 2007). A previous report demonstrated that a SV-LAAO isolated from 
Bothrops insularis venom caused acute tubular necrosis in rats (Braga et al. 2008). These 
effects may be related to the cytotoxic action of the enzyme. SV-LAAOs also exhibit potent 
rat paw edema-inducing activity (Tan and Fung 2009), indicating that the enzyme con-
tributes to the inflammatory activity of the venom. The hemorrhagic effect of SV-LAAOs 
may result from the cytotoxic activity of the enzyme on endothelial and other vascular 
cells. Both edema-inducing and hemorrhagic actions of SV-LAAOs are likely related to 
the generation of H2O2 by the action of the enzyme on L-amino acid substrates (Du and 
Clemetson 2002).

The results of one study indicated that deglycosylation of a SV-LAAO from Ophiophagus 
hannah by endo F enzyme does not affect the cytotoxicity of the enzyme (Ahn, Lee, and 
Kim 1997). On the other hand, a separate study reported that while the secreted recom-
binant apoxin 1 (a SV-LAAO from Crotalus atrox venom) exhibited strong cytotoxicity, 
the recombinant protein in cells (such as without glycosylation) did not possess cytotoxic 
activity (Torii et al. 2000). In addition, a separate study demonstrated that desialylation of 
the enzyme reduced its cytotoxicity by 20% (Ande et al. 2006). Clearly, more investigations 
are needed to firmly establish the role of glycans in the various pharmacological activities 
of SV-LAAOs.

The intravenous LD50 of SV-LAAOs is approximately 5 to 9 µg/g, which is higher than the 
intravenous LD50 of most snake venoms, and so the enzyme is unlikely to play a major role in 
the toxic action of the venom. It may, however, potentiate the action of other toxins by contrib-
uting to the hemorrhagic and inflammatory effects, and the blood-clotting defects, caused by 
snake venoms.
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16.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

It has been reported that a SV-LAAO purified from Gloydius blomhoffi venom possessed anti-
coagulant activity (Sakurai et al. 2003). However, further investigation of the anticoagulant 
effect of the enzyme suggested that the anticoagulant activity was actually caused by a metal-
loprotease, which was present as a minor contaminant in the SV-LAAO preparation (Fujisawa, 
Yamazaki, and Morita 2009).

SV-LAAOs from various sources (such as Bothrops alternatus, Bothrops pirajai, Crotalus 
durissus cascavella, and Eristocophis macmahoni) exhibited platelet aggregation-inducing 
activity with ED50 values ranging from 30–50 µg/mL (Ali et al. 2000; Stabeli et al. 2004; Izidoro 
et al. 2006; Toyama et al. 2006). Platelet aggregation-inducing activity was inhibited by cata-
lase, a H2O2 scavenger, indicating that H2O2 is involved in the platelet-aggregating action of 
the enzyme. It has been suggested that the H2O2 generated by the enzyme promotes elevated 
thromboxane A2 synthesis that in turn induces platelet aggregation (Li, Yu, and Lian 1994).

On the other hand, the SV-LAAOs from many venoms (such as the viperid snake spe-
cies Bothrops leucurus, Daboia russelii, G.  blomhoffi, G.  ussuriensis, Macrovipera lebetina, 
and the elapid snake species Naja kaouthia) dose-dependently inhibits both agonist-induced 
(using ADP) platelet aggregation and shear-induced platelet aggregation (Sakurai et al. 2001; 
Takatsuka et al. 2001; Sun et al. 2003; Tonismagi et al. 2006; Naumann et al. 2011; Chen et al. 
2012b). For example, a SV-LAAO from the venom of D. russelii venom inhibited ADP- and 
collagen-induced platelet aggregation with an IC50 of 0.27 (34 µg/mL) and 0.82 µM (103 µg/
mL), respectively (Chen et al. 2012b). The platelet-aggregation inhibitory activity of the enzyme 
was also inhibited by catalase, indicating that H2O2 is also involved in the platelet-aggregation 
inhibitory activity. This activity may be related to the reduced binding sites for ADP in platelets 
exposed to H2O2, or interference in the interaction between activated platelet integrin GPIIb/
IIIa and fibrinogen (Raibekas and Massey 1998; Samel et al. 2006).

Thus, investigations of the effects of SV-LAAOs on platelet aggregation seem to yield con-
tradictory results:  while some authors report that the enzyme induces platelet aggregation, 
others report that it inhibits platelet aggregation. The discrepancy might be a result of differ-
ences in specific activity of the enzyme. However, this is not likely, as different laboratories 
working on the effects on platelet aggregation of the same SV-LAAO isolated from O. hannah 
venom also yielded contradictory results. Initially, it was reported that O. hannah SV-LAAO 
induced platelet aggregation in platelet-rich plasma (PRP), with an ED50 of 50 µg/mL (Li et al. 
1994). In a more recent study, however, SV-LAAO isolated from the same species and from 
the same geographical region of China, did not induce platelet aggregation in PRP even at a 
concentration of 100 µg/mL (Jin et al. 2007). On the contrary, the enzyme inhibited platelet 
aggregation induced by ADP dose-dependently, at venom concentrations ranging from 4.8 µg/
mL to 48 µg/mL, and the IC50 was determined to be 0.15 µM (approximately 18 µg/mL).

What, then, is the reason for this discrepancy? There are various possibilities: differences in 
experimental procedures (including the preparation of blood samples), or the involvement of 
mechanisms other than H2O2 in the pharmacological actions of certain SV-LAAOs (Takatsuka 
et al. 2001), or, as has already been proven in one case, contamination by other toxin types. 
To answer this question, collaborative investigations in separate laboratories using various 
SV-LAAOs under standardized experimental conditions are required.
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16.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

16.5.1 aNTIBaCTeRIaL aCTIVITY OF sV-LaaOs

The antibacterial activities of SV-LAAOs are well known (see Tan and Fung 2009). Table 16.1 
summarizes the antibacterial activity of some SV-LAAOs. The enzymes inhibit a wide spectrum 
of bacteria, both Gram-positive [G(+)] and Gram-negative [G(−)] with MIC (minimum inhibi-
tory concentration) ranges from 0.78 µg/mL to 288 µg/mL. O. hannah SV-LAAO possesses the 
most potent antibacterial activity. It has MIC values against the G(+) bacteria Staphylococcus 
aureus and S. epidermidis (0.78 µg/mL and 1.56 µg/mL, respectively) comparable (by weight) to 
those of common antibiotics such as cefotaxime and vancomycin, and more potent (by molar-
ity) than penicillin (Lee et al. 2011). Table 16.1 also shows that SV-LAAOs from different venom 
sources exhibit different selectivity in their antibacterial action. For example, SV-LAAOs from 
Bothrops marajoensis, Daboia siamensis, Crotalus durissus cascavella, and O. hannah venom 

Table 16.1: antibacterial actions of some snake-Venom L-amino acid Oxidases

Venom source Antibacterial actions Reference

Bothrops marajoensis Active against G(+) Staphylococcus aureus (most 
active, MIC = 50 µg/mL), G(+) Candida albicans, 
and G(−) Pseudomonas aeruginosa

Costa Torres 
et al. 2010

Bothrops moojeni Almost equally active against G(−) Escherichia coli, 
G(−) Salmonella typhimurium, G(−) Pseudomonas 
aeruginosa, and G(+) Staphylococcus aureus

Stabeli et al. 2007

Bothrops pauloensis More active against G(−) Escherichia coli than against 
G(+) Staphylococcus aureus

Rodrigues et al. 
2009

Crotalus durissus 
cascavella

More active against G(+) Staphylococcus mutans 
than against G(−) Xanthomonas axonopodis pv 
passiflorae

Toyama et al. 
2006

Daboia siamensis Active against G(+)Staphylococcus aureus 
(MIC = 9.0 µg/mL), G(−) Pseudomonas aeruginosa 
(MIC = 144 µg/mL), and G(−) Escherichia coli 
(MIC = 288 µg/mL)

Zhong et al. 2009

Gloydius halys Almost equally active against G(−) Escherichia coli 
and G(−) Bacillus subtilis

Zhang et al. 
2004b

Macrovipera lebetina More active against G(−) Escherichia coli than against 
G(+) Bacillus subtilis

Tonismagi et al. 
2006

Naja oxiana Slightly more active against G(+) Bacillus subtilis 
than against G(−) Escherichia coli

Samel et al. 2008

Ophiophagus hannah More active against G(+) Staphylococcus aureus 
(MIC = 0.78 µg/mL) and Staphylococcus 
epidermidis (MIC = 1.56 µg/mL) than against 
G(−) Escherichia coli (MIC = 50 µg/mL) and 
Pseudomonas aeruginosa (MIC = 25 µg/mL)

Lee et al. 2011
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are more potent against G(+) bacteria than against G(−) bacteria, whereas SV-LAAOs from the 
venoms of Bothrops pauloensis, M. lebetina, and Naja oxiana are more potent against G(−). On 
the other hand, SV-LAAOs from Bothrops moojeni and Gloydius halys inhibit G(+) and G(−) 
bacteria almost equally. These differences in selectivity of the antibacterial action of SV-LAAOs 
are probably related to differences in bacteria-binding affinity (Lee et al. 2011).

The antibacterial mechanism of SV-LAAOs involves the H2O2 generated as a result of the 
oxidation of L-amino acid substrates (Tan and Fung 2009). Treatment with SV-LAAOs results 
in the rupture of bacterial membranes and the extravasation of plasma contents (Toyama et al. 
2006). SV-LAAOs also cause cytolysis of common reptilian and amphibian pathogens such as 
Aeromonas hydrophilia (Stiles, Sexton, and Weinstein 1991).

It is likely that binding of SV-LAAOs to bacteria is important for the antibacterial action 
of the enzyme, as this results in a localized concentration of H2O2 that is sufficiently potent to 
kill the bacterium (see Ehara et al. 2002; Kitani et al. 2008). In a recent study, it was estimated 
that 1,800 molecules of O. hannah SV-LAAO were bound per G(+) bacterial cell, but only 1,100 
molecules of the enzyme were bound per G(−) Escherichia coli or Pseudomonas aeruginosa cell. 
Thus, the greater affinity of O. hannah SV-LAAO for G(+) bacteria than for G(−) bacteria could 
explain the greater potency of the enzyme against the former (Lee et al. 2011).

Some of the SV-LAAOs with highly potent antibacterial action may have the potential to be 
developed into therapeutic antibacterial agents. Despite the fact that the enzyme is cytotoxic, 
animal experiments indicate that its lethal toxicity is generally very low (Tan and Fung 2009), 
and therefore, this should not present a barrier to its therapeutic use. Microorganisms are gen-
erally several-fold more sensitive to reactive oxygen species than are human cells (Sorg 2004). 
Indeed, it has been argued that there is a “bactericidal window” in which the concentration 
of reactive oxygen species generated by the enzyme is sufficient to stop bacterial growth with-
out harming host (human) cells (Ciscotto et al. 2009). However, the therapeutic application 
of SV-LAAOs as bactericides will always be limited because of the proteinaceous nature and 
relatively high cost of the enzyme (purified from venoms or as cloned products). Nevertheless, 
an understanding of the antibacterial action of SV-LAAOs via H2O2 generation may enable the 
designing of new drugs and/or therapeutic approaches.

16.5.2 aNTIpaRasITIC aCTIVITY OF sV-LaaOs

A number of authors have reported the antiparasitic activity of SV-LAAOs, including its 
inhibitory actions against the promastigote (but not amastigote) of various Leishmania 
species (Tempone et  al. 2001; Toyama et  al. 2006; Ciscotto et  al. 2009; Alves et  al. 2011; 
Naumann et  al. 2011)  and Trypanosoma cruzi (Deolindo et  al. 2010). Leishmania species 
are the cause of Leishmaniasis, a potentially lethal human infectious disease that affects 
as many as 12 million people a year and is prevalent in perhaps half of the world’s nations. 
T. cruzi is the cause of Chagas disease, which affects 16 million to 18 million people a year 
in Latin America. The H2O2 generated by the enzyme induces apoptosis in promastigotes 
of Leishmania species cells, with an IC50 of approximately 1  µg/mL against Leishmania 
amazonensis, L. panamensis, and L. chagasi. The likely mode of action is that H2O2 induces 
oxidative stress in the promastigote, which leads to activation of heat-shock proteins and 
eventually cell death (Tempone et al. 2001). On the other hand, amastigotes, which contain 
much more catalase and glutathione oxidase, are more resistant to the action of the enzyme. 
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The H2O2 generated may also be responsible for the induction of programmed cell death in 
T. cruzi (Deolindo et al. 2010). At present, there are not many drugs that are effective in the 
treatment of Leishmaniasis. Gaining an understanding of the mode of action of SV-LAAOs 
on parasites may aid in the design of new drugs or therapeutic approaches for the treatment 
of parasite-induced diseases.

16.5.3 aNTIpROLIFeRaTIVe aCTIVITY OF sV-LaaOs

Many SV-LAAOs exhibit antiproliferative activity against cancer cells (Souza et  al. 1999; 
Takatsuka et al. 2001; Sun et al. 2003; Ande et al. 2006; Izidoro et al. 2006; Samel et al. 2006; 
Naumann et al. 2011). Table 16.2 lists the antiproliferative potency (IC50) of some SV-LAAOs. 
The IC50 after 24-hour incubation ranges from 0.3 to 25  µg/mL. The general consensus 
has been that the antiproliferative activity of the enzyme results from its ability to induce 

Table 16.2: antiproliferative activity of snake Venom L-amino acid Oxidase

Cell line
IC50

(incubation time) Source Reference

Human lung cancer cells
A549

10 µg/mL (24 hr) Deinagkistrodon 
acutus

Zhang and Cui 2007

Human cervical cancer 
cells (Hela)

10 µg/mL (48 hr) Deinagkistrodon 
acutus

Zhang and Cui 2007

Malignant glioma cells
C6 cells
RBR 17T cells
U251 cells

1.9 µg/mL (48 hr)
2.5 µg/mL (48 hr)
2.1 µg/mL (48 hr)

Protobothrops 
flavoviridis

Sun et al. 2003

Ehrlich ascites tumor cells 5 µg/mL (1 hr) Bothrops moojeni Stabeli et al. 2007
HL60 cells
Jurkat cells
B16F10 cells
PC12 cells

~50 μg/mL (24 hr)
25 μg/mL (24 hr)
25 μg/mL (24 hr)
25 μg/mL (24 hr)

Bothrops atrox Alves et al. 2008

Human breast cancer cells, 
SKBR-3 cells, Jurkat 
cells, Erlich ascitic 
tumor (EAC) cells

~0.5 μg/mL (24 hr) Bothrops 
pauloensis

Rodrigues et al. 2009

Human lung cancer cells 
A549

1.24 µg/mL (12 hr) Bungarus fasciatus Wei et al. 2009

Murine melanoma B16/
F10 cells

Human fibrosarcoma 
HT-1080 cells

Chinese hamster ovary 
(CHO) cells

Murine epithelial Balb/3T3 
cells

0.17 µg/mL (24 hr)
0.6 µg/mL (24 hr)
0.3 µg/mL (24 hr)
0.45 µg/mL (24 hr)

Ophiophagus 
hannah

Ahn, Lee, and Kim 
1997



298  VeNOmOUs RepTILes aND TheIR TOxINs

apoptosis. Apoptosis-inducing activity is abolished by catalase and other H2O2 scavengers, 
indicating that H2O2 (generated by SV-LAAO action) plays an important role in this activity. 
One report, however, suggested that SV-LAAOs caused cell death by apoptosis only when 
the enzyme was at low concentrations (0.0015 µM, or 0.18 µg/mL) and that at higher con-
centrations (0.003–0.03 µM, or approximately 0.36–3.6 µg/mL), necrosis is the main cause 
of cell death (though apoptosis continues to occur) (Ande et al. 2006). It also suggested that 
SV-LAAO-induced apoptosis appears to be mediated by the glycan moiety of the enzyme, as 
desialylation reduces cytotoxicity by 20%. Moreover, D-amino acid oxidase, which does not 
have glycan moiety, could trigger necrosis (which is mainly caused by the H2O2 generated) but 
not apoptosis. While the antiproliferative effect of SV-LAAOs on cell lines has been demon-
strated, the therapeutic benefit of SV-LAAOs in cancer treatment is yet to be established, as 
the in vivo antiproliferative effect of the enzyme on solid tumor growth has yet to be investi-
gated. However, SV-LAAOs have been proposed to have practical applications in the clinical 
treatment of glioma (Sun et al. 2003).

16.5.4 aNTI-hIV aCTIVITY OF sV-LaaOs

A SV-LAAO isolated from the venom of Viridovipera stejnegeri exhibits dose-dependent inhi-
bition of HIV-1 infection and replication, with EC50 values of 1.5 nM (0.19 µg/mL) and 10.6 
nM (1.3 µg/mL), respectively (Zhang et al. 2003). This EC50 is 16 and 6 times lower, respec-
tively, than the 50% cytotoxic concentrations of the enzyme against C8166 cells. Antiviral 
activity is inhibited by catalase, indicating that H2O2 generated by SV-LAAO action on amino 
acid substrates plays an important role. However, under the same conditions, exogenous addi-
tion of H2O2 does not exhibit anti-HIV-1 activity, indicating that binding of SV-LAAOs to 
the cell membrane is necessary for antiviral action. The mechanism of the antiviral action of 
SV-LAAOs remains to be clearly elucidated; however, H2O2 may act as a secondary messenger, 
triggering signal reactions and activation of host cells to inhibit HIV infection and/or replica-
tion. The anti-HIV activity of SV-LAAOs may contribute to development of new generations 
of anti-HIV drugs. Unfortunately, there has been little progress in this area since 2003 (Zhang 
et al. 2003).

16.6 CONVeRGeNCe WITh OTheR VeNOms

None is documented.
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LECTIN PROTEINS
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17.1 sUmmaRY

C-type lectins are among the largest protein families in mammals and reptiles and are 
involved in defense mechanisms and a variety of other functions. Lectin scaffold (TV-lectin) 
toxins enrich toxicoferan venoms, particularly those from viperid snakes. The lectin scaffold 
was recruited into the venom arsenal at the base of the toxicoferan reptile tree, and the homo-
meric, carbohydrate-binding form is the plesiotypic state. After the viperid snakes split off 
from the remaining caenophidian snakes, a lectin subtype was mutated in their venoms to 
remove the carbohydrate-binding ability. These heterodimeric apotypic lectin toxins are called 
snake venom C-type lectin-like proteins (snaclecs) to recognize their structural and functional 
derivations. Since they attack targets that are often otherwise difficult to inhibit, they have con-
siderable potential not only in drug design and development and biochemical assays but also 
in the identification of potential therapeutic targets. Besides in snakes, toxic lectins have also 
been convergently recruited into the venoms of fish and caterpillars.

17.2 eNDOphYsIOLOGICaL pLesIOTYpe

Lectins are a large family of carbohydrate-binding proteins and glycoproteins, which exist in 
many structural and functional variants within the body. The Ca2+-dependent (C-type) lec-
tins, which include the snake-venom C-type lectins, are nonenzymatic proteins that can affect 
cell adhesion, endocytosis, or pathogen neutralization (Ogawa et al. 2005; Crocker, Paulson, 
and Varki 2007; van den Berg, Gringhuis, and Geijtenbeek 2012). The C-type lectin domain 
(CTLD) includes the carbohydrate-recognition domain (CRD), which binds sugar residues. 
A C-type lectin is usually a multidomain protein containing one or more CRDs, which consist 
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of 110 to 130 amino acid residues each (Zelensky and Gready 2005). The N- and C-termini join 
to form an antiparallel β sheet and encompass two α helices and a second antiparallel β sheet. 
The CRD loops are involved in Ca2+ binding, and a single CRD can bind up to four Ca2+ ions. 
Furthermore, the second loop within the CRD structure is involved in carbohydrate bind-
ing and, in snake venom C-type lectins, domain-swapping dimerization (Mizuno et al. 1997). 
A number of amino acid residues characteristic of the CRD are highly conserved, notably four 
cysteine residues that form two disulfide bonds. Additionally, CRDs contain conserved motifs 
such as the WIGL motif, which is utilized in the identification of CRDs, and motifs for sugar 
binding such as EPN, QPD, and WND (Drickamer 1999).

The endophysiological C-type lectins are divided into two categories:  intracellular 
C-type lectins, which are responsible for protein trafficking and sorting, and extracellular 
(such as secreted) C-type lectins. The venom (exophysiological) homologues of C-type 
lectins are also divided into several groups depending on their structural characteristics. 
However, all belong to one of the two aforementioned categories (Zelensky and Gready 
2005). C-type lectin group I  (lecticans) consists of four subtypes:  versican, aggrecan, 
neurocan, and brevican lectins. Versican lectins have a wide tissue distribution, whereas 
aggrecan lectins are mainly found in cartilage. Neurocan and brevican lectins are both 
expressed in the central nervous system (Yamaguchi 2000). They consist of a proteoglycan 
core, an immunoglobulin (Ig) domain, an epidermal growth factor (EGF)-like domain, 
a complement control protein (CCP) domain, and a CTLD. C-type lectins belonging to 
group II are type 2 transmembrane proteins. The first lectin ever discovered, the asialogly-
coprotein receptor, belongs to this group of lectins. The asialoglycoprotein receptors are 
mainly found on liver cells and remove serum glycoproteins from circulation (Rigopoulou 
et al. 2012). The subterminal galactose of serum glycoproteins must be exposed in order 
for them to interact with asialoglycoprotein receptors, and deglycosylation is induced 
upon the removal of a sialic acid residue. Group III C-type lectins play a major role in the 
immune system by complement activation. The mannose-binding protein (MBP) and sur-
factant proteins SP-A and SP-D are major constituents of this group, as are the collectins, 
which have a collagen-like domain and associate to form homotrimers, thus increasing 
their specificity for glycans. All proteins in this group bind mannose-type sugars (Kishore 
et al. 2006). Group IV C-type lectins (selectins) are type 1 transmembrane proteins with 
an EGF-like domain, several CCP domains, and a CTLD. There are three subtypes of 
selectins: P-selectins, which are expressed on endothelial cells and platelets; E-selectins, 
expressed on endothelial cells; and L-selectins, expressed on leukocytes. L-selectins are 
leukocyte adhesion receptors and mediate tethering and rolling of leukocytes on vascular 
endothelial cells. With the subsequent help of integrins, they can extravasate via interaction 
with the P- and E-selectins, thus recruiting leukocytes to sites of inf lammation (McEver 
2002). Group V lectins are type 2 transmembrane proteins and have cysteine-rich extra-
cellular domains that enable homo- or heterodimerization to generate tandem CTLDs. 
Natural killer cell receptors and structurally similar receptors are group V C-type lec-
tins that regulate leukocyte function, among other things (Pyz et al. 2006). The group VI 
C-type lectins are type 1 transmembrane proteins with large, cysteine-rich extracellular 
domains. These consist of a fibronectin type II domain and 8 to 10 CTLDs. The members 
of this group are all mannose receptors and are chief ly expressed on macrophages. They 
bind and internalize foreign and endogenous glycoconjugates (Cambi and Figdor 2003). 
DEC-205, a group VI C-type lectin, internalizes antigens for processing and presentation 
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to T-cells (Erbacher et al. 2009). Group VII C-type lectins are quite different from those of 
the first six groups, as they consist solely of a CTLD. Proteins belonging to this group are 
mostly located in the pancreas and serve as growth factors with antiapoptotic and antiin-
f lammatory properties (Zelensky and Gready 2005). However, there are also members of 
this group that are expressed in other tissues and have functions in adhesion and migra-
tion. Many more groups of C-type lectins have been characterized over the years; however, 
reviewing details on all these groups is beyond the scope of this chapter and is not directly 
relevant to the discussion of venom C-type lectins.

17.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Toxicofera reptile venom lectins (TV-lectin) are group VII C-type lectins. Most of the plesio-
typic TV-lectin are homodimers, with each subunit consisting of approximately 135 amino 
acid residues, including seven cysteines. An interchain disulfide bond between the Cys86 
residues of each subunit links the homodimers (Clemetson 2010). The plesiotypic TV-lectins 
retain the EPN motif that confers specificity for Ca2+-dependent agglutination of erythrocytes 
via the mannose pathway (Clemetson and Clemetson 2001; Clemetson, Lu, and Clemetson 
2005). They can also activate leukocytes and platelets and may even activate endothelial cells. 
The mannose-binding function is also related to antibacterial and antifungal activities (van 
Asbeck et al. 2008), which are important roles for venom during the relatively slow digestive 
process. The plesiotypic form has been sequenced widely from toxicoferan lizards and snakes 
(see figure 17.1).

17.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

17.4.1 ChaNGes OF The pLesIOTYpIC FUNCTIONaL 

mOTIFs aND CYsTeINe paTTeRNs

The first major evolutionary modification in snake-venom TV-lectin was the mutation of 
the EPN motif in the loop to QPD, which led to a change in specificity from mannose 
to galactose and thus to mediation of the alternative erythrocyte-agglutination pathway. 
Forms containing the QPD motif form a monophyletic clade within the EPN forms (see 
 figure 17.1). QPG, EPG, KPG, KRN, EPD, and other motif variants are known but have not 
been functionally characterized (see  figure  17.1). However, sialic acid and N-acetyl glu-
cosamine are likely targets of these variants. Within the snake-venom apotypic TV-lectin 
forms, additional cysteines have been inserted, with some clades possessing a single addi-
tional cysteine and others possessing two new cysteines. These new cysteines may pro-
mote alternative connectivities, including monomeric forms (with eight cysteines) or novel 
dimers (with nine cysteines).



302  VeNOmOUs RepTILes aND TheIR TOxINs

17.4.2 sNaCLeCs: sTRUCTURe–FUNCTION ReLaTIONshIps 

OF sNaKe-VeNOm-speCIFIC apOTYpIC heTeRODImeRs 

LaCKING The sUGaR-BINDING FUNCTIONaL mOTIFs

Snaclec is the name used for apotypic heterodimeric TV-lectin forms from snake venom that 
lack carbohydrate-binding ability but instead possess numerous neofunctionalized activi-
ties. The timing of these structural and functional derivations remains unclear. While viper 

FIGURE 17.1: molecular phylogeny of lectin toxins with known activities annotated. Cysteine 
patterns, with newly evolved cysteines underlined and functional tripeptide motifs, are also shown.
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venoms are extremely rich in heterodimeric forms, it remains unclear if they are present in 
other snake lineages. Two forms that sit basal to the alpha and beta viperid venom sequences 
in the phylogenetic tree have been sequenced from the transcriptome of the non-front-fanged 
caenophidian snake Philodryas olfersii (Ching et al. 2006). These may represent the plesiotypic 
state of the heterodimers. As these sequences are known only from transcriptome sequencing, 
both their bioactivity and their heterodimer structure remain to be elucidated. Conversely, 
while a heterodimer has in fact been isolated from the venom of Ophiophagus hannah (ophio-
luxin) (Du et al. 2002), it is known only from very small sequence fragments, and thus the 
phylogenetic affinity of each chain remains enigmatic. Forms from Bungarus that were errone-
ously said to be of the apotypic heterodimeric form (Du and Clemetson 2010) were actually of 
the plesiotypic homomeric type.

The apotypic TV-lectin heterodimeric forms are covalently linked by a single disulfide 
bond, and each subunit contains three internal disulfide bonds (Andrews et al. 1989; Usami 
et  al. 1993). Mutations in the basic CRD unit, including the deletion of approximately six 
amino acid residues in the central loop, led to destabilization of the sugar-binding structural 
loop and thus the loss of Ca2+-mediated sugar-binding activity (Koh et  al. 2011). Forming 
loop-swapping dimers, which create a structure with a concave and a convex face, may restore 
stability to the CRD unit. The concave face interacts with its targets either sterically or by shape 
fitting (Morita 2005b). Mutations then led to the two subunits drifting apart, resulting in a 
heterodimeric structure and simultaneously, via modification of residues on the concave face, 
providing binding specificity for various target molecules. The homologous α and β subunits of 
the heterodimers have molecular masses of 14–15 and 13–14 kDa, respectively. These “simple” 
heterodimers as such can directly target essential hemostatic components, or they can mul-
timerize either noncovalently or covalently, to form homodimers (αβ)2 or heterodimers (αβ)
(γδ) of the basic heterodimer unit, or they can form homotetramers (αβ)4 or heterotetramers 
(αβ)2(γδ)2. These larger multimers can dimerize to form octomeric structures.

These structurally apotypic forms have a wide variety of targets, including membrane 
receptors, coagulation factors, and proteins essential to hemostasis (see  figures 17.2 and 7.3). 
They can induce or inhibit aggregation or agglutination of platelets by interacting with differ-
ent platelet receptors. Among others, these include the von Willebrand factor (vWF)-binding 
GPIb receptor, the collagen-binding receptors GPVI and α2β1, and CLEC2, an innate immune 
receptor involved in vascular development. Other snaclecs cause hemorrhaging by inhib-
iting coagulation factors with or without the help of cofactors (Peng, Lu, and Kirby 1991). 
Procoagulant snaclecs affect blood clotting by consuming coagulation factors, leading to a loss 
of hemostasis and resulting in hemorrhage. It is intriguing that phylogenetic analyses of the 
alpha and beta subunits do not produce identical trees (see  figures 17.2 and 17.3). In addition, 
the alpha tree (see figure 17.2) is more structured than the beta tree (see figure 17.3), which sug-
gests that the alpha subunits guide activity.

17.4.2.1 Anticoagulant Snaclecs
Several Ca2+-dependent snaclecs targeting coagulation factors have been described. The 
Ca2+-binding sites differ from those of the classic C-type lectins (Suzuki et al. 2005), because 
the Ca2+ ions are utilized to bind to gamma-carboxyglutamic acid (Gla) domains in the 
coagulation factors and not to sugars. Thus, the Gla domain is blocked and unable to bind to 
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phospholipid membranes (Mizuno et al. 2001). The first snake-venom protein found to bind to 
a coagulation factor was one of these factor-IX/X-binding snaclecs (Atoda, Hyuga, and Morita 
1991). Subsequently, such factor-IX/X-binding snaclecs were isolated and characterized from 
species across the phylogenetic diversity of the viperid snake venoms, including Crotalinae 
such as Bothrops jararaca and Deinagkistrodon halys and Viperinae such as Echis carinatus 
leucogaster (Sekiya, Atoda, and Morita 1993; Chen and Tsai 1996; Ishikawa et al. 2009). Isolated 
and characterized from Protobothrops flavoviridis is a cofactor-independent snaclec that binds 
only fIX and efficiently inhibits (0.4 nM) blood coagulation (Atoda et al. 1995). While the β 
subunit of the fIX- and fIX/fX-binding snaclecs from P. flavoviridis are identical, the α sub-
units differ at 19 sites (Atoda et al. 1995). In contrast, the α and β subunits of the fX-binding 
snaclec from D. acutus differ from the corresponding subunits of the fIX/fX-binding snaclec 
from P. flavoviridis, particularly in the region of the concave face (Atoda et al. 1998; Mizuno 
et al. 2001). The fIX and fX are in the middle of the platelet-activation cascade, and during 
endophysiological responses, they amplify the coagulation cascade and facilitate the forma-
tion of a hemostatic plug after injury. Snake-venom proteins that target this step in the activa-
tion cascade are only some of the numerous interventions in regular physiological processes. 
The coagulation cascade exists mainly to produce thrombin, which is a major contributor to 
thrombus formation. Not only is thrombin a major activator of platelets, but it also converts 
fibrinogen to fibrin, an essential step in stable clot formation. Thus, mutations conferring toxic 
interference in the production of thrombin would be evolutionarily selected for in predatory 
venoms. Many snake-venom thrombin inhibitors exist. They are found within several different 
molecular classes and use various inhibitory mechanisms. The first snaclec thrombin inhibi-
tor to be discovered and studied was bothrojaracin (Zingali, Bianconi, and Monteiro 2001; 
Monteiro 2005; Zingali et al. 2005), which acts by binding to and blocking exosite II on throm-
bin, preventing thrombin from binding to fibrinogen and to GPIb on platelets. It was later 
found that bothrojaracin also binds to prothrombin, blocking the activation-peptide cleavage 
site and therefore blocking the conversion of prothrombin to thrombin. Clearly, this mecha-
nism has a major effect on coagulation and hemostasis. A related molecule was later discovered 
in Bothrops insularis venom (Oliveira-Carvalho et al. 2008).

17.4.2.2 vWF-Binding Snaclecs
As mentioned earlier, snake-venom proteins target not only blood-coagulation factors but 
also membrane receptors and other proteins essential to hemostasis, such as vWF (Clemetson 
et al. 2001). The vWF monomers consist of four different types of domains (A, B, C, and D) 
and multimerize in a head-to-head and tail-to-tail fashion into fibrillar polymers which are 
covalently linked by disulfide bonds. There are four different A domains (A1–A4), which are 
essential in vWF function, as they interact with collagen and the platelet receptor GPIb and 
also with ADAMTS13, which regulates vWF multimer size in circulation. When injury occurs, 
subendothelial collagen is exposed, and vWF adheres to it via the A1 and A3 domains. These 
two domains make up the collagen-binding site (Matsui and Hamako 2005). The A1 domain 
contains the GPIb-binding site, which is exposed by conformational changes of vWF that are 
induced by binding to collagen (Nuyttens et  al. 2011)  and by shear stress from blood flow. 
This subsequently leads to platelet binding and arterial thrombus formation. Initially, it was 
believed that snaclecs such as botrocetin induced conformational changes in the vWF-A1 
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domain, activating it and initiating binding to GPIb. This mechanism was supported by the 
ability of botrocetin, vWF, and GPIb antibodies to individually prevent platelet agglutination 
(Read et al. 1989). However, botrocetin was eventually shown to bind to the low-affinity con-
formation of the vWF-A1 domain, thus extending the GPIb-binding surface on the A1 domain 
when preferentially binding to resting vWF (Fukuda et al. 2002).

A similar vWF-binding snaclec, bitiscetin, which binds both vWF and GPIb, has been 
purified from the viperid snake species Bitis arietans (Hamako et  al. 1996). With the help 
of antibodies, the bitiscetin binding site has been identified as the α4 and α5 helices of the 
vWF-A1 domain (Matsui et  al. 2002). Crystal-structure analysis has confirmed that the α5 
loop of the A1 domain lies within the concave binding surface of the bitiscetin heterodimers 
(Hirotsu et  al. 2001). Further binding sites between bitiscetin and vWF are present at each 
end of the concave binding surface (Maita et al. 2003). Bitiscetin still binds to vWF even when 
a specific antibody against the α subunit blocks platelet agglutination, indicating that the α 
subunit is positioned close to the GPIb-binding site (Matsui et al. 2002). Thus, both botrocetin 
and bitiscetin function by clamping the A1 domain of vWF to GPIb, but each uses a completely 
different binding site. Presumably, these mechanisms evolved convergently in South American 
and African snakes, subsequent to the breakup of Gondwana.

17.4.2.3 Antithrombotic Snaclecs
The vWF receptor GPIb and the collagen receptors GPVI and α2β1 integrin on platelets are of 
special interest for the development of antithrombotic drugs (Clemetson and Clemetson 2008). 
GPIb is one of the more important platelet receptors because of its critical role in hemostatic 
and thrombotic pathways. Alboaggregin-B, isolated from the venom of Cryptelytrops albola-
bris, was among the first snaclecs found to bind to GPIb (Peng, Lu, and Kirby 1991; Usami et al. 
1996). Alboaggregin-B binds to the 45-kDa N-terminal domain of GPIb and induces plate-
let agglutination. A  monoclonal antibody against the GPIb N-terminal domain blocks this 
activity of alboaggregin-B (Peng, Lu, and Kirby 1991; Yoshida et al. 1993). Several years after 
the characterization of alboaggregin-B, a tetrameric analogue of this toxin, alboaggregin-A, 
was isolated from the same snake’s venom and shown to induce platelet aggregation via 
GPIb (Kowalska et al. 1998). As platelet aggregation requires platelet activation, an increase 
in phospholipase-C and tyrosine kinase activity can be detected following alboaggregin-A-
induced aggregation (Andrews et al. 1996).

Analysis of the venom of E.  carinatus led to the isolation of the GPIb-binding snaclec, 
echicetin. Echicetin is different from alboaggregin-B, as it inhibits, rather than induces, plate-
let agglutination by vWF (Peng et al. 1993; Peng, Holt, and Niewiarowski 1994). However, when 
echicetin is cross-linked or clustered, it induces platelet aggregation in a fashion similar to 
alboaggregin-A (Navdaev et al. 2001). As with alboaggregin-B, a monoclonal antibody against 
the 45-kDa N-terminal domain of the GPIb receptor inhibits echicetin binding to platelets; a 
Kd of 30 nM was measured for the binding of echicetin to platelets (Peng et al. 1993). An over-
lap of the echicetin-binding site with the thrombin-binding site on GPIb was demonstrated 
(Peng et al. 1995). Using echicetin, another GPIb-binding snaclec, purpureotin, was identified 
from Cryptelytrops purpureomaculatus venom. In contrast to other snaclecs described, the α 
and β subunits of purpureotin are associated noncovalently by hydrophobic and electrostatic 
interactions despite the usual seven cysteines being present for each chain (Li et al. 2004).
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Two further antithrombotic snaclecs, which induce small platelet aggregates, have been 
purified from the venom of P. flavoviridis (Taniuchi et al. 1995). Flavocetin-A is a heterodi-
meric CLP, and in contrast to most other snaclecs (such as alboaggregin-A), both subunits 
contain an additional cysteine residue (Shin et al. 2000). Using these additional residues, 
flavocetin-A is able to form interchain disulfide bonds in a head-to-tail fashion (Fukuda 
et al. 1999). The resulting tetrameric structure initiates a platelet response by cross-linking 
platelets, possibly utilizing cooperative binding activity (Fukuda et  al. 2000; Taniuchi, 
Kawasaki, and Fujimura 2000). Flavocetin-B has the same effect on platelets and is able 
to prevent flavocetin-A binding. Flavocetin-B is composed of three different subunits:  α 
and β, which are identical to the α and β subunits of flavocetin-A, and γ. Flavocetin-B has 
not been analyzed further; however, it was discovered recently that flavocetin-A also binds 
to the collagen receptor α2β1. In this study a fourth subunit was discovered, and this led 
to a new structure, (αβ)2(γδ)2, being proposed. The study demonstrated that this tetramer 
containing two different heterodimers binds GPIb and α2β1 simultaneously, with the αβ 
heterodimer proposed as the GPIb-binding moiety and the γδ heterodimer proposed as the 
integrin-binding moiety (Arlinghaus and Eble 2013). This possible structure of flavocetin-A 
is comparable to the structure of bilinexin, a snaclec isolated from Agkistrodon bilineatus, 
which also binds GPIb and α2β1 (Du et al. 2001).

The snaclec convulxin, from Crotalus durissus terrificus, is another tetrameric protein. 
Convulxin, which was initially described as a trimer, induces strong platelet aggregation 
(Francischetti et al. 1997; Leduc and Bon 1998; Batuwangala et al. 2004). Antibodies against 
α2β1 (6F1) and GPVI were described to inhibit convulxin-induced aggregation (Jandrot-Perrus 
et al. 1997). Platelet aggregation is induced by clustering of the GPVI receptor, facilitated by 
the tetrameric structure of convulxin. Clustered GPVI receptors become activated, lead-
ing to an increase in intracellular Ca2+ levels (Batuwangala et al. 2004). However, convulxin 
forms dimeric, noncovalently linked octomers in solution, and these octomers may be the 
basic active form of this snaclec. Convulxin can also bind GPIb weakly but only at high con-
centrations. It is not clear if this indicates that the GPVI-binding function is still evolving 
from a plesiotypic snaclec GPIb-binding activity. Similarly, a more active GPVI-binding sna-
clec from the venoms of Ophiophagus hannah does not show any binding to GPIb (Du et al. 
2002). GPVI-binding snaclecs are not yet known from South American snakes other than the 
Crotalus durissus group.

Aggretin, also known as rhodocytin, is a snaclec that has generated considerable contro-
versy. It was isolated from the venom of Calloselasma rhodostoma and has a typical snaclec 
cysteine pattern and structure (Huang, Liu, and Yang 1995; Chung, Au, and Huang 1999). 
As 6F1, an anti-α2β1 monoclonal antibody, inhibited aggretin-induced platelet aggrega-
tion, this activity was believed to be facilitated by binding to the α2β1 integrin (Huang, Liu, 
and Yang 1995). Another study showed that aggretin-induced platelet aggregation, effected 
via the collagen receptor α2β1, could only be blocked when the α2 antibody A2IIE10 was 
used in combination with agkistin, a GPIb antagonist. Each antibody only partially inhib-
ited the aggregation response when used separately (Chung, Peng, and Huang 2001). Other 
cell-based studies demonstrated that aggretin-induced proliferation and migration of human 
umbilical-vein endothelial cells (HUVEC) could be inhibited by an antibody against α2β1 
(Chung, Wu, and Huang 2004). Furthermore, aggretin induces α2β1 integrin-dependent pro-
liferation of vascular smooth-muscle cells (VSMC) (Chung et al. 2009). In contrast to the con-
clusions of these studies of aggretin-induced platelet aggregation (via the collagen receptor 
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α2β1) and cell proliferation and migration, aggretin did not bind α2β1 integrin in a cell-free 
protein interaction assay (Eble et al. 2001). Further controversy was elicited by a study that 
showed that aggretin induced platelet aggregation despite neither α2β1 integrin or GPIb/GPVI 
being present on platelets (Bergmeier et al. 2001). Following these studies, another interaction 
partner of aggretin was revealed: the C-type lectin receptor CLEC-2. On platelets, the binding 
of aggretin to CLEC-2 results in platelet aggregation by activating a signaling pathway via the 
single tyrosine phosphorylation site on the cytosolic tail of CLEC-2 (Suzuki-Inoue et al. 2006). 
Aggretin binding to CLEC-2 on macrophages leads to activation of mitogen-activated protein 
kinase (MAPK) and nuclear factor (NF) κB signaling pathways and ultimately to the release of 
tumor necrosis factor (TNF) α and interleukin (IL) 6 (Chang et al. 2010). Crystallization stud-
ies reveal that two aggretin heterodimers align antiparallel in a tetrameric structure. Using 
this structure for modeling led to two different mechanisms of interaction in which aggretin 
interacts either with two CLEC-2 monomers or with one (or two) CLEC-2 dimers (Hooley 
et al. 2008; Watson and O’Callaghan 2011).

Integrin α2β1 is another receptor involved in platelet activation. It is the sole collagen-binding 
integrin on platelets, and it is required for the binding of platelets to subendothelium (Sixma 
et al. 1997). When α2β1 integrin expression is reduced, platelet responses are dysfunctional 
(Nuyttens et al. 2011). Although not lethal, the absence of the integrin α2 subunit in knockout 
mice results in defects in hemostasis (Chen et al. 2002). Likewise, an increased α2β1 expression 
leads to an increased affinity of platelets for collagen, thus increasing the risk of thrombosis 
(Kritzik et al. 1998). The α2β1 receptor is a major integrin inhibited by snaclecs, although dis-
integrins are typically employed for inhibiting other integrins (Calvete et al. 2005). However, 
there are other reports of snaclecs inhibiting additional integrins, for example, lebectin and 
lebecetin, which inhibit α5β1 and αV-containing integrins (Sarray et al. 2007).

To date, there are five known snaclecs that target the α2β1 integrin and inhibit its binding 
to collagen. Most of these bind to the α2A domain, a domain present in only some integrin 
α subunits and homologous to the vWF-A domain. The α2A domain, which changes con-
formation from an inactive to an active form, is the domain primarily responsible for col-
lagen binding (Emsley et al. 2000). This conformational change takes place not only within 
the α2A domain but also throughout the inhibited integrin, ultimately resulting in integrin 
signaling (Arnaout, Mahalingam, and Xiong 2005). The first α2β1 antagonist, EMS16, was 
isolated from Echis multisquamatus and inhibits collagen-induced platelet aggregation and 
cell migration (Marcinkiewicz et al. 2000; Okuda et al. 2003). This heterodimer has the typi-
cal domain-swapping interface of snaclecs, and its crystal structure, resolved at 1.9 Ǻ, reveals 
a unique positively charged electrostatic potential patch on the concave surface (Horii et al. 
2003). Another crystallization study of EMS16 in complex with the α2A domain reveals that 
EMS16 sterically blocks access to the collagen-binding site. The binding is independent from 
divalent cations, and this suggests that EMS16 stabilizes inactive α2A domain conformation 
(Horii et al. 2003).

The second α2β1 antagonist discovered is rhodocetin, and studies indicate that there 
is great potential for this snaclec in drug design and medical research. Rhodocetin was 
isolated from C. rhodostoma and is an inhibitor of collagen-induced platelet aggregation. 
Initially, it was believed to be a heterodimer with noncovalently bound subunits (Wang, 
Kini, and Chung 1999; Eble et al. 2001). The cysteine residues typically involved in the 
formation of an intersubunit disulfide bonds are replaced in rhodocetin by Ser79 and 
Arg75 in the α and β subunits, respectively (Wang, Kini, and Chung 1999). The dimeric 
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structure of rhodocetin is stabilized by an additional β sheet in each subunit and the 
hydrogen bonds that are formed between the backbones of the two β sheets (Paaventhan 
et  al. 2005). The α (15.9 kDa) and β (15.1 kDa) subunits only inhibit collagen-induced 
platelet aggregation when paired and not when used separately (Wang, Kini, and Chung 
1999). Additionally, rhodocetin not only inhibits platelet aggregation but also inhibits cell 
adhesion and migration (Eble et al. 2001); however, rhodocetin is unable to cluster α2β1 
integrin to generate focal adhesions (Eble et al. 2002). Rhodocetin also blocks extravasa-
tion of tumor cells into the liver stroma, thus inhibiting the generation of micrometasta-
ses (Rosenow et al. 2008). Similar to EMS16, rhodocetin preferentially binds to less active 
conformations of integrin α2β1. This is supported by the fact that rhodocetin binds more 
readily to α2β1 in the presence of Ca2+ ions than does collagen. Furthermore, rhodoce-
tin interacts with the α3 and α4 loops and adjacent helices of the collagen-binding α2A 
domain (Eble and Tuckwell 2003). It is now known that rhodocetin is a heterotetramer of 
four homologous subunits: α, β, γ, and δ. As mentioned previously, the α and β subunits 
form a noncovalently bound heterodimer by domain swapping, whereas a disulfide bond 
between Cγ81 and Cδ74 stabilizes the γ and δ subunits. The αβ and γδ heterodimers 
associate with one another and form a cruciform molecule (Eble et al. 2009). Compared 
with subunits of other snaclecs, the rhodocetin α subunit contains the additional pep-
tide turn N74KGQR, and the rhodocetin γ subunit contains the additional peptide turn 
K77EQQC. These additional turns make up the interface of rhodocetin’s cruciform struc-
ture: gly76 of the α subunit fits into a groove formed by the peptide turn of the γ subunit 
(Eble et al. 2009). Once the heterotetrameric rhodocetin has bound to the α2A domain, it 
dissociates into its two heterodimers: the γδ heterodimer remains firmly attached to the 
integrin, while the αβ heterodimer is released (Bracht et al. 2011). The αβ heterodimer 
subsequently binds to the platelet receptor GPIb and inhibits vWF/ristocetin-induced 
platelet aggregation. In contrast, the cross-linked αβ heterodimer results in small plate-
let agglutinates, eventually leading to phosphorylation of the p72SYK kinase in plate-
lets (Navdaev, Lochnit, and Eble 2011). Furthermore, rhodocetin αβ binds avidly to 
neuropilin-1 (Nrp1), a receptor that usually interacts with vascular endothelial growth 
factor (VEGF)-A. Upon αβ binding, Nrp1 associates with cMet, which is subsequently 
phosphorylated and activated, ultimately leading to redistribution of focal adhesions to 
focal contacts (Niland et al. 2013).

The α2A domain-binding CLP vixapatin—first published as VP12—was purified from 
Daboia palaestinae venom (Staniszewska et  al. 2009). After the isolation of vixapatin, an 
additional purification method was applied to D. palaestinae venom, which led to the isola-
tion of a second α2A domain-binding toxin, VP-i (Arlinghaus et al. 2013). A comparison of 
vixapatin and VP-i reveals them to be homologous proteins with similar, but unique, func-
tions. Both of these snaclecs bind the integrin α2A domain in cell-free adhesion assays and 
also inhibit integrin-dependent cell adhesion to, and migration on, collagen (Arlinghaus 
et al. 2013). Vixapatin also has an inhibitory effect during angiogenesis (Momic et al. 2012). 
Furthermore, VP-i inhibits collagen-induced platelet aggregation (Arlinghaus et al. 2013). 
The venom of Bitis rhinoceros also contains a snaclec, rhinocetin. Rhinocetin inhibits α2β1 
integrin-dependent endothelial cell functions and collagen-induced platelet aggregation 
(Vaiyapuri et al. 2012a).
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17.4.2.4 Heterodimeric Lectins That Form Complexes with PIII SVMP
Heterodimeric snaclecs represent an extreme structural derivation and form a complex with 
PIIId type SVMP. Examples of this apotypic form are RVV-X and carinactivase-I, which acti-
vate factor X and prothrombin, respectively (Morita 2005a). The linkage between the snaclec 
domain and the metalloprotease/cysteine-rich and disintegrin domains involves an additional 
disulfide bond in the chain homologous with the alpha chain of other snaclecs. The confus-
ing nomenclature of these complexes must be noted. The snaclec alpha chain is referred to as 
the beta chain, while the chain homologous with the beta chain of other snaclecs is called the 
gamma chain. The SVMP chain is known as the alpha chain.

17.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

The vWF receptor GPIb, and the collagen receptors GPVI and α2β1 integrin on platelets, are of 
special interest for the development of antithrombotic drugs (Clemetson and Clemetson 2008). 
Thus, TV-lectins that act on these sites are immediately useful as investigational ligands and 
also have long-term potential as lead structures in drug design and development.

17.6 CONVeRGeNCe WITh OTheR VeNOms

Toxic lectins have been found in fish and caterpillars in addition to snakes. The fish toxins are 
galactose-specific lectins that exhibit hemagglutination activity (minimum hemagglutination 
concentration 2.5 µg/well) in a calcium-independent fashion and also possess remarkable pro-
inflammatory activity, which they induce via neutrophil mobilization (Lopes-Ferreira et al. 
2011). The caterpillar types have been sequenced from the lethal caterpillar stage of the moth 
species Lonomia obliqua and may play a role in the hemorrhagic syndrome that results from 
human envenomation by this species (Veiga et al. 2005).
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B-TYPE NATRIURETIC PEPTIDES
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18.1 sUmmaRY

Natriuretic peptides are normally secreted as propeptides that require posttranslational 
modification to release the functional domains. They represent a unique class of proteins that 
perform a plethora of activities in anguimorph lizard venoms. Endophysiological forms are 
broadly classified into two groups, depending on whether they possess the C-terminal tail 
domain (A-, B-, V-type natriuretic peptide) or not (C-type natriuretic peptide). Anguimorph 
lizard venom forms are of the B-type and thus are called LV-BNPs. Like endophysiological 
BNPs, LV-BNPs target guanylyl cyclase receptor A. Apotyposis in the anguiid and heloderma-
tid LV-BNPs resulted in the de novo evolution of proline-rich bioactive peptides in the propep 
region of the precursor. LV-BNPs and the apotypic proline-rich peptides from anguimorph liz-
ard venoms have significant potential as therapeutics, especially in the treatment of congestive 
heart failure, chronic respiratory disease, and renal dysfunction. In addition, the propeptide 
region novel proline peptides (helokinestatins) have been shown to have tremendous potential 
as anticancer drugs.

18.2 eNDOphYsIOLOGICaL pLesIOTYpe

Natriuretic peptides have diverse physiological roles such as diuresis, natriuresis, and cardio-
vascular homeostasis through the regulation of vascular smooth-muscle tone, fat metabolism, 
and ventricular hypertrophy. Natriuretic peptides are secreted as precursors containing a sig-
nal peptide, a propeptide, and the natriuretic peptide domain. This precursor is posttransla-
tionally processed to liberate the natriuretic peptide (Wu et al. 2003). All natriuretic peptides 
are characterized by a 17-amino-acid disulfide loop (Sudoh et al. 1990). Two broad groups exist, 
one containing ANPs, BNPs, and VNPs with the other containing CNPs. These groups differ 



B-Type Natriuretic peptides  313

primarily in the relative presence of a C-terminal tail, with all forms containing an N-terminus 
of variable length. To date, three receptors have been identified as potential molecular targets 
of natriuretic peptides: NPR-A (GC-A), NPR-B (GC-B), and NPR-C. GC-A and GC-B are the 
primary targets (binding ANPs/BNPs/VNPs and CNPs, respectively) and mediate activity 
through the triggering of intracellular guanylyl cyclase secondary pathways (Chang et al. 1989; 
Lowe et al. 1989). While the truncated receptor NPR-C (which can bind all natriuretic peptide 
forms) was initially thought to have a simple clearance role, additional studies have indicated 
that these receptors can in fact trigger some biological effects through G-protein-dependent 
pathways (Bennett and Rose 1991; Koh et al. 1992; Murthy and Makhlouf 1999; He, Dukkipati, 
and Garcia 2006). Unlike ANPs, which are stored in atrial granules, CNPs are not stored in 
granules and are heavily secreted in the brain (Ogawa et  al. 1992), the vascular epithelium 
(Suga et al. 1992a; Suga et al. 1992b), cartilage, and other peripheral tissues (Hagiwara et al. 
1994a; Hagiwara et al. 1994b). BNPs are similar to ANPs in their action, and small amounts of 
BNP are stored in atrial granules, with larger amounts secreted in the ventricle as a result of 
ventricle-wall stretch (Mukoyama et al. 1991).

18.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

In contrast to the complicated and enigmatic molecular evolutionary history of the TV-CNP 
found in snake venoms (see  chapter 19), the evolutionary history of anguimorph lizard venom 
LV-BNP is relatively simple and easily elucidated. LV-BNPs are clearly nested within the BNP 
phylogenetic clade of the natriuretic peptide superfamily, and all forms retain the N- and 
C-terminal tails (Fry et al. 2006; Fry et al. 2009b; Fry et al. 2010a; Fry et al. 2010b; Koludarov 
et al. 2012). As with BNP, there is a correlation between LV-BNP GC-A receptor binding and 
the ability to relax precontracted endothelium-denuded aortic rings. However, there exists a 
more complex interaction between LV-BNPs and the GC-A receptor than simple binding cor-
relation. Residue replacement studies (site-directed mutagenesis) of a novel natriuretic peptide 
from Gerrhonotus infernalis revealed that both aspartate at ring position 7 and isoleucine at 
ring position 9 (see  figure  18.1) are required for full activity in endothelium-denuded aor-
tic rings (Fry et al. 2010b). However, the mutated peptides were not equipotent in inducing a 
drop in the mean arterial blood pressure when administered intravenously to anesthetized 
rats. The isoleucine 9 mutant produced a much greater effect than the aspartate 7 mutant (see 
 figure 18.2). Conversely, a difference of activity in the two assays was evident in isoforms from 
Celestus warreni and Varanus glauerti (see  figures 18.1 and 18.2). Both contained the func-
tional residues Asp-7 and Iso-9, but both had only a slight effect on mean arterial blood pres-
sure in anesthetized rats. However, the V. glauerti isoform was more potent than C. warreni in 
its ability to relax precontracted endothelium-denuded aortic rings.

Such variation in the ability to affect blood pressure and the ability to relax the endothe-
lium aortic ring indicates that there is a difference in the receptors present on the surface 
of the endothelium-denuded aortic ring and those encountered by peptides in anesthetized 
rats. Bioactivity testing revealed that in endothelium-intact aortic rings, the mutant G. infer-
nalis natriuretic peptide containing isoleucine at position 9 was indeed more potent than 
the mutant with aspartate at position 7 (see  figures  18.1 and 18.2). However, the degree of 
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difference was less than the very pronounced difference displayed in anesthetized rats. Thus, 
it appears that there is indeed a difference in the type of natriuretic peptide receptors exposed 
in endothelium-intact versus endothelium-denuded aortic ring and that natriuretic peptides 
present in other vascular tissues may further contribute to induce a drop in the blood pressure.

18.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

As with snake-venom natriuretic genes (see  chapter 19), the LV-BNP plesiotypic monodomain 
BNP gene was medially extended through further recruitment of multiple tandem-repeated 
proline-rich peptides (helokinestatins in this case) to become a multidomain gene encod-
ing multiple products. The discrete peptides are liberated from one another by posttransla-
tional proteolysis (see  figure 18.3). The helokinestatin derivation evidently occurred basal to 
the anguid/helodermatid lizard clade as these domains are absent from varanid lizard venom 
forms (see  figure 18.1).

The [ASDEN] sequence, which links the posttranslationally cleaved Heloderma helokines-
tatin peptide isoforms, was partially conserved between variants in G. infernalis ([AAEEN], 

FIGURE 18.1: alignment of LV-BNps (Fry et al. 2010b; Koludarov et al. 2012): (1) K4I268 (Abronia 
graminea), (2) e2e4J4 (Celestus warreni), (3) e2e4J3 (Gerrhonotus infernalis), (4) C6eVG7 (Heloderma 
suspectum), (5) e8ZCG5 (Heloderma horridum), (6) C6eVG7 (Heloderma suspectum), (7) e2e4J0 (Varanus 
glauerti), (8) e2e4J1 (Varanus scalaris), (9) B6CJV0 (Varanus komodoensis), (10) Q2xxL8 (Varanus varius), 
and (11) e2e4J2 (Varanus glauerti). posttranslationally cleaved bioactive peptides are shaded in gray. 
signal peptides are shown in lower-case.
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[AEEN], and [AEGEEN], respectively) but not in the same proline-rich region of the 
C. warreni transcript (see  figure 18.1). Proline brackets also guide the activities of helokines-
tatin. Bioactivity testing of a representative taxonomical sampling of helokinestatin variants 
encoded by the natriuretic gene demonstrated variable contractile-inhibiting responses to bra-
dykinin in the guinea pig ileum (see  figure 18.3).

Helokinestatin represents an entirely novel structural class of lizard-venom peptide dis-
playing a unique noncompetitive bradykinin-receptor antagonist activity mediated via B2 
receptors. The discovery of helokinestatin reveals an additional and novel target within the 
kinin/kininogen system at the level of selective bradykinin receptor antagonism (Kwok et al. 
2008). These peptides are proline-rich, bradykinin-antagonist peptides (Kwok et al. 2008; Fry 
et al. 2010a; Fry et al. 2010b; Koludarov et al. 2012; Ma et al. 2012). Being enriched in proline 
residues confers great conformational flexibility in addition to a measure of resistance to pro-
teolysis. They all possess a C-terminal “Pro-Arg motif,” which is distinct from the C-terminal 
“Ile/Val-Pro-Pro motif” of most bradykinin-potentiating peptides (Menin et  al. 2008). The 
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high degree of conservation of these core structural features across taxa suggests an impor-
tant role for this group of peptides in the venoms of anguirmoph lizards. They are encoded 
in tandem within two virtually identical biosynthetic precursors of 177 and 178 amino acid 
residues, differing by only a single Pro residue. Synthetic replicates of all helokinestatins were 
devoid of any direct action on the smooth muscle of rat-tail artery but were found to be potent 
inhibitors of bradykinin-induced relaxation in this preparation, in a manner suggestive of 
a noncompetitive mechanism. Helokinestatin-3 (VPPPPLQMPLIPR) and helokinestatin-5 
(VPPPLQMPLIPR) were found to be the most potent in this respect, causing almost complete 
inhibition of bradykinin-induced relaxation (Fry et al. 2010b; Ma et al. 2012). Helokinestatins 
and bradykinin-potentiating peptides (BPPs) may have a shared evolutionary history, but the 
former do not inhibit ACE. A study investigating the molecular evolutionary history of heloki-
nestatin and natriuretic peptides in Abronia graminea venom revealed differential evolution-
ary rates for the two molecular scaffolds, despite the fact that they are tandem-encoded by the 
same precursor (Koludarov et al. 2012). While helokinestatin was found to accumulate varia-
tions, the coding sequences of natriuretic peptides were evolving under a negative-selection 
regime and lacked variations. Examination of other anguid and helodermatid lizard venom 
precursors shows this two-speed evolution to be a consistent feature.

18.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

Because of their variable activity in different assays and thus the suggestion of differen-
tial receptor interactions, the unique lizard LV-BNP peptides may prove to be of therapeu-
tic use, just as snake venom forms have (see  chapter 19). In addition, they may be useful as 
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investigational ligands in discovering new receptor subtypes, just as the mamba-snake-venom 
muscarinic toxins were instrumental in the discovering of novel subtypes of muscarinic recep-
tors (see  chapter 8). Finally, the bradykinin-receptor antagonist helokinestatin has the poten-
tial to act synergistically with existing anticancer drugs and opens a new avenue for anticancer 
therapy, since bradykinin evokes prostaglandin production (Kwok et al. 2008). The potential of 
helokinestatins as bradykinin inhibitors may also be exploited in the local control of chronic 
inflammation.

18.6 CONVeRGeNCe WITh OTheR VeNOms

Natriuretic peptides have been sequenced from the venoms of Ornithorhynchus anatinus (de 
Plater, Martin, and Milburn 1998; Kourie 1999c; Kourie 1999a; Kourie 1999b; Torres et  al. 
2002) and Desmodus rotundus (Francischetti et al. 2013). Both are similar to snake forms (see 
 chapter 19) in being the result of a recruitment of the C-type natriuretic peptide, rather than 
the B-type recruited in to lizard venoms. Only the O. anatinus form has been tested, and it 
displayed vasorelaxation activity (de Plater, Martin, and Milburn 1998).
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C-TYPE NATRIURETIC PEPTIDES

B .  G .  FRY,  T.  N .  W.  JACK S ON,  Z .  TAK AC S ,  T.  REE K S ,  A ND  K .  S UN AG AR

19.1 sUmmaRY

Natriuretic peptides are normally secreted as propeptides that require posttranslational matu-
ration to release the functional domains. Endophysiological forms are broadly classified into 
two groups, depending on whether they possess the C-terminal tail domain (A-, B-, V-type) or 
not (C-type). Caenophidian snake venom natriuretic peptide forms are of the C-type (tailless) 
and are known as SV-CNPs. Like endophysiological CNPs, SV-CNPs target guanylyl cyclase 
receptor B. Apotyposis has resulted in some SV-CNPs acquiring a C-terminal tail and thus 
targeting guanylyl cyclase receptor A typically targeted by the tailed forms ANP/BNP/VNP. 
In addition, in some forms, de novo evolution of proline-rich bioactive peptides in the pro-
pep region of the SV-CNP precursor has occurred. SV-CNPs have had tremendous success as 
therapeutics, especially in the treatment of high blood pressure by captopril. This drug, based 
on one of the propeptide region proline-rich peptides, has saved millions of lives and has been 
rightly called a wonder drug. Captopril has been viewed as a flagship compound for the isola-
tion and development of clinically significant drugs from animal venoms.

19.2 eNDOphYsIOLOGICaL pLesIOTYpe

See  chapter 18.

19.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

To date, the molecular evolutionary history of SV-CNPs has been a riddle. Two generalized forms 
of SV-CNPs exist in snake venoms, one with and one without a C-terminal tail (see figure 19.1).  
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These two forms have been proposed to originate from either the same or two different 
toxin-recruitment events (Fry and Wüster 2004; Ching et al. 2006; Fry et al. 2009a). The scar-
city of full-length sequences has impeded the successful reconstruction of the phylogenetic his-
tory of this molecular scaffold, in which most variation accumulates in the region separating the 
signal peptide and the natriuretic encoding domain, while the short mature peptides are highly 
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FIGURE 19.1: (a) alignment of sV-CNps (Jackson et al. 2013). (1) p68515 (Bothrops insularis), 
(2) K4J3K2 (Azemiops feae), (3) K4IT20 (Azemiops feae), (4) a8YpR6 (Echis ocellatus), (5) Q09GK2 
(Philodryas olfersii), (6) GahI01000013 (Suta fasciata), (7) p83228 (Oxyuranus scutellatus), 
(8) GahI01000016 (Suta fasciata), and (9) a8YpR9 (Cerastes cerastes). posttranslationally cleaved 
peptides are shaded in gray. signal peptides are shown in lower-case. (B) Domain mutation 
producing the tandemly repeated bradykinin-potentiating peptides medial to the sV-CNp encoding 
domain and the subsequent posttranslational proteolysis of the multidomain product to liberate 
the discrete peptides (Fry et al. 2010a). Bpp = bradykinin-potentiating peptides, N = sV-CNp, 
p = propeptide, s = signal peptide.
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conserved at most sites. As new homologues are being retrieved from the caenophidian snake 
families Dipsadidae, Elapidae, Lamprophiidae, Natricidae, and Viperidae, the phylogenetic tree 
of this intriguing toxin class is beginning to be resolved. Recent molecular phylogenetic assess-
ments revealed that the advanced snake venom natriuretic peptides are monophyletic (Ching et al. 
2006; Fry et al. 2010b; Jackson et al. 2013). Consistent with their placement within the CNP clade, 
SV-CNPs without the C-terminal tail occupies basal position in the phylogenetic tree. SV-CNP 
precursors recovered from the venoms of the elapid snakes Suta fasciata and Cacophis squamulo-
sus lack the apotypic C-terminal tail typical of other sequences recovered from elapid snake ven-
oms (Jackson et al. 2013) (see figure 19.2). The discovery of tailless elapid SV-CNPs supports the 
aforementioned hypothesis, particularly as these sequences also possess the glycine-rich region of 
the propeptide that is characteristic of tailless viperid snake venom forms (see  figure 19.1). These 
results add further strength to the hypothesis that the C-terminal extension represents a deriva-
tion of this toxin type, and thus the action of the tailed forms on GC-A (Fry et al. 2005) is not 
indicative of descent from the atrial natriuretic peptide (ANP) but instead represents a remarkable 
case of convergence for receptor-specific targeting (Fry et al. 2010b). Recently, a study was pub-
lished in which a SV-CNP possessing the C-terminal extension was sequenced from the venom of 
Crotalus oreganus abyssus (da Silva et al. 2012b). The published sequence represents only the final 
processed amino acid sequence and does not include the precursor domains.

The aforementioned molecular phylogenetic studies further elucidated the SV-CNP ple-
siotypic action by shedding light on whether they initially targeted GC-A or GC-B receptors. 
As intraring residues of body forms are either highly conserved or hypervariable, specificity 
for GC-A or GC-B is largely conferred by the relative presence or absence of the C-terminal 
tail. The snake-venom homologues follow this same pattern. Testing of tailless SV-CNPs, 
such as that from the venom of the viperid snake Protobothrops flavoviridis, show that they 
produce hypotension by effecting relaxation of aortic smooth muscle, mediated by GC-B 
receptor binding (Michel et al. 2000). Conversely, the forms that have gained the tail at the 
C-terminus target GC-A. PNP from the venom of the viperid snake Pseudocerastes persicus 
induced a similar cGMP response to that induced by ANP, suggesting that PNP acts on the 
GC-A receptor (Amininasab et al. 2004). Similarly, DNP from the venom of the elapid snake 
Dendroaspis angusticeps was functionally analogous to ANP in stimulating the production of 
guanylate cyclase via GC-A (Schweitz et al. 1992). DNP showed pM (picomolar) affinity for 
the GC-A receptor and no affinity for GC-B (Ki > 1000 nM). DNP was nearly 10-fold more 
potent than ANP at stimulating cGMP production in GC-A-expressing cells (Johns et  al. 
2007). DNP was shown to produce relaxation in canine arterial smooth muscle by acting on 
both GC-A (endothelium-denuded aortic rings) and NPR-C (endothelium-intact aortic rings) 
receptors (Collins et al. 2000). In a comparison of three tailed SV-CNPs found in Oxyuranus 
venoms, which differed most significantly in the relative presence at ring position 8 of the 
typical R residue (TNP-c) or a unique substation of H (TNP-a and TNP-b), 0.1 µM TNP-c 
was equipotent to ANP and DNP in binding GC-A and relaxing both endothelium-denuded 
and endothelium-intact aortic rings (Fry et  al. 2005)  (see figure 19.3). Conversely, neither 
TNP-a nor TNP-b bound GC-A, and both were inactive in the endothelium-denuded aortic 
ring assay. Both produced a 20% relaxation of the endothelium-intact aortic rings, however, 
suggesting that their activity is mediated by NPR-C. In a separate study that compared two 
more tailed SV-CNPs, the homologue from Pseudonaja textilis with R at ring position 8 bound 
GC-A while the Pseudechis australis homologue with H at this position was unable to bind to 
GC-A (St Pierre et al. 2006). Thus, the plesiotypic activity of this group of toxins is targeting 



FIGURE 19.2: molecular phylogeny of sV-CNp tailed and tailless forms (Jackson et al. 2013).
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FIGURE 19.3: Bioactivity of sV-CNps (Fry et al. 2005). Comparative effects of Oxyuranus 
sV-CNps (0.1 μm) on precontracted with 40 mm KCl (N = 5) rat (a) endothelium-intact aortic 
rings and (B) endothelium denuded aortic rings. (C) 0.1 μm comparative cGmp production in 
293 cells overexpressing GC-a (N = 3). TNp-c (10 nm; t = 0) followed by TNp-c (0.1 μm; t = 42) on 
(D) endothelium-denuded aortic rings precontracted with 40 mm KCl. TNp-b (0.1 μm; t = 0) followed 
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precontracted with 40 mm KCl (t = 27) (N = 3). Cysteines are shaded in black; prolines are shaded 
in gray.
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the GC-B receptor, while the mere presence of a C-terminal tail in a residue nonspecific man-
ner sterically guides GC-A-specific activity in the toxin forms, which is consistent with our 
understanding of the nontoxin physiological homologues (Fry et al. 2005).

Recently, a proline-rich peptide was isolated from the venom of Dendroaspis angusticeps 
(Quinton et al. 2011) that was described as being of an unknown peptide or protein type. It was 
subsequently revealed that this proline-rich peptide is part of the propetide region of the natri-
uretic peptide precursor. This fact was apparently missed by the aforementioned Dendroaspis 
study despite an Oxyuranus precursor being available (Uniprot: P83228) that showed signifi-
cant similarity to this peptide in an early stretch of the propeptide region. Additional sequenc-
ing showed these peptides to be ubiquitous in elapid venom natriuretic precursors (Jackson 
et al. 2013).

19.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Gaining a C-terminal tail in SV-CNPs switched receptor specificity of the plesiotypic CNP 
(targeting of GC-B) to targeting the GC-A receptor in a manner convergent with ANP and 
BNP. In addition, numerous other structural and functional derivations have occurred within 
this venom-peptide class in both the natriuretic peptide-encoding domain and the propeptide 
region in which de novo toxin formation has occurred.

Within the SV-CNP natriuretic peptide domain, structural derivations include truncations. 
For example, a SV-CNP isolated from Protobothrops flavoviridis has lost the entire N-terminal 
tail and consists of the ring residues alone (CFGHKLDRIGSTSGLGC). Despite its truncation, 
this SV-CNP retained vasorelaxant activity in rat aortic strips and potent diuretic activity 
in anesthetized rats (Michel et al. 2000). SV-CNP functional derivations include inhibitions 
of the angiotensin-converting enzyme (St Pierre et  al. 2006), although the specific residues 
that confer this apotypic activity have not been elucidated to date. The ability of the SV-CNP 
from Macrovipera lebetina to inhibit collagen-induced platelet aggregation is mediated by the 
N-terminal sequence (GDNKPPKKGPPNG) of the natriuretic peptide domain (Barbouche 
et al. 1996; Barbouche et al. 1998).

Within the viperid snake venoms, the propeptide region of the SV-CNP precur-
sor has mutated to encode additional, posttranslationally cleaved bioactive proline-rich 
peptides:  BPP (brakykinin-potentiating peptides) (see Ondetti et  al. 1971)  and BIP 
(bradykinin-inhibiting peptides) (see Graham et al. 2005) from pit-viper venoms and the 
α-neurotoxin azemiopsin from Azemiopis feae (Utkin et  al. 2012; Brust et  al. 2013)  (see 
 figure  19.1). Understudied apotypic peptides within this precursor include the Atheris 
pHpG (poly-histidine, poly-glycine peptide) and potential QPW metalloprotease inhibitors 
from Echis. BPPs, also known as angiotensin-converting enzyme inhibitors, retard the deg-
radation of bradykinin and also inhibit the activity of the angiotensin-converting enzyme 
(ACE). This activity results in the lowering of blood pressure (Ferreira 1965). Curiously, 
some precursors that encode multiple BPPs in New World Crotalinae also encode BIPs 
(Graham et al. 2005; Soares et al. 2005).
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19.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

Because of their endogenous protective role in the cardiovascular and renal systems (Scriven 
and Burnett 1985; Yoshimura et  al. 1991; Bando et al. 1999; Bargnoux et al. 2008), there is 
significant interest in the therapeutic development of SV-CNPs. As it was the first SV-CNP 
to be isolated, the therapeutic value of DNP has been investigated in the greatest detail. The 
proline-rich C-terminal tail has been shown to confer greater stability and potency than endo-
physiological mammalian forms, a characteristic likely shared with other SV-CNP possessing 
the C-terminal tail. A particularly promising technique has been the fusion of the tail from 
DNP with the ring structure of mammalian CNP to create a chimera called CD-NP (Lisy 
et al. 2008). CD-NP has increased natriuretic and diuretic potency with lower hypotensive side 
effects than human BNP. The molecular mechanism by which this chimera operates is binding 
GC-A while also partially binding GC-B (Dickey, Burnett, and Potter 2008). CD-NP is cur-
rently in clinical trials for the treatment of heart failure because of its ability to confer renal 
protection with minimal side effects following myocardial infarction (Lee et al. 2009).

The BPPs encoded in the propeptide region of crotaline SV-CNP precursors have yielded 
the most successful venom-derived drug to date: captopril (Ondetti and Cushman 1981). This 
drug utilizes the antihypertensive effect of these small, proline-rich peptides produced by 
selective inhibition of the angiotensin-I-converting enzyme (Krieger, Salgado, and Assan 1971; 
Brunner, Gavras, and Laragh 1974; Gavras et al. 1974). Captopril is an orally active peptidomi-
metic synthetic analogue of the active tripeptide motif Phe-Ala-Pro contained within the BPPs 
(see figure 19.4). The medical and economic importance of this drug cannot be overstated; it 
has been a multi-billion-dollar “wonder drug” that has saved countless lives.

Physiological homologues of SV-CNP have also been investigated as candidates for treat-
ment of congestive heart failure resulting from myocardial infarction and/or hypertension 
(Yoshimura et al. 1991; Colucci et al. 2000). A drug called carperitide, a synthetic form of 
ANP (Saito 2010), was approved in Japan in 1995. Although 82% of patients with acute heart 
failure showed improvement after treatment with carperitide, adverse side effects such as 
low blood pressure and renal function disturbance discouraged its use (Suwa et  al. 2005; 
Nomura et  al. 2008). Similarly, a recombinant form of normal body BNP called nesiritide 
was demonstrated to improve left-ventricular function by vasodilation (Yoshimura et  al. 
1991), in addition to improving dyspnea and fatigue (Colucci et al. 2000) in patients suffer-
ing from congestive heart failure. Unfortunately, the drug seems to have an effect on renal 
function and causes high mortality rate in patients (Sackner-Bernstein and Aaronson 2005; 
Sackner-Bernstein et al. 2005; Sackner-Bernstein, Skopicki, and Aaronson 2005). The CD-NP 
chimera was created by the Mayo Clinic to induce the cardiovascular and renal effects of 
these peptides without causing harmful hypotensive side effects (Lisy et al. 2008). In canine 
models of experimental heart failure, these chimeric peptides were natriuretic and diuretic 
while increasing the cardiac unloading and glomerular filtration rate and without the hypo-
tensive effects of BNP (Lisy et al. 2008). Natriuretic peptides with platelet-inhibiting action, 
called lebetin peptides, have been isolated from Macrovipera lebetina. These peptides pos-
sess proline- and lysine-rich domains as part of the N-terminal tail (Barbouche et al. 1996; 
Barbouche et al. 1998).
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19.6 CONVeRGeNCe WITh OTheR VeNOms

See  chapter 18.
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GROUP I PHOSPHOLIPASE A2 
ENZYMES
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20.1 sUmmaRY

Phospholipase A2 are esterolytic enzymes that catalyze the hydrolysis of 1,2-diacyl-3  
-sn-glycerophospholipids at the C2 position, resulting in the formation of lysophospholipids 
and a free fatty acid. They constitute one of the largest families of lipid-hydrolyzing enzymes. 
PLA2s are known to be among the most potent components found in snake venoms, where 
they exhibit a diverse array of pharmacological activities. Pancreatic-type group I PLA2 was 
recruited into the common ancestor of elapid snakes and some non-front-fanged caenophid-
ian snakes (see color plate 3)  to form the snake venom group I  toxin type (SV-GI-PLA2). In 
contrast, synovial-type group II PLA2 was recruited into the viperid snakes to form the snake 
venom group II toxin type (SV-GII-PLA2-) (see  chapter 21). SV-GI-PLA2s are plesiotypically 
neurotoxic, and within elapid snake venoms, they have been shown to evolve rapidly under the 
influence of positive Darwinian selection. This has led to the neofunctionalization of a diversity 
of apotypic activities, including coagulopathy and myotoxicity. As a result, SV-GI-PLA2s have 
tremendous potential as pharmacological exploratory probes and possibly as therapeutics.

20.2 eNDOphYsIOLOGICaL pLesIOTYpe

Phospholipase A2 (PLA2; EC 3.1.1.4) belongs to the family of esterolytic enzymes that cat-
alyze the hydrolysis of the sn-2 fatty acyl bond of glycerophospholipids, releasing lyso-
phospholipids and a free fatty acid. Both of these products act as primary messengers for 
numerous physiological pathways. For example, hydrolysis of the arachidonic acid sn-2 
bond and further processing by various enzymes result in the formation of eicosanoids 
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(Funk 2001), which in turn play a role in a diversity of physiological functions. The PLA2 
family is one of the largest families of lipid-hydrolyzing enzymes, larger than those of 
phospholipase C and phospholipase D (Valentin and Lambeau 2000). PLA2s are involved 
in numerous endophysiological activities, including apoptosis, lipid digestion, signal 
transduction, hypersensitization, host defense, smooth-muscle contraction, reactive oxy-
gen species generation, fertilization, maintenance of cellular phospholipid concentration, 
membrane repair through deacylation/reacylation, production of prostaglandins and leu-
kotrienes that participate in signal transduction and smooth-muscle contraction, produc-
tion of eicosanoids and other lysophospholipid derivatives with potent biological activities, 
and cell migration, proliferation, and differentiation (Arita et al. 1991; Dennis et al. 1991; 
Fry et al. 1992; Nakajima et al. 1992; Sommers et al. 1992; Kudo et al. 1993; Vadas et al. 
1993; Dennis 1994; Roshak et  al. 2000; Balsinde, Perez, and Balboa 2006; Herbert and 
Walker 2006; Zhang et al. 2006c; Bao et al. 2007; Song et al. 2007). The normal functioning 
of PLA2 enzymes is therefore essential for homeostasis. Malfunctioning of these enzymes 
has been associated with numerous diseases, such as adult respiratory distress syndrome, 
asthma, chronic inflammation, osteoarthritis, psoriasis, and rheumatism (Balsinde et al. 
1999; Touqui and Alaoui-El-Azher 2001). They are also associated with autoimmune uve-
itis, myocardial infarction, and septic and endotoxic shock (Mukherjee et al. 2014).

PLA2 enzymes are characterized by the presence of a Ca2+ binding loop (residues 25–33; 
motif Y25-G-C-Y/F-C-G-X-G-G33) that acts as a binding site for Ca2+ ions, which are required 
for catalytic functioning. They also require histidine, tyrosine, and aspartic acid at 48, 52, and 
99, respectively, for catalytic activity. An active region around 15 Å deep is found in all PLA2s, 
which acts as a binding site for phospholipid substrates (Lambeau and Gelb 2008). Five major 
classes of PLA2 enzymes are recognized, based on amino acid sequence, three-dimensional 
structure, site of expression, and catalytic specificity: (i) secreted PLA2 (sPLA2), (ii) cytosolic 
PLA2 (cPLA2), (iii) Ca2+-independent iPLA2, (iv) platelet-activating factor (PAF) acetylhydro-
lases, and (v) lysosomal PLA2.

Secreted PLA2s, which require histidine at their active site for functioning, are abundantly 
secreted in a range of cell types. They have a low MW and are also dependent on Ca2+ ions 
for enzymatic catalysis. They are characterized by the presence of six conserved disulfide 
bonds, and an additional one or two disulfide bonds may also be present (Six and Dennis 
2000; Schaloske and Dennis 2006). SV-GI-PLA2 was recruited from within the secreted PLA2, 
specifically from pancreatic group I PLA2. Pancreatic group I PLA2s aid in the digestion of 
phospholipids, are expressed as zymogens or proenzymes, and require the liberation of the 
propeptide domain (around eight residues) as part of posttranslational modification in pres-
ence of trypsin.

Genes encoding group I PLA2s have four exons and three introns (Seilhamer et al. 1986; 
Kerfelec et  al. 1990). These PLA2s are stabilized by seven disulfide bonds, require Ca2+ for 
enzymatic catalysis, and are characterized by a low MW of around 13–14 kDa (Heinrikson, 
Krueger, and Keim 1977). They possess two antiparallel beta sheets and three alpha helices 
and are typically 114–120 residues long. The highly conserved N-terminal domain, which also 
contributes significantly to the hydrophobic channel, is believed to stabilize the adjacently 
located β-wing (Scott 1997). The absence of this domain has been correlated with the loss of 
catalytic function in certain PLA2 enzymes (Scott et al. 1991). Characteristic of the pancreatic 
group I PLA2s is a loop known as the pancreatic loop, which connects the catalytic α-helix to 
the β-wing.
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20.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Snake venom group I PLA2s (SV-GI-PLA2s) have been isolated mostly from elapid snake ven-
oms but have also been isolated from other snake families, excluding viperid snakes. The 
PLA2 are regarded as one of the most toxic enzymatic venom components in the secretions 
of advanced snakes and are well known for the diversity of pharmacological activities they 
exhibit. PLA2 enzymes were isolated for the first time from the venoms of Naja naja and N. tri-
pudians (now N. kaouthia) (De 1944). Because of their ability to induce hemolysis of red blood 
cells (RBC), they were initially known as hemolysins Numerous additional PLA2s have been 
characterized since then. Despite sharing a high degree of sequence similarity, they exhibit a 
plethora of biological and physiological activities (Braganca and Sambray 1967; Salach et al. 
1971; Vishwanath, Kini, and Gowda 1987; Takasaki, Suzuki, and Tamiya 1990; Kini and Chan 
1999; Kini 2003).

While most group I PLA2s excise the propeptide domain during posttranslational modi-
fication (Francis et al. 1997; Huang et al. 1997), some SV-GI-PLA2s retain them in the mature 
state (Pearson et al. 1993; Jackson et al. 2013). Based upon the similarity in structure and func-
tion of the form isolated from the colubrid snake Trimorphodon biscutatus and that of elapid 
snakes, it is hypothesized that the plesiotypic form of SV-GI-PLA2 is a neurotoxic monomer 
that retains the pancreatic loop (Fry et al. 2003c; Huang and Mackessy 2004; Lumsden et al. 
2004b; Fry et al. 2008). Neurotoxicity results from physical damage to nerve terminals (Harris 
et al. 2000; Fry et al. 2003c; Huang and Mackessy 2004; Lumsden et al. 2004a; Rigoni et al. 
2004; Rigoni et al. 2005; Fry et al. 2008). Such SV-GI-PLA2s have been isolated and character-
ized widely from elapid snake venoms, including Micrurus frontalis frontalis (Francis et al. 
1997), Notechis scutatus (Francis, Bdolah, and Kaiser 1995), Ophiophagus hannah (Huang 
et al. 1997), Oxyuranus scutellatus (Fohlman, Lind, and Eaker 1977), and Pseudonaja textilis 
(Pearson et al. 1993). They have also been recovered from the venom of the colubrid snake 
T. b.  lambda (Fry et al. 2003c; Huang and Mackessy 2004; Lumsden et al. 2004b; Fry et al. 
2008). These neurotoxins bind irreversibly to motor nerve terminals (Cull-Candy et al. 1976; 
Prasarnpun et al. 2005), leading to depletion and/or impaired release of acetylcholine vesicles 
and resulting in the degeneration of the terminal (Cull-Candy et al. 1976; Dixon and Harris 
1999; Harris and Goonetilleke 2004; Prasarnpun et  al. 2005). The neuromuscular blockade 
induced by these toxins occurs in the following steps: (i) a sudden decline in the release of ace-
tylcholine, (ii) an increase in the release of acetylcholine, and (iii) the complete inhibition of 
the neuromuscular junction (Su and Chang 1984; Dixon and Harris 1999; Aird 2002; Hodgson 
and Wickramaratna 2002; Lewis and Gutmann 2004; Doley and Kini 2009). Because of dam-
age caused to nerve terminals, clinical recovery is slow and depends on the rate of regeneration 
and formation of new neuromuscular junctions (Harris and Goonetilleke 2004; Prasarnpun 
et al. 2005).

Venom composition and activity not only varies across lineages but may also vary between 
closely related species within the same clade (Mackessy 2010). The evolution of prey-specific 
toxins in species with specialized diets also induces intraspecific variation in venom com-
position (Jorge da Silva and Aird 2001; Barlow et al. 2009). A correlation between diet and 
variation in PLA2 has been demonstrated in a number of snake lineages. Aipysurus eydouxii, 
Aipysurus mosaicus, and Emydocephalus annulatus have evolved to feed exclusively on fish 



330  VeNOmOUs RepTILes aND TheIR TOxINs

eggs (Voris and Voris 1983; Gopalakrishnakone and Kochva 1990). Consequently, these spe-
cies of sea snake have atrophied venom glands and have even lost effective fangs (McCarthy 
1987; Gopalakrishnakone and Kochva 1990). As a result of this remarkable dietary shift, pre-
existing negative selection pressures constraining the diversification of PLA2s in their venoms 
have been alleviated, and the genes encoding PLA2 enzymes have accumulated several deleteri-
ous mutations (Li, Fry, and Kini 2005a). Not surprisingly, there is a 50- to 100-fold decrease in 
the toxicity of venom of these species relative to that of other species in the same genus.

20.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

A wide diversity of structurally and functionally apotypic forms of SV-GI-PLA2s have been 
isolated and characterized. The most obvious structural variation is the loss of the pancreatic 
loop. Depending on whether they possess a pancreatic or an “elapid” loop, SV-GI-PLA2s have 
been divided into group IA and group IB enzymes, respectively. However, as the loop has been 
lost on several independent occasions (see figures 20.1 and 20.2), this simplistic division is 
artificial, and these groups are not reciprocally monophyletic.

Presynaptic neurotoxic SV-GI-PLA2s may be structurally apotypic because of the aggre-
gation of two or more chains, which may be held together by covalent or noncovalent 
bonds or a combination thereof (Yang, Dignam, and Gentry 1997). Such complexes include 
β-bungarotoxins, taipoxins, textilotoxins, MitTx, and taicatoxin.

The β-bungarotoxins (β-Btx), found in the venom of Bungarus species, are a well-studied 
presynaptically active complex (Strong et al. 1976). They are composed of two chains linked 
by a disulfide bond; chain A is a pancreatic-loop containing a SV-GI-PLA2, while chain B is a 
kunitz peptide (see  chapter 15) (Kondo, Narita, and Lee 1978a). The two chains are stabilized by 
a disulfide bond (Bon 1997). Like plesiotypic SV-GI-PLA2 toxins, β-bungarotoxins induce pre-
synaptic neurotoxicity characterized by the depletion of synaptic vesicles, destruction of motor 
nerve terminals, and reinnervation following axonal degeneration (Dixon and Harris 1999). 
However, β-bungarotoxins are also known to cause calcium influx through voltage-gated Ca2+ 
ion channels. They also induce an increased release of acetylcholine via the SNARE (SNAP 
[soluble N-ethylmaleimide-sensitive factor attachment protein] receptor) complex, resulting 
in the depletion of synaptic vesicles (Prasarnpun et al. 2005).

Taipoxins are extremely potent neurotoxic heterodimeric SV-GI-PLA2 complexes with 
an LD50 value of 2 μg/kg in mice (Fohlman et al. 1976). They were isolated for the first time 
from O. scutellatus venom but were later also retrieved from the venom of O. microlepidotus 
(Fohlman 1979; Kuruppu et al. 2005a; Hodgson, Dal Belo, and Rowan 2007). Subsequently, this 
complex was revealed to have evolved at the base of the Australian snake radiation (Jackson 
et  al. 2013). This complex is composed of an extremely toxic α subunit, a nontoxic/neutral 
β subunit (with two interchangeable β1 and β2 isoforms), and a moderately toxic γ subunit 
(Fohlman et  al. 1976; Lind 1982). The α and β subunits lack the pancreatic loop, while the 
slightly larger (and glycosylated) γ subunit retains the pancreatic loop and has an eight-residue 
N-terminal extension resulting from upstream cleavage of the propeptide region. While the 
neurotoxic activity is driven by the α subunit, the toxicity of the α subunit by itself is much 
lower than that of the full complex (Fohlman et al. 1976; Francis et al. 1993; Kuruppu et al. 
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2005a). The SV-GI-PLA2s isolated from Austrelaps superbus venom that exhibit weak neuro-
toxic activity (van der Weyden et al. 1997; van der Weyden et al. 2001) might in fact be γ sub-
units that have been separated from the rest of the complex.

Textilotoxins are extremely potent (murine LD50:  1  µg/kg) SV-GI-PLA2 complexes that 
cause presynaptic blockade of neuromuscular transmission by disrupting the regulatory 
mechanism that controls acetylcholine release (Su et al. 1983; Wilson et al. 1995b). This toxin 
has the most complex structure and highest toxicity of any identified snake-venom neurotoxin 
(Tyler et al. 1987). The structure was initially reported as being composed of five noncovalently 

FIGURE 20.1: molecular phylogeny of sV-GI-pLa2s showing the multiple losses of the pancreatic 
loop and the multiple derivations for use in disulfide-linked complexes (Jackson et al. 2013).
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linked subunits (A, B, C, and D, with D existing as a covalently linked dimer) (Tyler et al. 1987; 
Pearson et  al. 1993), but more recent evidence points instead to two alternative hexameric 
structures of (A/B)2C2D2a or (A/B)CD2aD2b, where D2a and D2b refer to differentially glycosyl-
ated dimers of the dimeric subunit D (Aquilina 2009). The subunits differ from one another 
structurally and functionally: (i) subunits A, B, and C lack the pancreatic loop, while subunit 
D retains it; (ii) subunit A exhibits toxic activity, whereas subunits B and C are nontoxic; (iii) 
subunit D exhibits weak phospholipase activity (Pearson et  al. 1993). To date, only studies 
concerning isolation and characterization from P. textilis have been published, and therefore, 
the relative presence and diversity in other species of Pseudonaja remain to be elucidated. It is 
anticipated that textilotoxin will be recovered from the venoms of other species of Pseudonaja, 
although it appears that P. modesta lacks textilotoxin (Jackson et al. 2013).

Lesser studied complexes include MitTx and taicatoxins. MitTx is a heteromeric SV-GI-
PLA2 complex made up of a SV-GI-PLA2 and a kunitz peptide (see  chapter 15). This complex 
acts as a powerful agonist on acid-sensing ion channels (ASICs), inducing excruciating pain 
(Bohlen et al. 2011).Taicatoxins are composed of three noncovalently linked subunits in a 1:1:4 
stoichiometric ratio: (i) 3FTx (see  chapter 8), (ii) neurotoxic PLA2, and (iii) kunitz peptides (see 
 chapter 15). It has been demonstrated that this oligomeric complex is capable of blocking Ca2+ 
channels (Brown et al. 1987).

As outlined in the sections above, the plesiotypic action of SV-GI-PLA2s is presynap-
tic neurotoxicity (Bon 1997). However, numerous SV-GI-PLA2s with a diversity of apotypic 
toxic activities have also been isolated and characterized, including cardiotoxins, myotoxins, 
platelet-aggregation inhibitors, and activation of the muscarinic receptor. Examples include the 

FIGURE 20.2: sequence alignment of “taipoxin/paradoxin”-like sV-GI-pLa2 presynaptic complex 
subunits (Jackson et al. 2013). α-subunit (1) Q45Z43 (Oxyuranus microlepidotus), (2) Q45Z48 
(Oxyuranus scutellatus), (3) GaGZ01000028 (Acanthophis wellsi), (4) a6mFm9 (Rhinoplocephalus 
nigrescens), (5) GahI01000025 (Suta fasciata), (6) B5G6G1 (Tropidechis carinatus). β-subunit (7) Q45Z46 
(O. microlepidotus), (8) Q45Z53 (O. scutellatus), (9) GaGZ01000024 (A. wellsi), (10) GahI01000027 
(S. fasciata). γ-subunit (11) Q4VRI6 (O. scutellatus), (12) GaGZ01000027 (A. wellsi), (13) Q9pUG7 
(Austrelaps superbus), (14) GahI01000030 (S. fasciata).
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acidic OHVA-PLA2 isolated from the venom of O. hannah, which exhibits myotoxicity, cardio-
toxicity, and antiplatelet effects (Huang, Wang, and Liu 1993; Huang and Gopalakrishnakone 
1996; Huang et al. 1997). The cardiotoxic action of OHVA-PLA2 is a result of it causing an 
increase in the level of intracellular Ca2+ (Huang, Wang, and Liu 1993). In addition, potent 
myonecrotic SV-GI-PLA2s have been retrieved from the venoms of Australasian elapids (Mebs, 
Ehrenfeld, and Samejima 1983), including Acanthophis, Micropechis, Notechis, Pseudechis, and 
various sea snakes (Ducancel et al. 1988; Kuruppu et al. 2005b). Sea snakes and Pseudechis spe-
cies are known to be particularly rich in such PLA2s (Lind and Eaker 1981; Kamiguti et al. 1994; 
Laing et al. 1995; Fry et al. 2003c). MiPLA1, retrieved from the venom of Micropechis ikaheka, 
was the PLA2 known to cause hemoglobinuria (Gao and Xie 1999). This activity was attributed 
to leakage in the kidneys rather than lysis of red blood cells. PLA2 toxins in the venoms of 
other Australian elapid snakes, such as A. superbus, are capable of causing platelet-aggregation 
inhibition (Subburaju and Kini 1997; Chow et  al. 1998). Three PLA2 isoenzymes (praelon-
gins 2bIII, 2cII, and 2cIV) that exhibited antiplatelet activity were isolated from the venom of 
Acanthophis praelongus (Sim 1998). Certain PLA2 enzymes, such as CM-I, CM-II, and CM-IV 
from the venom of Naja nigricollis (Evans et al. 1980), exhibit an anticoagulant activity that 
appears to be independent of their hydrolytic activity (Boffa et  al. 1976; Evans et  al. 1980; 
Verheij et al. 1980a). These PLA2s are categorized into strongly (inhibits coagulation of blood 
at concentrations of less than 2 µg/ml, such as CM-IV) and weakly (anticoagulant at concen-
trations ranging from 3 to 10 µg/ml, such as CM-I, CMII) anticoagulant enzymes (Boffa and 
Boffa 1976; Verheij et al. 1980a). Their molecular targets are soluble proteins of the coagula-
tion pathway. Activation of the muscarinic receptor causes a dose-dependent contraction of 
smooth muscle (Huang et al. 2008).

20.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

SV-GI-PLA2s exhibit numerous pharmacological activities:  anticoagulation, antiparasitic, 
bactericidal, cytotoxic, cardiotoxic, edema-inducing, hypotension-inducing, myotoxic, 
platelet-aggregation inducing and inhibiting, and pre- or postsynaptically neurotoxic, which 
may or may not be dependent on their phospholipid hydrolytic activity (Kini 2003). As a result, 
SV-GI-PLA2s have tremendous potential as pharmacological exploratory probes and as direct 
therapeutics. For example, N-type and M-type receptors, a group of PLA2-binding proteins, 
were discovered using the neurotoxic SV-GI-PLA2 OS2 from the venom of O.  s.  scutellatus 
(Lambeau and Lazdunski 1999). In addition, ASIC channels, which are known to participate in 
the sensation of pain, were characterized using MitTx (Bohlen et al. 2011; Olivera and Teichert 
2011). A SV-GI-PLA2 called NN-XIa-PLA2, which was isolated from the venom of N. naja, was 
found to be cytotoxic toward Ehrlich ascites tumor cells (Basavarajappa and Gowda 1992). 
The antineoplasmic activity of SV-GI-PLA2s has significant therapeutic potential. A diversity 
of pharmacological properties of bee venoms, such as neurite outgrowth induction, caused by 
PLA2 have recently been reported (Nakashima, Kitamoto, and Arioka 2004). Group IB PLA2s 
(pancreatic PLA2) exhibits antiparasitic activity and is capable of preventing Plasmodium fal-
ciparum infection of erythrocytes (Deregnaucourt and Schrevel 2000). SV-GI-PLA2s isolated 
from snake venoms also have demonstrated bactericidal activity (Forst et al. 1986).
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20.6 CONVeRGeNCe WITh OTheR VeNOms

The PLA2s found in viperid snake venoms are structurally similar to the PLA2s found in mam-
malian inflammatory secretions and are an independent recruitment, this time of a group 
II PLA2 (SV-GII-PLA2) (see  chapter  21) (Fry and Wüster 2004). The PLA2s in the venom of 
Anguimorpha lizards are another independent recruitment, this time of group III PLA2 (see 
 chapter 24). PLA2s have also been independently recruited in the venoms of multiple arthro-
pod orders (such as bees, centipedes, scorpions, spiders, ticks) and of coleoids and jellyfish 
(Kini 1997; Valdez-Cruz, Batista, and Possani 2004; Hariprasad et al. 2007; Fry, Roelants, and 
Norman 2009; Ruder et al. 2013b; Zamudio et al. 1997). In the venoms of these animals, they 
possess numerous toxin activities, such as myotoxicity, neurotoxicity, cardiotoxicity, cytotox-
icity, hemolytic activity, muscarinic inhibition, edema induction, platelet inhibition, hypoten-
sion, and inflammatory and anticoagulant action (Harris 1985; Rosenberg 1990; Hawgood 
and Bon 1991; Yang 1994; Gutiérrez and Lomonte 1995; Kini and Evans 1997; Ownby 1998; 
Teixeira et  al. 2009). Group III PLA2s constitute the major component of honeybee (Apis 
mellifera) venom (up to 12% of the venom) (Habermann 1972; Sobotka et al. 1976; King and 
Spangfort 2000). Group III PLA2s have also been isolated from the venoms of coleoids and 
scorpions (Kini 1997; Zamudio et al. 1997; Valdez-Cruz, Batista, and Possani 2004; Hariprasad 
et al. 2007; Fry, Roelants, and Norman 2009; Ruder et al. 2013b). Similar to the other Group III 
PLA2s, the coleoid PLA2 sequences have a lengthy propeptide region, followed by a 10-cysteine 
arrangement in the mature toxin. However, PLA2 homologues in squid lack the ninth plesio-
typic cysteine, resulting in an odd number of cysteines, which could facilitate dimerization 
(Ruder et al. 2013b). The genes encoding these PLA2s have been shown to be evolving under 
the significant influence of negative selection (Ruder et al. 2013b). Functionally, the musca-
rinic receptor action of apotypic SV-GI-PLA2s is convergent with that of apotypic 3FTxs (see 
 chapter 8.4.1) but with the difference that the SV-GI-PLA2s are agonists while the muscarinic 
3FTxs are antagonists.



C H A P T E R   2 1

GROUP II PHOSPHOLIPASE  
A2 ENZYMES

K .  S UN AG AR,  I .  H.  T S AI,  B .  LOMON TE ,  T.  N .  W.  JACK S ON,  A ND  B .  G .  FRY

21.1 sUmmaRY

Phospholipase A2 are esterolytic enzymes that catalyze the hydrolysis of 
1,2-diacyl-3-sn-glycerophospholipids at the C2 position, resulting in the formation of lyso-
phospholipids and a free fatty acid. They constitute one of the largest families of lipid hydro-
lyzing enzymes. PLA2s are known to be one of the most potent components found in snake 
venoms, where they exhibit a diverse array of pharmacological activities. Group II PLA2 was 
recruited into the viperid snakes to form the snake venom group II toxin type (SV-GII-PLA2). 
In contrast, pancreatic-type group I PLA2 was recruited into the venom of the common ances-
tor of elapid snakes/non-front-fanged caenophidian snakes (see color plate 3) to form the snake 
venom group I toxin type (SV-GI-PLA2) (see  chapter 20). In addition, SV-GII-PLA2s are further 
divided into two major subcategories, D49-SV-GII-PLA2 and K49-SV-GII-PLA2, depending on 
whether the enzyme contains an aspartic acid or a lysine residue at the 49th position. Given 
the essential role of the active site Ca+2 in the esterolytic mechanism, the replacement of the 
calcium-binding Asp49 with a Lys (or Asn, Arg, and Ser) in PLA2s results in the loss of cata-
lytic activity. Thus the ability to induce toxicity is a result of some noncatalytic mechanism by 
the enzyme homologue. Snake-venom PLA2 enzymes have undergone neofunctionalization 
under the significant influence of positive selection, resulting in a diversity of apotypic activi-
ties, such as antiplatelet, anticoagulant, neurotoxic, or antibacterial activities. Most, if not all, 
SV-GII-PLA2s appear to have special pharmacological sites besides the catalytic center, thus 
facilitating apotypic effects. Interestingly, many SV-GII-PLA2s show multiple activities with 
varied potencies. The acidic PLA2s usually are inhibitors of platelet aggregation, while the basic 
PLA2s are diversified to play myotoxic, neurotoxic, or anticoagulant roles. Most of the basic 
SV-GII-PLA2s can cause hypotension, myonecrosis, and edema in experimental animals but 
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with great variation in the duration and potency of their effects. Because of this diversity, these 
toxins possess tremendous potential as investigational ligands, if not as therapeutics.

21.2 eNDOphYsIOLOGICaL pLesIOTYpe

The 14-kDa sPLA2 (PLA2; EC 3.1.1.4) found in the body fluid of vertebrates are membrane- or 
interfacial-active esterases that catalyze the hydrolysis of the sn-2 fatty acyl bond of glycero-
phospholipids and release lysophospholipids and free fatty acids; these products may further 
participate in a diversity of physiological pathways. The sPLA2 have been implicated in an 
array of physiological activities, such as lipid digestion, signal transduction, antimicrobial or 
host defense, apoptosis, prey capture, smooth-muscle contraction, reactive oxygen species gen-
eration, fertilization, production of eicosanoids, and generation of lysophospholipid derivates 
with special biological activities, such as cell migration and proliferation, and differentiation 
(Roshak et al. 2000; Balsinde et al. 2006; Herbert and Walker 2006; Zhang et al. 2006c; Bao 
et al. 2007; Song et al. 2007).

Based on the amino acid sequence, catalytic specificity, site of expression, and three-  
dimensional structure, vertebrate PLA2 have been classified into five major classes: (i) secreted 
PLA2 (sPLA2), (ii) cytosolic PLA2 (cPLA2), (iii) Ca2+-independent iPLA2, (iv) platelet-activating 
factor (PAF) acetylhydrolases, and (v) lysosomal PLA2. The sPLA2 members are further classi-
fied into 10 categories: group IB, IIA, IIC (pseudogene in humans), IID, IIE, IIF, III, V, X, and 
XII. Group IIA PLA2 is one of the sPLA2 types that have been extensively studied. Ca2+ ions 
are extremely important for the catalytic activity of these enzymes (Yu, Berg, and Jain 1993). 
In addition to the catalytic site (D42XCCXXHD49), group II PLA2s are characterized by a Ca2+ 
ion-binding loop domain (X28CGXGG33), which experiences a significant influence of negative 
selection pressure and as a result remains extremely well conserved (Murakami and Kudo 
2002). This domain has been demonstrated to be a result of interaction between the ß-carboxyl 
group of Asp49 and the backbone carbonyl groups of Tyr/X28, Gly30, and Gly32 (Fleer, Verheij, 
and de Haas 1981). These enzymes are known to be acute-phase proteins that are expressed 
in various cells and tissue types, in response to proinflammatory chemical messengers (cyto-
kines). Thus, they play a role in amplifying the inflammatory response.

21.3 pLesIOTYpIC VeNOm TOxIN FORms

Snake venom group II PLA2 (SV-GII-PLA2) appear to be restricted to the viperid snake lineage. 
Population-level variations in the composition of SV-GII-PLA2s have been widely noted in pit 
viper venoms (see Creer et al. 2003; Tsai et al. 2004). The potently myotoxic forms (see Kihara 
et al. 1992) that contain aspartic acid at the 49th alignment position are the plesiotypic form 
and are referred to as D49-SV-GII-PLA2. It has been hypothesized that binding of a water mol-
ecule at 3 Å from N-terminus is required for esterolysis, as the Ca2+-conjugated water molecule 
acts as a nucleophile (Verheij et  al. 1980b). Since the D49-SV-GII-PLA2 plesiotypic function 
(enzymatic activity) is dependent on the active site Ca2+ ion, the PLA2 structure shows slight 
variation in the Ca2+ binding loop (X28CGXGG33), and mutations at this region result in a 
significant reduction in catalytic action (Fukagawa et al. 1993). Additionally, the His residue 
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at the 48th position plays the role of a general base in the reaction mechanism. Chemical modi-
fications of His48 resulted in the loss of both enzymatic and toxic activities (Rodrigues et al. 
1998; Soares et al. 2001; Soares and Giglio 2003). Site-directed mutagenesis of these residues 
has found concordant results (van den Bergh et al. 1988; Ward et al. 2002; Petan, Krizaj, and 
Pungercar 2007).

21.4 apOTYpIC VeNOm TOxIN FORms

In addition to the plesiotypic myotoxic activity, apotypic monomeric D49-SV-GII-PLA2s have 
been characterized. Pharmacological studies reveal certain functional types of the D49-SV-
GII-PLA2s, including platelet-interacting hemotoxins that are commonly or abundantly 
expressed in pit viper venoms (see Fuly et al. 1997; Fuly et al. 2000; de Faria et al. 2001; Xu 
et al. 2002; Fuly et al. 2003; de Albuquerque Modesto et al. 2006; Wang et al. 2008; Vargas 
et al. 2012) and presynaptic neurotoxins that block acetylcholine release, so far identified in 
neotropic rattlesnake venom and venoms of certain Daboia, Gloydius, and Vipera (Ritonja and 
Gubensek 1985; Mancheva et al. 1987; Jan et al. 2002; Chen et al. 2004; Gao et al. 2009; Yang 
et al. 2015). Some D49-SV-GII-PLA2s also show weak presynaptic neurotoxicity in addition to 
medium anticoagulant effects by binding to coagulation factor FXa and inhibiting the pro-
thrombinase activity (Faure, Gowda, and Maroun 2007). Interestingly, other D49-SV-GII-PLA2s 
with more potent presynaptic neurotoxic activities usually show lower anticoagulant effects 
(see Petan et al. 2005). The variation between closely related forms that differ in apotypic activ-
ity (coagulopathy versus neurotoxicity) allows the elucidation of the structure-function rela-
tionships (Saul et al. 2010; Tsai, Wang, and Hseu 2011b).

In addition to existing as monomers, neurotoxic apotypic D49-SV-GII-PLA2s also exist as 
covalently linked neurotoxin complexes that may be homodimers (Tsai et  al. 1995)  or het-
erodimers characterized by a basic toxic subunit and an acidic nontoxic subunit that acts as a 
chaperone (Mancheva et al. 1984; Perbandt et al. 1997; Banumathi et al. 2001; Gao et al. 2009; 
Faure et al. 2011; Petrova, Atanasov, and Balashev 2012). The stoichiometry of both subunits 
is one-to-one in the venom (of some Crotalus, Daboia, and Vipera species), and no free sub-
units have been detected. Interestingly, a point mutation (His48 to Gln48) in the acidic subunit 
impairs the catalytic activity of the acidic subunit of some of the heterodimeric PLA2 tox-
ins from Viperinae venom, resulting in a unique evolutionary scenario, where the catalytic 
and toxic functions of one subunit are being modulated by an inactive and nontoxic subunit 
(Banumathi et al. 2001).

The presynaptically active, noncovalently linked D49-SV-GII-PLA2 complexes from Crotalus 
venoms are a particularly intricate toxin complex. They are characterized by subunit A (des-
ignated as CA) being posttranslationally cleaved into three polypeptide chains stabilized by 
the seven intrachain disulfide bonds and bind to chain B (designated as CB) (Aird et al. 1985; 
Bouchier et al. 1991; Faure et al. 1991). Unlike CA, which is noncatalytic and nontoxic, CB 
by itself is capable of causing a weak neuromuscular blockade, while the CA/CB complex is 
extremely potently neurotoxic. When the complex binds to the synaptic membranes through 
CB, there is a dissociation and release of the CA subunit (Bon et al. 1979). This extremely potent 
complex has been retrieved from numerous Crotalus venoms, with isoforms from different 
populations of Crotalus durissus terrificus alone (Faure et al. 1991), each differing by only a few 
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residues (Bouchier et al. 1988; Faure and Bon 1988). Other species for which this complex has 
been isolated include C. horridus, C. oreganus helleri, C. scutulatus scutulatus, C. vegrandis, 
C. viridis concolor, C. tigris, and Sistrurus catenatus tergeminus (Bieber, Tu, and Tu 1975; Ho 
and Lee 1981; Pool and Bieber 1981; Straight and Glenn 1988; Chen et al. 2004; Calvete et al. 
2012; Sunagar et al. 2014). While this indicates that this complex is widely distributed among 
rattlesnake venoms, there may be extreme expression differences within a population, such as 
has been demonstrated for C. d. terrificus, C. o. helleri, and C. s. scutulatus (Glenn and Straight 
1978; Lourenco et al. 2013; Sunagar et al. 2014). Despite the differences in expression levels, it 
is quite notable that this complex evolves at a very slow rate, displaying extreme conservation 
between these three divergent species (see color plate 8G).

A different form of neurotoxic PLA2 has been characterized in Bitis species (Vulfius et al. 
2011). The isolation and characterization of this toxin type from the giant species Bitis arietans 
in addition to the small species B. atropos suggest that it is ubiquitous in the venoms of spe-
cies within this genus. However, the large species B. arietans, B. gabonica, B. nasicornis, and 
B. rhinoceros have venoms that are dominated by hemorrhagic SVMP among other destruc-
tive toxins. In contrast, the venoms of the small species B. atropos, B.  caudalis, B.  cornuta, 
B. heraldica, B. inornata, B. peringueyi, B. rubida, B. schneideri, and B. worthingtoni appear 
to be rich in this toxin type, particularly B. atropos. It is for this reason that as part of first aid 
for envenomations by these small viper species, pressure-immobilization bandages are not 
contraindicated, as these venoms do not produce massive local tissue swelling or necrosis as is 
characteristic of large Bitis species (see  chapter 2).

Based on whether they have an Asp (D) or Lys (K) residue at position 49 in their amino acid 
sequence, SV-GII-PLA2s in pit viper venoms are further divided into two subtypes: D49-SV-
GII-PLA2 and K49-SV-GII-PLA2 (Ownby et  al. 1999; Six and Dennis 2000; Lomonte and 
Rangel 2012).

Until the discovery of myotoxic K49-SV-GII-PLA2 in Agkistrodon piscivorus piscivorus snake 
venoms (Maraganore et al. 1984), only D49-SV-GII-PLA2s were known (Marcussi et al. 2007), 
because biochemists usually assay the lipolytic or hydrolytic activity during PLA2 purifica-
tion from the crude venoms. Later, by HPLC-Mass and/or cloning, other noncatalytic PLA2 
variants including N49-SV-GII-PLA2s and R49-SV-GII-PLA2s have been found in some Asian pit 
viper venoms (Tsai et al. 2004; Chijiwa et al. 2006; Mebs et al. 2006; Wei et al. 2010). S49-SV-
GII-PLA2s, where Asp49 is replaced by a Ser residue, have been found in the venoms of certain 
true vipers, such as Echis carinatus sochureki (Polgar et al. 1996), Vipera ammodytes ammo-
dytes (Krizaj et al. 1991), and V. renardi (Tsai et al. 2011a).

The K49 substitution results in loss of the hydrolytic activity on substrates (artificial 
or natural) (Fernandez et  al. 2013). However, they are toxic despite the loss of enzymatic 
activity, with toxic modes of action including cytolysis, edema induction, liposome disrup-
tion, and myotoxicity (Lomonte, Angulo, and Calderon 2003). The toxic activities of these 
K49-SV-GII-PLA2s are attributed to residues 115–129 (Lomonte et al. 1994), numbering at the 
C-terminal region (Renetseder et al. 1985; Scott et al. 1992; Chioato et al. 2002; Chioato and 
Ward 2003; Chioato et al. 2007). Some have proposed that the low catalytic activity of K49-SV-
GII-PLA2 enzymes is a result of contamination with D49-SV-GII-PLA2s (van den Bergh et al. 
1988; Krizaj et al. 1991; Scott et al. 1992), while others consider it an intrinsic property (Liu 
et al. 1990; Shimohigashi et al. 1995). However, more recent studies based on the generation of 
recombinant Lys49 and Ser49 toxins support the former possibility in solving this controversy, 
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by demonstrating that such recombinants proteins lack PLA2 activity (Ward et al. 2002; Petan, 
Krizaj, and Pungercar 2007).

The effects of K49-SV-GII-PLA2s on skeletal muscles are histopathologically indis-
tinguishable from their D49-SV-GII-PLA2 counterparts (Fletcher and Rosenberg 1997; 
Gutiérrez and Lomonte 1997). While both myotoxin types induce Ca2+ entry and release 
of ATP, their mechanisms for sarcolemmal damage differ, since the former lack phospho-
lipolytic activity (Fernandez et  al. 2013). Numerous basic myotoxic PLA2 isoforms have 
been isolated and characterized from diverse pit viper venoms (Gutiérrez, Ownby, and 
Odell 1984; Homsi-Brandeburgo et al. 1988; Soares et al. 1998; Andriao-Escarso et al. 2000; 
Angulo et al. 2005; Lomonte et al. 2009). They have been shown to exhibit a diversity of 
toxic activities, such as edema induction, cell lysis, and myonecrosis (Lomonte et al. 2009). 
Myotoxic PLA2s are known to act more rapidly, relative to their nonenzymatic counter-
parts (Fletcher, Selistre de Araujo, and Ownby 1997). A noncovalently linked homodimeric 
K49-SV-GII-PLA2 known as bothropstoxin I has been isolated from the venom of Bothrops 
jararacussu. At pH 5.0, bothropstoxin I dissociates into monomers and loses the ability to 
disrupt liposomes (de Oliveira et al. 2001). Later studies indicated that the cell-damaging 
effects of these enzymes are certainly reduced at lower pH, although not completely abol-
ished, and that the dimeric nature of these enzymes enhances their toxic activity (Angulo 
et al. 2005).

21.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

Besides playing a significant role in the digestion of dietary phospholipids, cationic or basic 
SV-GIIA-PLA2s, as well as some acidic PLA2s, are known to exhibit potent antimicrobial activ-
ity against both Gram-positive and Gram-negative bacteria (Paramo et al. 1998; Koduri et al. 
2002; Nevalainen, Graham, and Scott 2008; Vargas et al. 2012). They are characterized by high 
positive surface charges that bind and disrupt the lipopolysaccharide layer of Gram-negative 
bacteria and sometimes in association with the bactericidal or permeability-increasing protein 
or the membrane attack complex (Gronroos et al. 2005; Tsai et al. 2007; Nevalainen, Graham, 
and Scott 2008). A study that examined eight myotoxic sPLA2s suggested that this effect could 
be common to most SV-GIIA-PLA2s (Santamaria et al. 2005).

Although the substitution of Asp with a Lys at the 49th position results in loss of catalytic 
activity, K49-SV-GIIA-PLA2s are known to exert several toxic effects, such as myotoxicity, lethal-
ity, edema, and pain (Lomonte and Gutiérrez 1989; Chaves et al. 1998; Landucci et al. 2000; 
Soares et al. 2000; Chacur et al. 2003). They are also known to be cytotoxic to a large number 
of cell types in culture (Lomonte, Tarkowski, and Hanson 1994; Lomonte et  al. 1999), and 
to disrupt the liposomal bilayers (Diaz et al. 1991; Rufini et al. 1992) and degranulate mast 
cells (Landucci et al. 1998). Such toxic activities are not dependent on the hydrolysis of phos-
pholipids. Instead, a cationic and hydrophobic C-terminal region is implicated in their toxic 
actions (Lomonte et al. 1994; Nuñez, Angulo, and Lomonte 2001; Chioato et al. 2002). As a 
result, K49-SV-GII-PLA2s are excellent models for investigating the diversity of aforementioned 
cellular effects that are not dependent on the PLA2 activity. Moreover, K49-SV-GII-PLA2s have 
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been demonstrated to exhibit a spectrum of activities in a lymphoblastoid cell line, including 
apoptosis, cell proliferation, and necrosis (Mora et al. 2005).

The diversity of biological activities exhibited by venom PLA2s, including anticoagu-
lant (Lakshminarayanan et al. 2003; Karbovs’kyi et al. 2007; Zouari-Kessentini et al. 2009), 
anti-HIV (Fenard et  al. 1999), antimalarial, and antiparasitic (Deregnaucourt and Schrevel 
2000), antitumor (Jerusalinsky et al. 1995; Jebali et al. 2009; Zouari-Kessentini et al. 2009), 
antiangiogenic effects (Fujisawa et al. 2008; Bazaa et al. 2010; Kessentini-Zouari et al. 2010), 
and bactericidal activities (Páramo et al. 1998; Perumal Samy et al. 2007), makes them ideal 
candidates for drug design and development. The recently demonstrated antiangiogenic and 
antitumor activity of certain viper venom PLA2s, such as that of CC-PLA2-1, CC-PLA2-2, and 
MVL-PLA2 from the venoms of Cerastes cerastes, has been promising in anticancer therapeu-
tics (Zouari-Kessentini et al. 2009; Bazaa et al. 2010; Kessentini-Zouari et al. 2010).

21.6 CONVeRGeNCe WITh OTheR VeNOms

PLA2s have convergently recruited in the venoms of non-front-fanged caenophidian snakes 
and elapid snakes (see  chapter 20) and anguimorph lizards (see  chapter 24). PLA2s were also 
independently recruited in the venoms of multiple arthropod orders including centipedes, 
insects, scorpions, spiders, ticks and have also been documented in the venoms of cnidaria 
and coleoids.
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22.1 sUmmaRY

Sarafotoxins (SRTxs) are only found in the venoms of the enigmatic side-stabbing snake genus 
Atractaspis. These peptides belong to the vasoconstrictive endothelin (ET) family. The ple-
siotypic ETs modulate the contraction of cardiac and smooth muscles in physiological tis-
sues of vertebrates. ETs, which are physiological homologues of toxic sarafotoxins, seem to 
be only present in vertebrate animals and are capable of causing envenoming actions upon 
overdosage, suggesting that these proteins share not only similar structures but also biochemi-
cal functions. The chief envenoming action of sarafotoxins is from its effect on the vascular 
smooth-muscle system.

22.2 eNDOphYsIOLOGICaL pLesIOTYpe

ETs are considered the most potent vasoconstrictors (Yanagisawa et  al. 1988; Barton and 
Yanagisawa 2008). The vasoactive properties of endothelin-1 have made this toxin peptide 
best known for its role in inducing hypertension. However, studies in the past twenty years 
have revealed that the ET system plays a much wider role in mammalian biology (see Khimji 
and Rockey 2010) and probably has an important role as a vertebrate-specific signaling path-
way (Braasch, Volff, and Schartl 2009). ETs were shown to have effects on the cardiac system. 
They contribute to myocardial contractility, chronotropy, and arrhythmogenesis (Barton and 
Yanagisawa 2008).

Reconstruction of the evolutionary history of the endothelin system, which consists in ET 
ligands and their G-protein-coupled receptors, indicated that this system is a vertebrate-specific 
innovation (Braasch, Volff, and Schartl 2009). It was shown that ET ligands and their receptor 
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have been duplicated during whole-genome duplication events. Generally, each ET receptor 
can bind all ET peptides but with different affinities. Mammalian ETA has higher affinity to 
ET-1 and ET-2 (Arai et al. 1990), whereas ETB has similar affinities to all ET ligands (Sakurai 
et al. 1990). Frog ETC preferentially binds ET-3 (Karne, Jayawickreme, and Lerner 1993).

22.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Sarafotoxins are unique toxins found only in the venom of Atractaspis species. So far, SRTx-like 
peptides have been isolated from the venoms of four Atractaspis species:  A.  engaddensis 
(SRTx-a, b, c, and d/e), A. bibroni (bibrotoxin); A. microlepidota (from east Africa, SRTxm1-5), 
and A.  irregularis (SRTxi1-3) (Takasaki et  al. 1988; Becker et  al. 1993; Hayashi et  al. 2004; 
Quinton et al. 2005). The SRTxs from A. engaddensis and from A. bibroni are 21 amino acid 
peptides (similar to the ETs), whereas SRTxs (called “long SRTx) isoforms that were isolated 
from the other two Atractaspis species are 24 or 25 amino acid peptides.

The evolutionary history of the SRTx/ET genes indicates that the SRTx lineage diverged 
from a common plesiotypic gene prior to the first gene duplication event that took place in 
the ETs’ lineage (Landan et al. 1991a; Landan et al. 1991b). This notion is further supported 
by a comparison of the ET and the SRTx gene structures. The genes encoding the different ET 
isopeptides contain a single stretch of a mature ET peptide and are located on separate chro-
mosomes (Arinami et al. 1991), whereas a complete cDNA encoding the SRTx from A. engad-
densis shows a polycistronic gene organization (Ducancel et al. 1993). This cDNA encodes for 
a polypeptide precursor that consists in 12 successive stretches of 40 residues, each contain 
a “spacer” sequence followed by a sequence of one of six SRTx isoforms. A SRTx precursor 
possessing a polycistronic organization was also identified in the venom gland of A. micro-
lepidota (Hayashi et al. 2004). The longest cDNA fragment that was isolated from this gland 
corresponds to the C-terminal of the precursor. It consists of seven tandem stretches of 48 
amino acids corresponding to five different SRTx isoforms (see  figure 22.1). Each contains a 
“spacer” sequence followed by a sequence of one of five 24 amino acid long SRTx isoforms. It 
should be noted that even though the lengths of the tandem repeat stretches in the two latter 
described SRTx precursors are different, their mature and spacer domains are highly similar 
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FIGURE 22.1: The unique multidomain precursor organization of sarafotoxins. s = signal peptide; 
p = propetide; sFTx = sarafotoxin peptide.
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(see Bdolah 2010). Two clones that encode for two precursors of SRTx isoforms were identified 
in the venom gland of A. irregularis (Ducancel 2005). Only one form of mature SRTx emerges 
from each precursor.

Comparison of three-dimensional structures of ET-1 and SRTx-b revealed that they adopt 
(i) an α-helical motif stabilized by a disulfide bond and characterized by an extended structure 
of the first three or four amino acids, (ii) a β-turn in +5 to +8 residues, (iii) an α-helical con-
formation from Lys9-Cys15, and (iv) a linear C-terminus (Tamaoki et al. 1991; Atkins, Martin, 
and Smith 1995). Site-directed mutagenesis of SRTx-b revealed that serine at position +2 was 
vital for vasoconstriction (Lamthanh et al. 1994). Similarly, site-directed mutagenesis of ETs 
has highlighted the importance of carboxy and amino acid side chains of terminal residues, 
such as Asp8, Glu10, and Phe14, in influencing the binding affinities of ETs to their native 
receptors (Nakajima et al. 1989). Iodine-labeled SRTxs revealed that they have a high affinity 
for rat atrial and brain membranes, and their binding is quite rapid yet reversible.

The resemblance of the structure of the SRTx precursors of A. engaddensis and A. micro-
lepidota may suggest that these two species have evolved from a common ancestor. It should 
be noted that Atractaspis has been proposed as being of two distinct lineages (Underwood 
and Kochva 1993). The microlepidota group was considered to include species found in west-
ern, central, and eastern Africa, the Sinai Peninsula, and much of Arabia and Israel; however, 
this was before the distribution was revised, with the distribution of A. microlepidota con-
fined to western Africa, while the populations of Saudi Arabia are defined as A. andersoni and 
A. engaddensis (Trape, Mané, and Ineich 2006; Dobiey and Vogel 2007; David and Vogel 2010). 
The bibroni group extends across western, central, eastern, and southern Africa (including 
A. bibroni and A. irregularis). Members of the bibroni group have venom glands that are con-
fined to the head region, whereas members of the microlepidota group have venom glands that 
continue down from the neck to reach from one-tenth to one-fifth of the body length. Among 
the microlepidota group, both A. engaddensis and A. microlepidota have a polycistronic SRTx 
gene organization, but whereas the former is the most toxic among the species of Atractaspis, 
the venom of A. microlepidota (from east Africa) shows a very low toxicity, probably because of 
a much lower SRTx-like content (see Bdolah 2010).

Having a common molecular origin and sharing homology in three-dimensional struc-
tures, it is not surprising that the ETs and the SRTxs also have similar pharmacological charac-
teristics. Overdose of ET-1 was shown to have lethal capacity in mice similar to that of SRTx-b 
(Bdolah et al. 1989). The prominent cardiotoxic effects of the crude venom of A. engaddensis 
and of its isolated SRTx have been clearly established (Weiser et al. 1984; Wollberg et al. 1988). 
Experiments with anesthetized mice and with isolated cardiac preparations have shown that 
the SRTx cause coronary vasoconstriction in addition to exerting direct effects on the conduc-
tion system of the mammalian heart. The toxicity of a 24 amino acid long SRTx-isoform (a 
synthetic SRTx-m of Atractaspis microlepidota) was also analyzed. In comparison to SRTx-b, 
this peptide has a lower lethality (two- to three-fold higher LD50); it has similar cardiovascular 
effects but of lower potency (Hayashi et al. 2004). The cardiotoxic effects of SRTxs have also 
been demonstrated in other vertebrates (see Kochva, Bdolah, and Wollberg 1993).

The main toxic effect of the SRTxs derives from their effect on the vascular smooth-muscle 
system. Using rabbit aortic rings, it was demonstrated that SRTx-b, which is the most toxic peptide 
of A. engaddensis, induced the highest maximal tension as compared with the other SRTxs of this 
species. SRTx-a induced only 60% maximal response, but its potency in this system was similar to 
that of SRTx-b. SRTx-c, which has a very low toxicity in mice, also induced a negligible contractile 
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response in the rabbit aortic system (Wollberg, Bdolah, and Kochva 1989). SRTx-m induced simi-
lar maximal contractile response in this system; however, the potency of SRTx-m was more than a 
magnitude lower than that of SRTx-b (Hayashi et al. 2004). Bibrotoxin and SRTx-b showed similar 
contractile responses when tested with rat thoracic preparations (Becker et al. 1993).

The contractile effects of SRTxs were also demonstrated in nonvascular smooth-muscle sys-
tems (Kochva, Bdolah, and Wollberg 1993). In the guinea pig ileum, the most toxic isopeptide, 
SRTx-b, once again induced the most effective contractile response, whereas SRTx-c induced 
a very weak response, and SRTx-d/e produced practically no response. In the rat uterus, at the 
proestrus, estrus, and metestrus stages, SRTx-b, SRTx-c, and ET-1 showed essentially simi-
lar effects in isolated uteri preparations but to different degrees (Wollberg et al. 1992). These 
included (i) a slight increase in maximal tension, (ii) suppression of the spontaneous rhythmic 
contraction, and (iii) an increase in the rate of rhythmic contractions.

The use of radio-labeled SRTx-b made it possible to demonstrate high-affinity binding sites 
(Kd 3–4 nM, Bmax ~100 fmol/mg protein) in rat heart and brain preparations. These earlier 
experiments also showed that the SRTxs are potent activators of the phosphoinositide-signaling 
pathway (Kloog et al. 1988). Competition-binding experiments between the labeled SRTx-b and 
other SRTxs, and also with ETs, revealed that peptides of the ET/SRTx superfamily compete 
for similar receptors and activate similar signaling pathways (Kloog and Sokolovsky 1989). 
However, some differences in the response to ETs or SRTxs were reported. In the Egyptian 
mongoose, which is resistant to the venom of Atractaspis, intravenous administration of 
SRTx-b at a high dose of 13 times the LD100 for mice resulted in reversible electrocardiographic 
disturbances. Unlike ET-1, SRTx-b failed to induce contraction of the isolated mongoose aorta 
(Bdolah et al. 1997). Binding studies revealed SRTx- and ET-specific binding sites in brain and 
cardiovascular preparations of the mongoose. It was thus suggested that SRTx/ET receptors 
in the mongoose contain features that enable them to differentiate between the two peptides. 
SRTxs and ETs also activate different signal-transduction cascades (including cyclic AMP and 
cyclic GMP production and others) in different tissues. These diversified effects have been 
attributed to the existence of different SRTx/ET receptor subtypes and/or activation of differ-
ent G-protein pathways in different tissues (see Sokolovsky and Shraga-Levine 2001).

Recently, a study was carried out to explore the structural effect and functional signifi-
cance of the C-terminal extensions of three or four amino acids that are observed in the 
case of long SRTxs in the venoms of A. microlepidota and A. irregularis (Mourier et al. 2012). 
They are characterized by different C-terminus extensions that follow the invariant Trp21, 
which plays a crucial role in endothelin-receptor binding: namely, SRTx-m (24 amino acids 
including the extension D-E-P) and SRTx-i3 (amino acids including the extension V-N-R-N). 
Both peptides were shown to be highly toxic in mice and displayed the cysteine-stabilized 
α-helical motif that characterizes ETs and short SRTxs, to which a longer C-terminus with 
variable flexibility is added. To discern the functional and pharmacological consequences of 
the supplementary amino acids, different chimerical in addition to truncated forms of SRTxs 
were designed and synthesized: (i) removing the extra C-terminal residues of SRTx-m or i3 
or (ii) grafting the latter onto the C-terminal extremity of the short SRTx-b from A. engad-
densis. Competitive-binding assays toward iodinated endothelin-1 binding to cloned ETAR 
and ETBR receptor subtypes overexpressed in CHO cells revealed the essential role of the 
C-terminus extensions for ET-receptor recognition. Indeed, l-SRTx display an affinity three 
to four orders of magnitude lower as compared with SRTx-b for the two receptor subtypes. 
Moreover, grafting the C-terminus extension to SRTx-b induced a drastic decrease in affinity, 
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while its removal (truncated l-SRTx) yielded an affinity for ET receptors similar to that of 
s-SRTx. Furthermore, it has been shown by intracellular Ca2+ measurements that l-SRTx, along 
with s-SRTx, display agonistic activities. Thus, this new family of SRTx/ET displays a major 
difference in potency and also the crucial role of the C-terminus extension in their various 
pharmacological profiles. Finally, one of the chimeric toxins chemically synthesized in this 
study appears to be one of the most potent and selective ligand of the ETB receptor known 
to date. These results emphasize the interest in systematically exploring Atractaspis venoms 
and venom-gland transcriptomes to tentatively identify and categorize novel SRTx isoforms 
capable of displaying diverse functional activities. Finally, it appears from this last study that 
natural long SRTxs display very low affinities for the two main abundant ET receptors and a 
high toxicity in mice. That contradictory result suggests that some SRTx isoforms may interact 
and recognize different targets from the short SRTxs. Thus, these new SRTxs may constitute 
attractive tools to enhance our understanding of the ET axis functioning and complexity. Also, 
these new isoforms may be the starting point in designing new SRTx-derived drugs.

22.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

It is currently unclear whether the long or short form is the plesiotypic state.

22.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

In humans, ETs are produced by various organs following a complex biosynthetic path-
way requiring the cleavage of propeptides by endothelin-converting enzymes to obtain the 
mature and physiologically active endothelin. Among the three ETs, ET-1 is the most abun-
dant isoform and is mainly generated within the vascular wall. Once secreted, the ETs exert 
their biological action in a paracrine or autocrine fashion and intervene in a wide range of 
physiological functions, such as vascular-tone homeostasis, neural-crest development, ovar-
ian cycle, cell proliferation, angiogenesis, and inflammation. In addition to their pleiotropic 
physiological properties, ETs (and particularly ET-1) have also been involved in a variety of 
diseases, such as pulmonary hypertension, congestive heart failure, atherosclerosis, chronic 
kidney disorders, neoplasia, asthma, myocardial arrhythmias, and ischemia. Moreover, their 
overexpression is also associated with numerous types of cancers, such as prostate, ovar-
ian, colorectal, bladder, breast, and lung carcinomas (Kawanabe and Nauli 2011). To medi-
ate their numerous physiopathological effects, ETs activate two distinct G-protein-coupled 
receptors:  ETA receptor (ETAR) and ETB receptor (ETBR). ETBR equally binds all three 
endothelin isoforms, whereas ETAR shows a higher affinity for ET-1 and ET-2 than for ET-3. 
Both receptors present a quasi-ubiquitous expression pattern, but ETAR predominates on 
vascular smooth-muscle cells and cardiomyocytes, while ETBR is particularly abundant on 
vascular endothelial cells. Of the two receptors, ETBR is often considered the regulating 
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and beneficial subtype, as it is able to counteract the prohypertensive, prohypertrophic, and 
proliferative signaling pathways triggered by ETAR. Moreover, ETBR is also involved in the 
clearance of endothelins from bloodstream and tissues, which prevents harmful endothe-
lin accumulation. Consequently, a decrease in ETBR expression (often coupled to an aug-
mented ETAR expression) has been associated with several pathological situations involving 
the endothelin axis. Nevertheless, the apparent dichotomy between the “good” ETBR and 
the “damaging” ETAR is not so straightforward. Indeed, ETBR overexpression and/or over-
activation (most of the time paralleled by an ETAR up-regulation) have been correlated 
to the progression of diseases such as atherosclerosis, liver cirrhosis, or systemic sclerosis. 
Furthermore, the pathological role of ET receptors has also been particularly documented 
in the field of oncology (Bagnato and Rosano 2008; Bagnato, Spinella, and Rosano 2008). 
In addition to its role as a potent endogenous vasoconstrictor and mediator of cardiovas-
cular and renal disorders, ET-1 is also a candidate progression factor in many tumor types. 
ET-receptor activation seems to promote tumor progression by means of several mecha-
nisms, including cell proliferation, inhibition of apoptosis, matrix remodeling, and bone 
deposition in skeletal metastases through activation of osteoblasts.

Following the discovery of the ETs and their receptors, antagonists for ET receptors became 
available (Aubert and Juillerat-Jeanneret 2009). It took several more years of basic research, 
studies with experimental animals, and clinical trials before the first ET-receptor antagonist, 
bosentan (Tracleer), was approved in the United States and Europe for treatment of arterial 
hypertension (Rubin and Roux 2002). This is a life-threatening condition that can severely 
affect the function of the lung and the heart. Bosentan was shown to improve functional status 
of patients with this disease and slow clinical deterioration. Ongoing clinical trials are evalu-
ating ET-receptor antagonists for treatment of cardiovascular disorders, cancers, and other 
diseases. Clearly, ET antagonists are promising new agents in the treatment of the different 
pathologies and diseases in which the ET axis (ETs and their receptors) is involved. Several 
ET-receptor antagonists are in clinical trials (Tamkus et al. 2009).

Among other potential ET-antagonists, “weak” SRTxs, such as SRTx-d/e, were consid-
ered as potential peptides that may interfere with the binding of ETs to their receptors. 
Preliminary experiments have indicated that SRTx-d/e inhibited smooth-muscle contraction 
by SRTx-b (Wollberg et al. 1998). Thus, an exploration of the hitherto unknown SRTx-like 
peptide in the different species of Atractaspis may provide a useful contribution to the dis-
covery of novel antagonists. The recent discovery of the so-called long SRTxs (Ducancel 
2005)  illustrates the interest of further exploring the natural molecular, structural, and 
functional biodiversity that seems to exist within SRTxs in Atractaspis species. From a phar-
macological point of view, it has been shown that natural long SRTxs or engineered ones are 
able to display variable affinities for ETAR and/or ETBR and, most interestingly, different 
specificity of recognition that may be particularly useful in designing new clinical drugs 
(Mourier et al. 2012). Thus, one of the chimeric SRTxs synthesized in this study appears to 
be one of the most potent and selective ligand of the ETB receptor known to date.

22.6 CONVeRGeNCe WITh OTheR VeNOms

There is none.
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23.1 sUmmaRY

Snake venom metalloprotease enzymes (SVMPs) are members of a large multilocus gene 
family that encodes functionally and structurally diverse venom proteins responsible for 
impairing hemostasis in bite victims. SVMPs are related to ADAM-TS and ADAM proteins; 
the SVMP scaffold recruited for a role in venom at the base of the caenophidian radiation is 
related to ADAM 7, ADAM 28, and ADAM decysin 1 proteins. Following its recruitment, the 
plesiotypic SVMP lost protein domains associated with the ADAMs, resulting in the forma-
tion of P-III SVMP, which contain just metalloprotease, disintegrin-like, and cysteine-rich 
domains. Following the divergence of viperid snakes from the remaining caenophidian 
snakes, a duplicated SVMP P-III gene evolved by positive selection into a P-II SVMP via loss 
of the cysteine-rich domain. Subsequently, P-I SVMP have evolved independently in many 
viperid snake lineages by convergent loss of the P-II disintegrin domain and adaptive evolu-
tion of the metalloprotease domain. The consequence of this diverse evolutionary history is the 
expression of multiple, structurally distinct SVMP isoforms in the venom of viperid snakes. 
Members of all three major classes of SVMP (P-I, P-II, and P-III) have been characterized as 
hemorrhagic, but as the loss of nonprotease domains has occurred over time, the hemorrhagic 
potency of the toxins appears to have decreased. Consequently, the plesiotypic P-III class of 
SVMP exhibits the lowest minimum hemorrhagic doses observed to date, and they are more 
hemorrhagic than the apotypic P-I and P-II forms. These proteins exhibit an array of func-
tional activities, some of which are pertinent to the development of novel human therapeutic 
and diagnostic compounds. In nature, the various forms likely act synergistically to impair the 
cardiovascular system of their prey and, in the case of snakebite accidents, humans.
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23.2 eNDOphYsIOLOGICaL pLesIOTYpe

SVMPs are classified as adamalysins, which, alongside the matrixins, astacins, and serraly-
sins, are members of the metizincin gene superfamily (Bode, Gomis-Ruth, and Stockler 1993; 
Huxley-Jones et  al. 2007). Within the adamalysin subfamily, the SVMPs are grouped with 
ADAM (a disintegrin and metalloprotease) and ADAM-TS (ADAM with thrombospondin 
motifs) proteins, because they share the disintegrin-like and metalloprotease domains that char-
acterize the latter groups (Hite et al. 1994; Jia et al. 1996; Fox and Serrano 2005; Huxley-Jones 
et al. 2007). ADAMs, ADAM-TSs, and SVMPs exhibit complex structural arrangements that 
consist of a number of conserved domains, alongside some that are unique to each group (see 
figure 23.1). The prodomain and metalloprotease domain are typically conserved throughout 
the adamalysins, which is indicative of their shared evolutionary history (Andreini et al. 2005; 
Fry 2005; Casewell 2012). However, the domains that sequentially extend these regions are 
highly variable: ADAM-TS proteins have diverse C-terminal regions which typically contain a 
disintegrin-like and cysteine-rich domain followed by thrombospondin domain repeats; while 
the ADAMs contain disintegrin-like, cysteine-rich, epidermal-growth-factor- (EGF-)like, 
transmembrane, and cytoplasmic domains (see  figure 23.1). The domain variability observed 
in the C-terminal region of SVMP has been used for toxin classification:  those that do not 
extend past the metalloprotease domain are classed as P-Is, while P-IIs contain a disintegrin 
domain and P-IIIs the disintegrin-like and cysteine-rich domains also present in their ances-
tors (see  figure 23.1).

ADAMs are widely recognized as highly diverse peptidases and are often referred to as 
“sheddases,” because a number of family members are responsible for catalyzing the shed-
ding of membrane-bound protein domains, effectively acting as the molecular switch that 
activates biological receptors (Black et al. 1997; Srour et al. 2003; White 2003; Blobel 2005). 
Proteolysis by ADAMs influences a variety of physiological receptors, growth factors, and 
cytokines, and this activity is associated with key roles in angiogenesis, neurogenesis, and, 
potentially, fertilization (Blobel 2005). Some ADAMs appear to function through proteolyti-
cally independent mechanisms, for example, by acting as receptors themselves (Fukata et al. 
2006). The ADAM-TS proteins can be broadly defined as substrate-specific secreted proteases 
(Apte 2004). The ancillary domains of these adamalysins may be responsible for the substrate 
specificity they exhibit, as the protease domain alone is unable to process native substrates (Cal 
et al. 2002). ADAM-TS may influence angiogenesis and coagulation and regulate cell-matrix 
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interactions by processing extracellular molecules such as von Willebrand factor, procollagens 
and aggrecan (Hall et al. 2003; Apte 2004).

The adamalysins originate from a common ancestor (Andreini et  al. 2005), with the 
ADAM-TS proteins diverging at the base of the adamalysin gene radiation (see figure 23.2) 
(Casewell 2012). Within this metizincin subfamily, the ADAMs and SVMPs form a clade, and 
the SVMPs are monophyletic, indicating that the recruitment of this toxin type into the venom 
of the advanced snakes is likely the result of a single event (see  figure 23.2) (Moura-da-Silva 
et al. 1996; Fry and Wüster 2004; Fry 2005; Fry et al. 2008; Casewell 2012). The ADAM scaf-
fold recruited into snakes was likely also the ancestor of ADAM 7, ADAM 28, and ADAM 
decysin-1 (ADAM DEC1) proteins, as these three proteins form a sister clade to the SVMPs 
(see  figure  23.2) (Casewell 2012). These three ADAMs cluster on the same chromosome in 
humans, and they may have originally shared a novel function distinct from other ADAMs 
(Bates, Fridman, and Mueller 2002). However, their functional activities have subsequently 
diverged: (i) ADAM 7 is expressed in the epididymis and may enable sperm motility and fertil-
ization (Oh, Han, and Cho 2009); (ii) ADAM 28 is found in a variety of tissues and is associated 
with integrin binding, facilitating enzymatic cleavage of the extracellular matrix, and the tran-
sendothelial migration of lymphocytes (Fry 2005; McGinn et al. 2011); and (iii) ADAM-DEC1 
is expressed in macrophages and dendritic cells and associated with pathogenesis in the lungs, 

Outgroup

ADAMTS

ADAM

SVMP

Basal SVMPs

Derived SVMP radiation

0.99

0.4

0.92

1.00

1.00
0.98

1.00

1.00
Naja atra 126035683

Homo sapiens NP_003808 ADAM 7
Homo sapiens NP_055080 ADAM 28

Homo sapiens NP_055294 ADAM DEC1
Anolis carolinensis  XP_003226913 ADAM 28

Ophiophagus hannah 124007159

A

B

FIGURE 23.2: evolutionary history of the adamalysins (Casewell 2012). (a) aDams and sVmps form 
a sister group to the aDam-Ts proteins. Nodes with black and gray circles indicate significant 
support (Bayesian posterior probabilities of 1.00 and > 0.95, respectively). (B) mammalian aDam 
7, 28 and DeC1 and reptilian aDam 28 form a sister group to the sVmps. Note that the derived 
sVmp radiation has been collapsed (indicated by black triangles) to facilitate the display of the 
evolutionary relationship.



350  VeNOmOUs RepTILes aND TheIR TOxINs

although its specific proteolytic function remains unknown (Shapiro 2003; Crouser et al. 2009). 
Perhaps relevant to the subsequent evolution of SVMPs in snake venom is the fact that ADAM 
DEC1 has lost a number of C-terminal domains, including the cysteine-rich domain and part 
of the disintegrin domain (Bates, Fridman, and Mueller 2002). The ADAM scaffold recruited 
into caenophidian snake venom lost the EGF-like, transmembrane, and cytoplasmic domains 
over evolutionary time (Gutiérrez et al. 2009), resulting in the P-III structure observed at the 
base of the SVMP radiation. This is notable because the evolutionary history of the SVMP 
toxin type is punctuated by domain loss (Casewell et al. 2011a), suggesting that the ancestor of 
these two sister groups (SVMPs and ADAM 7/ADAM 28/DEC1) may have been predisposed 
to gene truncation. These metalloproteases retain the zinc-binding motif (HEXXHXXGXXH).

23.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The plesiotypic P-III SVMP consist of metalloprotease, disintegrin-like, and cysteine-rich 
domains that exhibit close similarity to apotypic SVMPs. Notably, patterns of cysteine resi-
dues observed in the plesiotypic SVMP are also conserved in their nonvenom ADAM ances-
tors, mammalian ADAM 7, ADAM 28, and ADAM DEC1 and reptilian ADAM 28 (Casewell 
2012). The SVMP toxin family is associated with a wide range of functional activities, but the 
plesiotypic activity is the induction of hemorrhage. This hemorrhage is the result of proteo-
lytic cleavage of basement membrane components present in capillary vessels, which likely 
results in the distention of the capillary wall, the disruption of endothelial cell integrity, and, 
ultimately, extravasation (Gutiérrez et al. 2005; Gutiérrez et al. 2006; Gutiérrez, Rucavado, and 
Escalante 2009).

P-III SVMPs have been isolated from a wide variety of taxa, including members of all three 
front-fanged caenophidian snake lineages, in addition to non-front-fanged lineages (Ovadia 
1987; Tan and Saifuddin 1990; Assakura et al. 1992; Assakura, Reichl, and Mandelbaum 1994; 
Kamiguti et al. 2000; Fox and Serrano 2005; Fry et al. 2008; Casewell et al. 2011a). To date, all 
SVMPs isolated from snakes other than viperids are of the P-III class and form two clades at 
or near the base of the toxin radiation (see  figure 23.2) (although some have been described 
as atypically truncated; see section 23.4.4). The amount of SVMPs in elapid snake venoms is 
typically low (Leao, Ho, and Junqueira de Azevedo 2009; Correa-Netto et al. 2011; Fernandez 
et al. 2011; Jiang et al. 2011; Petras et al. 2011), implying that these toxins may only play a minor 
or perhaps conserved role in prey envenoming. In contrast, the amount in the venoms of 
non-front-fanged and viperid snakes is extremely variable. For example, the non-front-fanged 
caenophidian snakes Thamnodynastes strigatus and Philodryas olfersii exhibit contrasting 
SVMP venom-gland expression levels of around 5% and around 52% of all toxins, respectively 
(Ching et al. 2006; Ching et al. 2012), and some other non-front-fanged lineages also express 
very large amounts (Fry et al. 2003c; Fry et al. 2008). Nonetheless, the diversity of SVMPs in 
nonviperid snakes is typically lower than that observed in viperid snake venoms. The plesio-
typic P-III SVMPs from nonviperid venoms have been largely uncharacterized. Those that 
have been characterized include the form from Ophiophagus hannah, which inhibits plate-
let aggregation and produces fibrinolysis characterized by the degradation of the α-chain of 
human fibrinogen (Guo et al. 2007), activities similar to those of plesiotypic P-III SVMPs from 
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viperid snake venoms. While it has yet to be demonstrated in the laboratory, the extremely 
large amounts of SVMPs in the venoms of Atractaspis species are likely responsible for the 
extreme tissue destruction observed following envenomations by species from this genus (see 
color plates 12C–12D).

23.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The P-III-like structure that was recruited into the venom of snakes at the base of the caeno-
phidian snake radiation has undergone considerable structural and functional alteration over 
evolutionary time. In light of the conservation of cysteines in the P-III plesiotypic SVMPs, the 
gain and loss of additional cysteine residues important for facilitating structural changes and 
posttranslational modifications of apotypic SVMPs are the direct result of amino acid substi-
tutions following the recruitment of the SVMP scaffold into venom.

23.4.1 apOTYpIC p-III sVmps

While P-III SVMPs are structurally plesiotypic, a number of them possess apotypic activities. 
For example, while the P-III SVMP from the elapid snake O. hannah exhibits fibrinolytic activ-
ity, this function is atypical for P-III SVMPs and is more commonly associated with the P-I 
SVMP class (see section 23.4.3). In addition, the apotypic capability of prothrombin activation 
appears to have evolved convergently at least three times in the P-III SVMPs, once near the 
base of the SVMP radiation in elapid snakes, once in the viperid snake genus Echis, and once 
in the viperid snake genus Bothrops (Nishida et al. 1995; Yamada, Sekiya, and Morita 1996; 
Gao, Kini, and Gopalakrishnakone 2002; Loria et al. 2003; Silva et al. 2003). An elapid snake 
venom P-III SVMP that activates prothrombin is the form from the venom of Micropechis 
ikaheka (Gao, Kini, and Gopalakrishnakone 2002). While it has yet to be demonstrated in the 
laboratory, the large amounts of P-III SVMPs in Dispholidus typus venom are likely respon-
sible via prothrombin activation for the profound disruption of blood chemistry characteristic 
of envenomations by this species.

The SVMP diversification observed in viperid snake venoms is indicative of the importance 
of these toxins. Proteomic and transcriptomic analyses of venom from numerous members of 
the viperid snakes have revealed SVMPs to be the most highly expressed protein family, mak-
ing up as much as 74% of the venom (Junqueira de Azevedo and Ho, 2002; Bazaa et al. 2005; 
Wagstaff and Harrison 2006; Gutiérrez et al. 2008; Casewell et al. 2009; Wagstaff et al. 2009). 
It is worth noting that P-I and P-II SVMPs, absent from nonviperid snakes, often contribute 
substantially to this representation. Although the general trend in the viperid snakes is venom 
with large quantities of SVMPs, the venom of some species contains surprisingly low levels (see 
Junqueira de Azevedo et al. 2006). Following the split of the viperid snakes from the remaining 
caenophidian snakes, gene duplication resulted in considerable diversification of P-III SVMPs 
within the former, with multiple P-III isoforms typically retained in the venom of any one 
species (Junqueira de Azevedo and Ho 2002; Bazaa et al. 2005; Wagstaff and Harrison 2006; 
Gutiérrez et al. 2008; Casewell et al. 2009; Wagstaff et al. 2009).
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Apotypic P-III SVMP subclasses include those that remain intact (P-IIIa), those that pro-
teolytically process the disintegrin-like and cysteine-rich domains (P-IIIb), those that form 
intact dimeric structures (P-IIIc), and those that bond covalently with C-type lectin venom 
components (P-IIId) (see figure 23.3) (Fox and Serrano 2008). The P-IIIb and P-IIIc SVMP sub-
classes are independently monophyletic (see figure 23.4), indicating that the evolution of their 
posttranslational modifications have evolved only once each. The P-IIIc SVMP subclass evolved 
early in the diversification of viperid snake venom SVMPs, as evidenced by their position near 
the base of the phylogenetic tree (see  figure 23.4). Representatives of the P-IIIc SVMP subclass 
have been isolated from members of both the Crotalinae and the Viperinae. Contrastingly, 
the P-IIIb SVMP subclass has only been recovered from Crotalinae, although proteolytically 
processed P-III SVMPs have been isolated proteomically from Viperinae (Bazaa et al. 2005; 
Wagstaff et al. 2009). This posttranslational modification may therefore have evolved in paral-
lel, though the mechanism remains uncharacterized. Two independent origins of the P-IIId 
SVMP subclass exist in separate Viperinae lineages, one prior to the divergence of Macrovipera 
and Daboia (P-IIId-I) and another restricted to members of the genus Echis (P-IIId-II) (see 
 figure 23.4). The majority of the P-III SVMP isoforms sequenced to date remain structurally 
uncharacterized. While the hemorrhagic activity of P-III SVMPs is predominately dependent 
on the metalloprotease domain, the potency of this activity is seemingly associated with the 
presence of the additional domains that are absent from the P-I and P-II SVMP class. These 
domains presumably augment the proteolytic activity (Fox and Serrano 2005).

High levels of hemorrhagic activity are not a prerequisite for P-III SVMP functionality, 
with minimally active and even entirely nonhemorrhagic P-III SVMPs isolated from members 
of both the Crotalinae and Viperinae (Loria et al. 2003; Silva et al. 2003; Leonardi et al. 2007). 
These particular SVMPs exhibit evidence of additional functional activities; the minimally 
hemorrhagic “ammodytase” isolated from Vipera ammodytes exhibits fibrinolytic activity 
(Leonardi et al. 2007), while “basparin A” and “berythractivase” from the genus Bothrops have 
activate prothrombin (Loria et al. 2003; Silva et al. 2003).
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Some P-III SVMPs have evolved additional procoagulant functions by activating other 
components of the clotting cascade, such as factor X (Kisiel, Hermodson, and Davie 1976; 
Hofmann and Bon 1987; Takeya et al. 1992; Siigur et al. 2004); the molecular characterization 
of these components implies a shared evolutionary origin of this functionality. The pathophys-
iology resulting from procoagulant SVMPs is the consumption of fibrinogen, which results 
in defibrination, where the depletion of coagulant factors renders an individual susceptible 
to hemorrhage (see color plates 11E, 11I–11K, 12C). The combined action of hemorrhagic and 
procoagulant SVMPs can therefore dramatically affect the severity of a snakebite incident. 
Other apotypic activities of P-III SVMPs include the induction of apoptosis and cleavage of the 
blood glycoprotein von Willebrand factor (vWF). Apoptotic P-III SVMPs have been character-
ized from a number of viperid snake venoms, and the capability to selectively induce endothe-
lial cell apoptosis also appears to arise from a single evolutionary origin (Masuda, Hayashi, 
and Araki 1998; Masuda et  al. 2000; Masuda et  al. 2001). Toxin interference with integrin 
binding to extracellular matrix components may be the mechanism of apoptotic action, as in 
vitro analyses suggest apoptosis occurs following the loss of contact between endothelial cells 
and the extracellular matrix (You et al. 2003; Diaz et al. 2005; Tanjoni et al. 2005). Some P-III 
SVMPs, such as jararhagin, contain cysteine-rich domains that are capable of binding to pro-
teins that contain an “A domain,” such as vWF, FACIT collagens XII and XIV, and matrillins 
1–3. Binding to the “A domain” of these proteins blocks their function and appears to target 
the protein for proteolytic cleavage (Serrano et  al. 2000; Serrano et  al. 2005; Serrano et  al. 
2006). This activity can result in the disruption of the structure of the extracellular matrix 
and may also hinder vWF-mediated platelet aggregation (Serrano et al. 2007). A summary of 
P-III SVMP functions characterized to data can be observed in table 23.1, and a more thor-
ough review of the combinatory roles of SVMPs acting to cause pathology has been described 
(Gutiérrez et al. 2009).

23.4.2 p-II sVmp

Following the divergence of viperid snakes from the remaining caenophidian snakes and prior 
to the divergence of Crotalinae from Viperinae, a P-III SVMP gene was duplicated and subse-
quently lost its cysteine-rich domain (Moura-da-Silva, Theakston, and Crampton 1996). This 
process may have occurred by a stop-codon-mediated deletion of the P-III-specific cysteine-rich 
domain followed by the mutation of a cysteine residue present within the P-III-specific ECD 
motif (Sanz, Harrison, and Calvete 2012). This modification removed the structural constraint 
imposed by a disulfide bond, thereby enabling the emergence of the loop observed protrud-
ing from the newly formed disintegrin domain, which is largely responsible for the func-
tional activities of P-II SVMPs (Sanz, Harrison, and Calvete 2012). Accelerated evolution of 
the P-II SVMP precursor is responsible for causing additional changes to the disintegrin-like 
domain (Juarez et al. 2008; Casewell et al. 2011a), and in combination, these two processes 
ultimately resulted in the formation of the disintegrin domain. Positive selection acting on 
surface-exposed amino acid residues present in both the disintegrin-like and metalloprotease 
domains led to the formation of a novel SVMP class (Juarez et al. 2008; Casewell et al. 2011a).

P-II SVMPs have been isolated from a wide taxonomic variety of viperid snake venoms, 
and the majority characterized are capable of posttranslational proteolytic liberation of the 
disintegrin domain from the metalloprotease domain. Subclasses of P-II SVMPs include those 
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that proteolytically process the disintegrin domain (P-IIa), remain intact (P-IIb), form intact 
dimeric structures (P-IIc), and exhibit homodimeric (P-IId) or heterodimeric (P-IIe) processed 
disintegrins (see  figure 23.3) (Fox and Serrano 2008). The two subclasses that do not process 
the disintegrin domain posttranslationally (P-IIb and P-IIc) have only been recovered so far 
from Crotalinae and are positioned phylogenetically at or near the base of the P-II SVMP 

Table 23.1: Biological activities of selected p-III sVmps (Fox and serrano 2005)

Species P-III SVMP Activity References

Bothrops erythromelas Berythractivase Activation of 
prothrombin

Silva et al. 2003

Bothrops jararaca Jararhagin Hemorrhagic; 
inhibition of 
platelet aggregation

Paine et al. 1992b; 
Kamiguti, Hay, and 
Zuzel 1996

Bothrops jararaca HF3 Hemorrhagic; 
activation of 
macrophage 
phagocytosis

Assakura, Reichl, and 
Mandelbaum 1986; 
Silva et al. 2004

Crotalus atrox Atrolysin A Hemorrhagic; 
inhibition of 
platelet aggregation

Fox and Bjarnason 
1995; Jia et al. 1997

Crotalus atrox Catrocollastatin Inhibition of platelet 
aggregation

Zhou, Smith, and 
Grossman 1995; 
Zhou, Dangelmaier, 
and Smith 1996

Crotalus atrox VAP1 Apoptotic Masuda, Hayashi, 
and Araki 1998; 
Masuda et al. 2000

Daboia russelii RVV-X Activation of factor X Takeya et al. 1992; 
Gowda et al. 1994a

Deinagkistrodon 
acutus

Acurhagin Hemorrhagic; 
inhibition of 
platelet aggregation

Wang and Huang 
2002

Echis carinatus Ecarin Activation of 
prothrombin

Kornalik and 
Blomback 1975; 
Nishida et al. 1995

Macrovipera lebetina VLFXA Activation of factor X Siigur et al. 2001; 
Siigur et al. 2004

Naja kaouthia Kaouthiagin Cleavage of vWF; 
inhibition of 
platelet aggregation

Hamako et al. 1998; 
Ito et al. 2001

Protobothrops 
flavoviridis

HR1a, HR1b Hemorrhagic Omori-Satoh and 
Sadahiro 1979; 
Kishimoto and 
Takahashi 2002

Protobothrops 
flavoviridis

HV1 Apoptotic Masuda et al. 2001
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radiation (see  figure 23.4), implying that (i) the plesiotypic P-II SVMP did not exhibit a pro-
cessed disintegrin domain and (ii) these subclasses may have been lost in Viperinae snakes. 
The presence of dimeric clades of SVMPs near the base of both the P-III and P-II radiations 
(see  figure 23.4) may be coincidental but suggests that the formation of a dimeric structure may 
facilitate subsequent diversification and modification of SVMP domain structures. Subsequent 
evolutionary loss of dimerism could provide a functional advantage by reducing toxin size and 
enabling more rapid physiological diffusion in prey (Doley and Kini 2009). It is notable that 
the apotypic forms of P-II SVMPs (such as excluding the P-IIb and P-IIc subclasses) appear 
to have diversified more extensively in the Crotalinae than the Viperinae. A single clade in 
the SVMP tree (see  figure 23.4) contains all representatives isolated to date from members of 
the Viperinae, while Crotalinae P-II SVMPs are represented in multiple clades. Surprisingly, 
this apparent increase in diversification is not reflected by increased abundance of SVMP in 
the venom of these taxa; although processed disintegrins are readily identified in the major-
ity of viperid snake species (typically as venom components with representation of < 10%), in 
general, representation is higher in the Viperinae (2%–18% of toxin components, mean = 7.6%, 
n = 11) than in the Crotalinae (0%–8%, mean = 2.9%, n = 14) (Bazaa et al. 2005; Sanz et al. 
2006; Calvete et al. 2007a; Calvete et al. 2007c; Alape-Giron et al. 2008; Angulo et al. 2008; 
Gutiérrez et al. 2008; Sanz, Ayvazyan, and Calvete 2008; Sanz et al. 2008; Tashima et al. 2008; 
Calvete et al. 2009a; Calvete et al. 2009b; Nunez et al. 2009; Wagstaff et al. 2009).

The majority of P-II SVMPs undergo posttranslational proteolytic processing, resulting in 
the release of the disintegrin domain, which is typically responsible for the functional activ-
ity of these SVMPs (Calvete 2011a). However, some P-IIs are not proteolytically processed, 
including bilitoxin from Agkistrodon bilineatus, which forms an intact dimeric structure 
and exhibits potent hemorrhagic activity (Imai et al. 1989; Nikai et al. 2000); and jerdonitin 
from Protobothrops jerdonii, which is intact and monomeric and dose-dependently inhibits 
ADP-induced platelet aggregation (Chen et  al. 2003a) (see table  23.2). Inhibition of platelet 
aggregation is a characteristic function of the disintegrin domains, despite their variable size 
and disulfide-bond arrangements (Calvete et al. 2005). They function by competitively bind-
ing to integrin receptors, with platelet-aggregation inhibition typically mediated by blocking 
β1 and β3 integrins and guided by a tripeptide motif (usually RGD) found in the integrin bind-
ing loop (Trikha, De Clerck, and Markland 1994). The absence of an RGD motif in bilitoxin 
(replaced by MGD) is likely responsible for the absence of platelet-aggregation inhibition activ-
ity in this protein (Nikai et al. 2000; Chen et al. 2003a). The inhibitory tripeptide sequences 
found in the integrin-binding loops of disintegrins seemingly modulate the selectivity and 
binding affinity for different integrin ligands. For example, the RGD tripeptide targets α5β1, 
α8β1, αVβ1, αVβ3, and αIIbβ3 integrins, whereas MLD targets α4β1, α4β7, α3β1, α6β1, α7β1, and α9β1 inte-
grins; VGD α5β1 integrin; KGD αIIbβ3 integrin; and KTS α1β1 integrin (Scarborough et al. 1991; 
Marcinkiewicz et al. 1997; Marcinkiewicz et al. 1999a; Marcinkiewicz et al. 1999b; Oshikawa 
and Terada 1999; Wierzbicka-Patynowski et al. 1999; Marcinkiewicz et al. 2003). Of these tar-
gets, the αIIbβ3 integrin plays a central role in the aggregation of platelets; following vascular 
damage, this receptor is converted into an active form enabling the binding of ligands such 
as fibrinogen and von Willebrand factor, ultimately facilitating platelet aggregation. Because 
of this, venom disintegrins that interfere with this process have received attention as anti-
platelet agents. Both tirofiban (Aggrastat) and eptifibatide (Integrillin) were designed based 
on snake-venom disintegrins isolated from viperid snake venoms and have been used in the 
treatment of acute coronary syndromes (see section 23.4).



snake Venom metalloprotease enzymes  357

23.4.3 p-I sVmps

Following the loss of the cysteine-rich domain to form the P-II SVMP subtype, the disintegrin 
domain has been lost from the P-II structure on multiple occasions (see  figure 23.4), resulting 
in the formation of the P-I SVMP class (Casewell et al. 2011a). Consequently, P-I SVMPs do 
not contain additional domains that extend the C-terminal end of the metalloprotease domain 
(see  figure 23.1). As with the P-II class, P-I SVMPs have only been identified from the venom 
of viperid snakes. Convergent evolutionary origins of the P-I scaffold have occurred on at least 
nine occasions in a variety of members of the viperid snakes, including genus-specific losses of 
the disintegrin domain in Echis and Macrovipera in the Viperinae and on multiple occasions 
in the Crotalinae lineages of Agkistrodon, Bothrops, Crotalus, and Deinagkistrodon (Casewell 
et al. 2011b). As sampling is incomplete, disintegrin domain loss events have likely occurred 
on a number of additional occasions throughout the evolutionary history of the viperid snakes 
(Casewell et  al. 2011a). In accordance with current models of gene evolution (Hughes 1994; 
Bergthorsson, Andersson, and Roth 2007), it is likely that the precursor of each P-I lineage (such 
as a P-II SVMP) was capable of encoding a primary (disintegrin domain) and secondary function 
(metalloprotease domain). Consequently, selective pressures acting to promote the secondary 
function may have induced gene amplification and facilitated the loss of the primary function 
in the duplicate gene through loss of the disintegrin domain. Subsequently, adaptive evolu-
tion of the metalloprotease domain, with positive selection directed against surface-exposed 
amino acid residues (in a similar way to the evolution of the P-II structure, although in differ-
ent residues), has presumably directly resulted in the neofunctionalization of this SVMP class 
(Casewell et al. 2011a). Abundance of the P-I class in venom varies considerably, with propor-
tional representation in the venom glands and venoms of viperid snakes ranging from complete 
absence to as high as 32% of all toxins (Alape-Giron et al. 2008; Casewell et al. 2009).

Unlike many P-II and P-III SVMPs, which undergo posttranslational cleavage of domains 
found downstream of the metalloprotease domain, the P-I SVMPs are produced as intact mol-
ecules containing only the metalloprotease domain (see  figure 23.3). These proteins do not have 

Table 23.2: Biological activities of selected p-II sVmps (Fox and serrano 2005)

Species P-II SVMP Activity References

Agkistrodon 
bilineatus

Bilitoxin-I Hemorrhagic (Imai et al. 1989; Nikai et al. 2000)

Crotalus atrox Atrolysin E Hemorrhagic; 
inhibition 
of platelet 
aggregation

(Hite et al. 1992; Shimokawa et al. 
1996; Shimokawa et al. 1998)

Gloydius halys 
brevicaudus

MT-d Proteolytic; 
inhibition 
of platelet 
aggregation

(Jeon and Kim 1999b; Jeon and Kim 
1999a)

Protobothrops 
jerdonii

Jerdonitin Inhibition 
of platelet 
aggregation

(Chen et al. 2003a)
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a disintegrin or cysteine-rich domain, as these domains have been lost from the genes encod-
ing such proteins over evolutionary time. Nonetheless, P-I SVMPs are capable of inducing a 
variety of functional activities, including hemorrhage, proteolysis, fibrinolysis, myonecrosis, 
and apoptosis (see table 23.3). These toxins contribute to the profound local tissue destruc-
tion (see color plates 12C–12D) and swelling (see color plates 11D and 12C) characteristic of 
envenomations by Atractaspis and most viperids. Notably, some of these SVMPs possess mul-
tiple activities, such as BaPI from the viperid Bothrops asper, which digests the alpha and beta 
chains of fibrinogen and also exhibits hemorrhagic activity via the proteolytic degradation 
of basement membrane components found in microvessels (Gutiérrez et al. 1995; Rucavado 
et al. 1995). These activities ultimately combine to induce hemorrhage, myonecrosis, blistering, 
inflammation, and edema in vivo (Gutiérrez et al. 1995; Rucavado et al. 1995; Gutiérrez et al. 
2009). Similarly, BpirMP, isolated from the venom of a related species, Bothrops pirajai, exhib-
its fibrin(ogen)olytic, thrombolytic, and weak hemorrhagic activities through the hydrolysis of 
basement membrane components, the cleavage of both α and β chains of fibrinogen and the 
degradation of fibrin and blot clots (Bernardes et al. 2013). Batx-I, from the venom of Bothrops 
atrox, also exhibits both hemorrhagic and fibrinogenolytic activities (Patino et al. 2010), while 
BJ-PI2 from Bothrops jararaca induces fibrinolysis by degrading the α and β chains of fibrino-
gen (da Silva et al. 2012a). BJ-PI2, in contrast to the others, exhibits no hemorrhagic, coagulant 
or myonecrotic activities (da Silva et al. 2012a). P-I SVMPs isolated from other viperid genera 
have been predominantly characterized as hemorrhagic proteins. The Crotalus atrox venom 
protein Ht-d degrades type IV collagen and other basement membrane proteins, contributing 
to pathology by disrupting capillary basement membranes and causing hemorrhage (Shannon 
et al. 1989). Finally, LHF-II, isolated from the venom of Lachesis muta, is a hemorrhagic SVMP 
that also selectively degrades the α chain of fibrinogen (Sanchez et al. 1991).

Table 23.3: Biological activities of selected p-I sVmps (Fox and serrano 2005)

Species P-I SVMP Activity References

Agkistrodon 
contortrix

Fibrolase Fibrinolytic Markland 1996

Bothrops asper BaP1 Hemorrhagic; 
myonecrotic; 
inflammatory

(Gutiérrez et al. 1995; Rucavado 
et al. 1995)

Bothrops pirajai BpirMP Fibrinolytic, 
weakly 
hemorrhagic

(Bernardes et al. 2013)

Crotalus atrox Atrolysin C Hemorrhagic (Shannon et al. 1989; Zhang et al. 
1994a)

Crotalus atrox Atroxase Fibrinolytic (Willis and Tu 1988)
Crotalus ruber HT-2 Hemorrhagic (Mori et al. 1987; Takeya et al. 

1990)
Deinagkistrodon 

acutus
Acutolysin A Hemorrhagic (Gong et al. 1998; Liu et al. 1999)

Lachesis muta LHF-II Hemorrhagic (Sanchez et al. 1991)
Protobothrops 

flavoviridis
H2-protease Proteolytic; 

nonhemorrhagic
(Takeya et al. 1989)

Trimeresurus 
gramineus

Graminelysin I Apoptotic (Wu et al. 2001)
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23.4.4 OTheR apOTYpIC sVmp pReCURsORs

Mapping the evolution of the well-characterized SVMP classes (P-I, P-II, and P-III) and their 
respective subclasses (such as P-IIIb-d and P-IIb-e) onto a species tree of the advanced snakes 
serves to elucidate the likely timing of the origin of these different structural and posttrans-
lational modifications in this diverse toxin family (see figure 23.5). In addition to these struc-
tural arrangements, a number of atypical SVMPs have been described that exhibit different 
domain loss events (figure 23.6).

There are two known examples of P-III SVMP genes that are extensively truncated, result-
ing in the expression of proteins containing only parts of the prodomain (Fry et  al. 2008; 
Casewell et al. 2011a; Brust et al. 2013). These atypical SVMPs have been identified from the 
lamprophiid genus Psammophis and the viperid snake genus Echis, and they lack the metallo-
protease domain (and additional C-terminal domains) and zinc-binding motif that character-
ize the adamalysins. Although these genes have yet to be identified as translated and secreted 
in Echis venom, the resultant toxins are present in Psammophis venom (Fry et  al. 2003c;  
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Brust et  al. 2013), where they exhibit an entirely novel neurotoxic activity:  inhibition of 
postsynaptic α7 nicotinic acetylcholine receptors (Brust et  al. 2013). Notably, domain loss 
in Psammophis has resulted in increased selection pressure, which has driven a rapid rate 
of mutations in the prodomain and resulted in protein neofunctionalization, analogous to 
the processes observed in the evolution of P-I and P-II SVMPs (Casewell et al. 2011a; Brust 
et al. 2013).

Another P-III-related structure that lacks the metalloprotease domain has been identified 
from the genus Echis (Casewell et  al. 2009; Casewell et  al. 2011a); these transcriptomically 
identified components have yet to be identified directly in venom, but the transcripts contain 
a deletion of the entire metalloprotease domain, with the prodomain being directly followed 
by the disintegrin-like and cysteine-rich domains present in typical P-III SVMPs. Also iden-
tified from the genus Echis is a P-II SVMP component that exhibits partial loss of the disin-
tegrin domain; although originally discovered in the venom-gland transcriptome (Wagstaff 
and Harrison 2006), this component has subsequently been identified proteomically (Wagstaff 
et al. 2009).

Short-coding disintegrins have been identified proteomically in venom; these are 
snake-venom disintegrins that are encoded by disintegrin-only genes (signal peptide and dis-
integrin domain only) and in some cases are identical to those obtained from proteolytic pro-
cessing of P-II SVMP genes (Okuda, Koike, and Morita 2002; Francischetti et al. 2004; Juarez 
et al. 2006; Wagstaff et al. 2009). Short-coding disintegrins have presumably evolved from P-II 
SVMP genes that have lost the prodomain and the metalloprotease domain. However, this 
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process appears to have occurred in parallel, with different short-coding disintegrin molecules 
evolving convergently (Sanz-Soler et al. 2012). A summary schematic of the evolutionary his-
tory of domain loss in SVMPs can be found in  figure 23.6, which outlines both the loss of 
domains resulting in the formation of the P-I and P-II classes and the “atypical” domain losses 
described above.

23.5 TheRapeUTIC pOTeNTIaL 

OF The TOxIN TYpe

The disintegrin domain in particular exhibits pharmaceutical activities relevant for human 
drug development. The most well-known and successful products, tirofiban (AGGRASTAT) 
and eptifibatide (INTEGRILIN), were designed based on snake-venom disintegrins and have 
been approved for use as antiplatelet agents. Tirofiban is an αIIbβ3, αvβ3, and αvβ1 integrin antag-
onist based on the RGD containing disintegrin echistatin, which was isolated from the venom 
of Echis carinatus (Chen et al. 1991; Barrett et al. 1994; Topol, Byzova, and Plow 1999). The anti-
thrombotic properties of this protein have great potential for preventing coronary thrombosis 
in animal models (Shebuski et  al. 1990), which prompted pharmaceutical modification for 
human use. Eptifibatide was designed based on the disintegrin barbourin from the venom of 
Sistrurus miliarius barbouri (Scarborough et al. 1991). Barbourin exhibits desirable selectivity 
for αIIbβ3 integrin binding via its KGD motif, and this characteristic was exploited during the 
commercial development and synthesis of eptifibatide (Scarborough et al. 1993). The conse-
quence of both drugs binding to αIIbβ3 integrins is the blockage of this site for fibrinogen bind-
ing, ultimately resulting in the inhibition of platelet aggregation (Huang et al. 1987). In terms 
of chemistry, tirofiban is nonpeptide, while eptifibatide is a peptidomimetic of the respective 
lead toxin molecule. The FDA approved both of these drugs for human use at the end of the 
last century; they are indicated for parenteral delivery for the treatment of acute coronary syn-
dromes (O’Shea and Tcheng 2002; Menozzi, Merlini, and Ardissino 2005; King 2011).

Other disintegrins also show pharmaceutical promise. Rhodostomin, isolated from the 
venom of Calloselasma rhodostoma, exhibits antiinflammatory and tumor-suppressing activi-
ties (Yeh et al. 2001; Tseng, Peng, and Huang 2004). This RGD-containing disintegrin is capa-
ble of binding to activated neutrophils, thereby blocking their adhesion to fibrinogen and 
decreasing superoxide production, which is relevant to inflammation pathways (Tseng, Peng, 
and Huang 2004). The specific binding of rhodostomin to αvβ3 integrins can also result in 
the inhibition of basic fibroblast growth factor, thereby reducing cell proliferation, as demon-
strated in an in vivo murine melanoma tumor model (Yeh et al. 2001). Another disintegrin, sal-
mosin from the venom of Gloydius halys brevicaudus, also exhibits inhibitory activity on cell 
proliferation by activating integrin-mediating signaling molecules. This results in the detach-
ment of cells by interfering with adhesion pathways, ultimately leading to cell apoptosis (Hong 
et al. 2003). Some disintegrins, therefore, offer potential as novel anticancer agents. Another 
disintegrin, crotavirin from the venom of Crotalus viridis, exhibits potential for use in treat-
ing endocarditis, as it interferes with the virulent mechanism by which Staphylococcus aureus 
bacterial infections cause pathology. Crotavirin is a glycoprotein antagonist and is capable 
of interacting with circulating platelets by occupying αIIbβ3 integrins, thereby preventing the 
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activation and aggregation platelets by the bacteria (Liu et al. 2005). Finally, in addition to the 
R/KGD-containing disintegrins described above, a number of disintegrins containing a KTS 
motif exhibit functional activities pertinent to pharmaceutical development. For example, the 
disintegrins obtustatin (from Macrovipera lebetina obtusa venom) and lebestatin (Macrovipera 
lebetina) exhibit specificity for α1β1 integrins, resulting in the inhibition of integrin-mediated 
cell-adhesion migration and tumor growth in vitro, and also show antiangiogenic activity in 
vivo (Marcinkiewicz et al. 2003; Olfa et al. 2005; Brown et al. 2008). Obtustatin in particular 
has great potential as a novel therapeutic compound for the treatment of melanomas that con-
tain a high degree of vascularization (Brown et al. 2008).

In addition to development of disintegrin-derived pharmaceuticals, the enzymatic domains 
also have potential therapeutic use. One of these, fibrolase, is a fibrinolytic P-I SVMP isolated 
from the venom of Agkistrodon contortrix contortrix (Bajwa et al. 1982; Randolph et al. 1992). 
A recombinant form of this protein, termed alfimeprase, was developed as a novel pharmaceu-
tical for the treatment of stroke and catheter occlusion (King 2011). Alfimeprase preferentially 
cleaves the Aα-chain of fibrin(ogen) and is effective at lysing clots in animal thrombosis mod-
els (Swenson et al. 2004). Despite promising results in phase I and II clinical trials (Ouwens 
1912; Moll et al. 2006), phase III trials have been discontinued because of insufficient efficacy 
(King 2011; Koh and Kini 2012).

While the therapeutic use of the enzyme domain is very much in its infancy, the enzymes 
have been tremendously useful as diagnostic agents. Daboia russelii venom was among the 
very first snake venoms utilized in modern medicine. In 1934, trials with locally applied 
D. russelii venom diluted at 1:10,000 resulted in “success to stop hemorrhage” following dental 
extraction in patients with hemorrhagic diathesis (MacFarlane and Barnett 1934). In 1938, 
D.  russelii venom, under the name Rusven, was offered as a “powerful blood coagulant for 
local application in the control of external bleeding” (anonymous 1938). Today, this venom 
(and pure toxins) are used in a wide array of diagnostic assays. The P-III metalloprotease eca-
rin, the venom of Echis carinatus, is a potent prothrombin-activator. Ecarin specifically cata-
lyzes prothrombin to a-thrombin via the formation of a meizothrombin intermediate (Morita, 
Iwanaga, and Suzuki 1976b; Morita, Iwanaga, and Suzuki 1976a) and is also able to gener-
ate α-thrombin from abnormal prothrombin produced by treating mammals with vitamin K 
antagonists (Nelsestuen and Suttie 1972c; Nelsestuen and Suttie 1972b; Nelsestuen and Suttie 
1972a). Consequently, ecarin has been used clinically for many years in the “ecarin clotting 
time” test, where it acts as a standard to quantify the use of direct thrombin inhibitors in 
patients, particularly in anticoagulant therapy utilizing r-hirudin (Nowak 2003). Another 
ecarin-based clinical diagnostic assay is a confirmatory test for lupus anticoagulants, utilizing 
the clotting time ratio between ecarin and TV-fXa (see  chapter 13) from either Pseudonaja 
textilis or Oxyuranus scutellatus venoms (Triplett et al. 1993; Moore, Smith, and Savidge 2003; 
Moore 2007).

D. russelii venom is also used for the determination of factor X activity in human plasma. 
Russell’s viper venom time (RVVT, Stypven time) is the plasma clotting time induced by 
D. russelii venom (Stocker 1998; Kini 2005b; Siigur and Siigur 2010). The factor-X-activating 
P-IIId from D.  russelii hydrolyzes human factor X heavy-chain Arg52-Ile53 bond, convert-
ing factor X into factor Xa; this is the same cleavage site as used by the endogenous physi-
ological factor X activators, factor IXa and VIIa (Fujikawa, Legaz, and Davie 1972; Di Scipio, 
Hermodson, and Davie 1977; Takeya et al. 1992; Gowda et al. 1994a; Chen et al. 2008a). RVVT 
can be used in differential diagnosis of abnormalities in the extrinsic systems of coagulation. 
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Purified RVV-X is used, to a varying extent, as test for factor X assay, differentiating factor VII 
and factor X deficiency, and in lupus antigen assay (Perchuc and Wilmer 2010). The functional 
diagnostic test (ProC Ac R) (Pejkic et al. 2014) for the identification of resistance to activated 
protein C (APC) is also dependent, among others agents, on RVV-X activity. APC resistance 
is associated with increased risk for venous thrombotic events and is often linked to factor V 
Leiden mutation. RVV-X is also part of a diagnostic kit (CRYOCHECK CLOT S) for the quan-
titative determination of protein S activity (Mulder et al. 2010). Protein S plays a role in the 
inactivation of factors Va and VIIIa. Individuals with protein S deficiency are predisposed to 
recurrent venous thromboembolism and to an increased risk of perinatal mortality (ten Kate 
and van der Meer 2008).

Today D.  russelii venom is still widely used in clinical testing for the presence of lupus 
antigen (Thiagarajan, Pengo, and Shapiro 1986), a major risk factor for arterial and venous 
thrombosis, accounting for about 15% of patients with thromboembolic events. Lupus anti-
gen has also been linked to recurrent spontaneous abortions, transverse myelopathies, and 
nonbacterial thrombotic endocarditis. Lupus antigens are immunoglobulins of autoimmune 
origin that bind to proteins such as β2-glycoprotein I, prothrombin, or others in complex with 
negatively charged phospholipids (Tripodi 2007). As a result, lupus antigens prolong the clot-
ting time in phospholipid-dependent in vitro coagulation tests. Dilute Russell’s viper venom 
time (dRVVT, such as DVVtest, DVVconfirm) is a test of choice to screen and confirm the 
presence of lupus antigen.

Remarkably, although not surprisingly, diagnostic assays performed with D. russelii ven-
oms have been reported to exhibit a significant variability when compared with other tests 
systems. The variability was attributed, among other factors, to the intrinsic heterogeneity 
of venom samples used for the assay process. Such venom variation could arise, among other 
factors, as a result of the geographical origin of the snake, ontogeny, and venom extraction 
and preparation methods (Triplett 2000). Standardization of venoms and recombinant toxin 
production could address such variability issues. The availability of direct diagnosis (such 
as by sequencing) is expected to overtake the utilization of a subset of toxin-based clinical 
laboratory tests.

23.6 CONVeRGeNCe WITh OTheR VeNOms

There is no current evidence that other animals have recruited ADAM-related proteins for 
use in venom. This is somewhat surprising, considering the prevalence of toxin convergence 
(Fry et al. 2009a; Casewell et al. 2013) and the ubiquity of ADAM genes (Huxley-Jones et al. 
2007)  in the animal kingdom. However, there are areas of functional convergence, such as 
nicotinic acetylcholine receptors being convergently targeted by other snake-venom peptide 
types such 3FTx (see  chapter 8) and the waglerin peptides from Tropidolaeumus venoms (see 
 chapter  24.25). Similarly, the disintegrin RGD functional motif has been used in apotypic 
3FTx (see  chapter 8.4.4) in a wide array of antiplatelet toxins from other venomous animals 
(Fry et al. 2009a) (see color plate 2A).
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24.1 sUmmaRY

The historical body of reptile venom research has concentrated on the venoms of a restricted 
number of species, the large, readily obtainable snake species typically involved in medically 
significant envenomations. In addition, research has also concentrated on the dominant (most 
abundant) toxins from these venoms, as these are the most easily isolated. This trend has been 
particularly pronounced in cases where synthesis or expression of toxins was not possible and 
therefore obtaining the raw material for bioactivity testing required purification of toxins from 
crude venom. In such cases, large amounts of venom are required, and consequently, the tox-
ins that were the most abundant in the venom were quite understandably the first studied. The 
combination of a restricted number of species being venom extracted and only select toxins 
within each venom being examined has meant that the literature is heavily biased toward only 
a small percentage of the total toxinological biodiversity. Thus, there are more papers published 
on some single toxin types (such as 3FTxs) than all the papers combined for the neglected toxin 
types discussed in this composite chapter.

These toxin types represent some of the first known and also some of the most recently 
discovered. For example, despite the early discovery of the presence of acetylcholinester-
ase (AChE) in snake venom, the potent activity of the enzyme making it easy to detect and 
measure, molecular characterizations of snake AChE are scarce. To date, only a few AChE 
sequences have been reported, and only one purified form (from Bungarus venoms) has had 
any significant work undertaken to characterize its bioactivity. Some lesser-known proteins 
are present in venoms subjected to vast amounts of previous research but had been long over-
looked by research that has been target-driven or relying on relatively crude purification tech-
niques favoring only toxins of certain sizes and relative abundance. Others were discovered 
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as the result of studying novel snake taxa, such as the veficolins found in the venom of the 
non-front-fanged caenophidian snake Cerberus rynchops, others from investigations of angui-
morph lizards (such as celestoxin, cholecystoxin, and goannatyrotoxin). Many of these tox-
ins were discovered not by conventional protein purification but through the sequencing of 
transcriptome libraries. Of those that have been at least partially characterized, most have 
been studied on synthetic peptides made using the sequences from translated transcriptome 
libraries. Many, however, have remained entirely uncharacterized and are known only from 
the transcriptome sequence. This pool of underinvestigated proteins thus not only represents 
an exciting opportunity for furthering our understanding of the evolution of venom but is also 
a treasure trove of source material for drug design and development.

24.2 aCeTYLChOLINesTeRase

24.2.1 eNDOphYsIOLOGICaL pLesIOTYpe

Acetylcholinesterase (AChE) is an enzyme involved in the regulation of nervous signal trans-
mission at cholinergic synapses (see  figure  24.1). Depending on the synapse, AChE can be 
located on pre- and/or postsynaptic membranes and/or in the synaptic cleft. In all cases, its 
function is to hydrolyze the neurotransmitter acetylcholine (ACh) and to avoid cholinergic 
receptor desensitization (Massoulié et al. 1993).

One prototypic situation is the neuromuscular junction, where AChE is involved in the 
clearance of ACh released by the motor neuron in order to activate postsynaptic nicotinic 
receptors. In this particular context, AChE is primarily located within the synaptic cleft 
and associated with ColQ, a trimeric partner protein containing a collagenic domain and a 
proline-rich domain at its N-terminus. In mammals, AChE is also present in the brain in cho-
linergic synapses. In this case, AChE is associated with a 20-kDa hydrophobic anchor called 
PRiMA (proline-rich membrane anchor) (Massoulié et al. 1999). In both cases, AChE is asso-
ciated with the accessory proteins through their C-terminal extremity (Massoulié and Bon 
2006). In vertebrates, a single gene encodes AChE, but the short C-terminal domain is encoded 
by two 3′ exons that can be alternatively used. In most cases, the T (tailed) exon is used. The 
C-terminal peptide is organized as a hydrophobic helix, which interacts with the proline-rich 
domains of accessory proteins. The alternative H (hydrophobic) exon encodes a peptide that 
is cleaved and associated with a hydrophobic glycolipid anchor (GPI). H peptides are found as 
monomers or dimers and are directly associated with cell membranes through the GPI anchor 
(Massoulié et al. 1998). In invertebrates, the situation is more complex and varies among spe-
cies; in Drosophila, there is one gene with a single 3′ exon encoding an H-type C-terminal 
peptide, which is cleaved. In nematodes, there are four genes; each of the two primary genes 
(producing more than 95% of overall AChE activity) possesses a single 3′ exon encoding, 
respectively, a T-type or an H-type terminal peptide (Selkirk, Lazari, and Matthews 2005).

One peculiarity of AChE is that it is an extraordinarily efficient enzyme with an unusually 
high turnover rate (close to the substrate diffusion limit). This is particularly surprising since, 
as a member of the α/ß-hydrolase-fold protein family, the active site of AChE is buried in the 
middle of the protein (Marchot and Chatonnet 2012). This puzzling issue, coupled with the 
fact that AChE is a target of many chemicals used as pesticides but also as chemical weapons, 
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has promoted the attempt to identify mechanisms underlying this very high enzymatic activ-
ity and particular structure. The two main findings are that a large permanent dipole, result-
ing from uneven distribution of charges, drives ACh to the active site and that access to the 
active site is facilitated by the presence of thirteen aromatic residues lining the catalytic entry 
gorge (Porschke et  al. 1996). One tool that has been used in order to analyze the catalytic 
properties of AChE is a unique type of 3FTx found in Dendroaspis venom: fasciculin (Duran, 
Cervenansky, and Karlsson 1996) (see  chapter 8). AChE is the natural target of this toxin, and 
fasciculin has a high affinity for it, with a Ki in the picomolar range for mammalian AChE. 
Fasciculin, like some other inhibitors of AChE, binds to the peripheral anionic site, located at 

FIGURE 24.1: alignment of the venom-derived aChe from (1) Q92035 (Bungarus fasciatus) and 
(2) R4FKe6 (Suta suta). elapid-venom-specific substitutions and C-terminal exon are highlighted in 
gray. signal peptides are shown in lower-case.
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the entrance of the aromatic gorge, which is defined by a set of charged and aromatic residues. 
Joint mutation of AChE and fasciculin has allowed the identification of the residues involved 
in the interaction of both proteins (Marchot et al. 1997; Sharabi et al. 2009).

24.2.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

AChE was one of the first toxin types discovered (Iyengar et  al. 1938), and AChE activity 
has been detected widely in the venoms of advanced snakes (Frobert et  al. 1997; Mackessy 
et al. 2006; Weldon and Mackessy 2010). However, despite this, and the potent activity of the 
enzyme making it easy to measure, molecular characterizations of snake AChE are scarce. 
Consistent with the globular nature of the protein (see  chapter  1.3.2), AChE sequences are 
highly conserved (see  figure 24.1). While the presence of this enzyme in viperid snake venoms 
has not been conclusively proven, activity has been detected in at least one species (Tan and 
Tan 1988b; Tan and Tan 1988a). Currently, sequences are only available from elapid snake 
venoms (Jackson et al. 2013). There is a conspicuous absence of AChE activity in Dendroaspis 
venoms, and that lack of activity is a result of the absence of the protein and not its inhibition 
by the AChE inhibitors (see  chapter 8.4.2) that are secreted in the venom as part of the chemi-
cal arsenal (Frobert et al. 1997) (see  chapter 15). This is consistent with the unique two-stage 
envenomation profile of Dendroaspis venoms, in which step one facilitates the massive release 
of neurotransmitter but step two blocks neurotransmitters (see  chapter 1.3.5). Inhibition of 
AChE (which regulates neurotransmitters) is a key component of step one, as inhibition of 
AChE results in more neurotransmitter being available for muscle stimulation. Consequently, 
there would be a strong selection pressure against the presence of AChE in Dendroaspis venom.

The overall catalytic properties of AChE in elapid snake venoms do not differ apprecia-
bly from those of endophysiological (body) versions characterized from other vertebrates 
such as mammals. They are similar in terms of kcat, Km, inhibition in the presence of an 
excess of substrate and preference for ACh as substrate over bulkier substrates such as pro-
pionylthiocholine (Frobert et al. 1997; Cousin et al. 1998). There are differences, however, 
in the response of purified venom AChE to certain inhibitors. In the case of active site 
ligands (such as edrophonium), venom AChE is inhibited with a similar Ki to the AChE of 
other vertebrates. The situation is completely different, however, with ligands binding to the 
peripheral anionic site. For small compounds such as propidium, elapid snake venom AChE 
is less sensitive to these ligands than endophysiological AChE from other vertebrates, with, 
for example, a Ki 10- to 20-fold higher than that of canonical Torpedo marmorata AChE. 
In the case of fasciculin (described above), the situation is much more complex, with a Ki 
ranging from 5.10−11 M for Ophiophagus hannah venom AChE to no inhibition at concen-
trations as high as 10−6 M for Naja AchE (Frobert et al. 1997). Bungarus fasciatus AChE has 
an intermediate Ki. Sequence analysis revealed two residues lying in the peripheral anionic 
site that differ from those of the endophysiological vertebrate AChE that are more sensitive 
to inhibition. These changes result in the suppression of an aromatic amino acid in the set 
of aromatic residues lining the active site gorge (Y70 residue, according to T. marmorata 
numbering, changed to M) and in the exchange of an anionic residue for a cationic residue 
(D285 changed to K). In both cases, the amino acid substitutions also introduce a signifi-
cant modification of side-chain size or length. Site-directed mutagenesis of these residues 
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in recombinant Bungarus fasciatus AChE confirmed that these residues are responsible for 
the lower sensitivity of the enzyme toward fasciculin (Cousin et al. 1996a). The residues in 
position 276–277 (A276 and K277 in place of D and E in B. fasciatus) are responsible for the 
insensitivity of Naja AChE to fasciculin, lowering Ki from 5000 nM to 18 nM (AKDV) 
or 6.7 nM (AKDE). An additional change of charge in residue 285 (KD) results in a 
four- to 10-fold decrease of Ki (Weise and Cousin, unpublished). Interestingly, AChE from 
Suta fasciata, an Australian elapid snake, has the same substitutions as that of B. fasciatus, 
though the two species are only distantly related (Jackson et al. 2013).

As stated above, molecular forms of AChE in snake venom differ from those classically 
found in vertebrates, which are GPI-anchored monomers or dimers or, in most cases, tet-
ramers associated with accessory proteins. In the body of B.  fasciatus, endophysiological 
AChE exists as mixtures of tetramers or groups of tetramers associated with a ColQ sub-
unit. In B.  fasciatus venom, however, it is exclusively present as a hydrophilic and soluble 
monomer (Cousin et al. 1996b). The same is true for the AChE of other elapid snake venoms 
(Frobert et  al. 1997). Sequencing of cDNA encoding AChE in venom-gland and genomic 
DNA indicates that this particular form results from an alternative exon, which encodes a 
short C-terminal peptide (Cousin et al. 1998). The exon is called the S (soluble) exon. This 
exon/peptide is unique to snakes and has never been identified in other taxa. Since the first 
identification of a majority monomeric form, the gene AChE B has been identified in the 
parasitic nematode Nippostrongylus brasiliensis (Hussein et  al. 1999; Hussein, Grigg, and 
Selkirk 1999b). It also encodes a monomeric soluble form of AChE, which is abundantly 
secreted from specialized amphidial and secretory glands. From an evolutionary perspec-
tive, it is important to note that the S exon/peptide is unrelated to other 5′ exon/C-terminus 
peptides of either vertebrates or invertebrates. Since this first identification of a specific exon 
encoding the short C-terminus in B. fasciatus, additional sequences have been identified, all 
of which are highly conserved (Jackson et al. 2013), which is consistent with the slow evolu-
tionary rates of globular proteins (see  chapter 1.3.2). Considering the phylogenetic distance 
between S. fasciata and B. fasciatus, it can be inferred that production of soluble monomers 
of AChE by the venom gland is a common feature of most elapid snakes and that this is 
facilitated through the use of a common C-terminus. This innovation appears to be unique 
to snakes and is evidently a favorable character state that has been retained during evolution.

AChE’s role in snake venom remains to be elucidated as testing to-date has not ascertain 
a toxic activity (Cousin et al. 1996b). This may reflect assay choice as the specific effect of 
venom AChE on the snakes that are the primary prey of an ophiophagus specialist such as 
B. fasciatus has not been investigated. One may hypothesize that since the venom of elapid 
snakes contains α-neurotoxins, which block the nicotinic receptor at neuromuscular junc-
tions, AChE may clear the venom and the synaptic cleft of the target animal of ACh that 
would compete with the action of these toxins. The reduction of available ACh, combined 
with the blockage of any that remains, would result in potentiated neurotoxicity.

24.2.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

As is consistent for most globular proteins, very little molecular diversification has 
occurred.
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24.2.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.2.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.3 aVIT

24.3.1 eNDOphYsIOLOGICaL pLesIOTYpe

The plesiotypic endophysiological AVIT/prokineticin (PK) peptides are expressed at high lev-
els in testis and at lower levels in brain, lung, ovary, spleen, thymus, and uterus and have simi-
larly diverse functions, including constriction of intestinal smooth muscle.

24.3.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

AVIT peptides were recruited as toxins at the base of the toxicoferan radiation, having been 
isolated from both snakes and lizards (Boisbouvier et al. 1998; Schweitz et al. 1999; Fry et al. 
2006) (see  figure 24.2). The plesiotypic toxic activity is high-affinity binding to mammal PKR1 
and PKR2 (prokineticin receptors 1 and 2), with an affinity that exceeds that of the mamma-
lian endophysiological peptide PK2 by one order of magnitude and that of PK1 by two orders 
of magnitude, mimicking an overdose (Negri et al. 2007). This results in a rapid constriction of 
intestinal smooth muscle, leading to painful cramping and induction of hyperalgesia.

FIGURE 24.2: sequence alignment of aVIT peptides from reptile venom (1) B6CJU8 (Varanus 
komodoensis, (2) Q2xxR8 (Varanus varius), (3) Q2xxR7 (Varanus varius), and (4) p25687 (Dendroaspis 
polylepis) and the colipase-derived peptide from spider venom (5) p81803 (Hadronyche versuta). signal 
peptides are shown in lower-case.
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24.3.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.3.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.3.5 CONVeRGeNCe WITh OTheR VeNOms

Spider venoms contain peptides (MIT-like ACTX) that are distantly related members of the 
same peptide superfamily, containing the characteristic conserved 10-cysteine pattern of  
the vertebrate AVIT peptides (Szeto et  al. 2000; Wen et  al. 2005). However, these peptides 
lack the N-terminal AVIT sequence, are much more diverse in amino acid composition and 
sequence length, and test negative in assays of PK1/PK2 activity. Consistent with the likelihood 
that they possess a distinct function, comparative three-dimensional modeling of MIT-like 
ACTX peptides and AVITs reveals dissimilar tertiary structures and markedly different sur-
face chemistries. These results are perhaps not surprising, since insects, which constitute the 
majority of spider prey, appear to lack the PK/PKR system. So far, insecticidal assays have not 
revealed a lethal effect of MIT-like ACTX peptides, even at high doses. Nevertheless, the diver-
sity of these peptides within individual species, their presence in a broad phylogenetic range 
of spiders (suggesting their ancient recruitment and long-term existence in spider venom), and 
their resistance to proteolytic breakdown suggest that they have an active role in spider venom. 
Recently, peptides similar to these spider venom peptides have been found in the hematopha-
gous secretion glands of the tick Ixodes scapularis and may play a role in its feeding behavior 
(Ribeiro et al. 2006).

Similar bioactive peptides are found in the defensive skin secretions of Bombina fire-bellied 
toads (Bm8, Bo8, and Bv8) (Mollay et al. 1999; Chen et al. 2003b; Chen et al. 2005). As with the 
reptile venom forms, the Bombina skin-secretion defensive toxins are potent agonists of mam-
malian PK receptors, and their action mimics an overdose of endophysiological PK. As with 
the reptile venom forms, this results in gastric smooth-muscle contraction and hyperalgesia. 
However, over a longer time frame, the AVIT peptides in frog skin defensive secretions addi-
tionally produce an anorexogenic effect (Negri et al. 2007), inhibiting the feeding response of 
the affected predator even when food is presented after a period of starvation.

24.4 CeLesTOxIN

24.4.1 eNDOphYsIOLOGICaL pLesIOTYpe

This toxin type displays no homology with any known protein type.
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24.4.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Celestoxin is novel, compared with other venom proteins, in having the secondary structures 
determined entirely by significant numbers of prolines but with cysteines absent (Fry et al. 
2010b) (see  figure 24.3). Two isoforms (GU441474 and GU441475) differ only in a 12-amino-acid 
insertion at alignment positions 135–147. Both peptides have an arginine-rich cleavage motif to 
liberate the bioactive domain from the propeptide. Contained within the bioactive domain is 
a sequence repeat (ALGVVGGLPVPK and LPGVAGGLPVPK) that differs in the formation of 
a proline bracket in the second repeat that is missing in the first repeat, which has an L residue 
in place of the P residue. Celestoxin analogue testing revealed this internal proline-bracketed 
motif LPGVAGGLPVPK to be responsible for full activity, with this fragment being equipotent 
in activity to the full-length peptide in producing hypotension. The ALGVVGGLPVPK frag-
ment is inactive. Neither adrenoceptor antagonists nor 5HT antagonists can prevent or reverse 
the response.
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FIGURE 24.3: (a) sequence alignment of Celestus warreni celestoxin precursors from the 
mandibular venom gland: GU441474 and GU441475. Gray highlights cleavage motif, and bioactivity 
important prolines are highlighted in black (Fry et al. 2010b). (B) effect of intravenous injection of 
posttranslationally cleaved peptide (Fry et al. 2010b). Vertical line marks time of injection. signal 
peptides are shown in lower-case.
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24.4.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.4.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.4.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.5 ChOLeCYsTOxIN

24.5.1 eNDOphYsIOLOGICaL pLesIOTYpe

The endocrine effects of very low concentrations (subnanomolar) of circulating cholecystoki-
nin (CCK) are critical for nutrient homeostasis in mammals, stimulating exocrine pancreatic 
secretion, gallbladder emptying, and bowel motility and also inducing satiety.

24.5.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Cholecystoxin was sequenced from Varanus varius (Fry et al. 2010b) (see  figure 24.4). Analogue 
testing of variable lengths of cholecystoxin determined that the smallest active peptide with 
full cardiovascular activity and potent CCK-A receptor binding activity was an octapeptide 
domain with a posttranslationally modified sulfatyrosine crucial to activity: DYSLGWMDF 
(see  figure 24.4).

24.5.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.5.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.
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24.5.5 CONVeRGeNCe WITh OTheR VeNOms

Cholecystoxin represents an additional case of convergence of the selection of a gene type for 
use as a toxin, having been previously characterized as a bioactive component in frog skin 
chemical arsenals. Derived cholecystokinin frog peptides such as caerulein are potent ligands 
of CCK receptors. They interfere with the physiological pathways of endogenous CCK and 
gastrin and cause acute pancreatitis, vomiting, diarrhea, decreased blood pressure, changes 
in thermoregulation, and inhibition of exploratory and feeding behavior (Bowie and Tyler 
2006). Higher concentrations of frog skin CCK-like peptides (caerulein) stimulate pancreatic 
acinar-cell basolateral exocytosis of zymogens, central to the development of the rodent model 
of pancreatitis. It is interesting that CCK-like peptides secreted via the exocrine route can 
exhibit toxic effects previously only for venom-derived forms.
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FIGURE 24.4: (a) sequence alignment of precursors of (1) Varanus varius cholecystoxin (GU441461) 
from the mandibular venom gland and the frog skin defensive skin toxins from (2) Litoria xanthomera 
(p56264) and (3) Phyllomedusa sauvagei (Q7LZC4), in addition to the body peptides from (4) Python 
molurus (Q8JhB9) and (5) Homo sapiens (p06307). Box indicates minimal bioactive processed 
peptide, with both the long (22aa) and short (8aa) forms of (1) shown); Y represents the key 
bioactive posttranslationally modified sulfatyrosine; * designates the only bioactive peptide 
domain sequenced to date. (B) Relative binding of cholecylstokinin receptor a of the two variants 
highlighted in boxes in (a) above (one 22 amino acids, one 8 amino acids), a variant of CCK8 with 
a phosphotyrosine instead of the sulfatyrosine, and human CCK8 with a sulfatyrosine (Fry et al. 
2010b). signal peptides are shown in lower-case.
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24.6 COmpLemeNT C3/COBRa VeNOm FaCTOR

24.6.1 sUmmaRY

The complement system participates in both innate and adaptive immune responses and is 
a major component of the immune system. It is characterized by approximately 30 distinct 
plasma proteins, serosal proteins, cell membrane receptors, and regulatory proteins. A unique 
complement-activating protein called cobra venom factor (CVF) is found in the venoms of the 
elapid snakes Naja, Ophiophagus, and Hemachatus. CVF is a structural and functional ana-
logue of complement component C3 and functionally resembles C3b, the activated form of C3 
(see  figure 24.5). A humanized derivative of CVF has tremendous potential in therapeutics. Its 
use as a drug in the treatment of dangerous diseases such as paroxysmal nocturnal hemoglo-
binuria (PNH) and myocardial ischemia and reperfusion (MI/R) injuries has been explored 
recently.

24.6.2 eNDOphYsIOLOGICaL pLesIOTYpe

The complement system was first discovered in the 1890s, when it was found to “comple-
ment” or assist the clearing of bacterial cells by heat-stable antibodies (Walport 2001). It 
was initially presumed to only participate in the innate immune response. Recently, its 
role in the adaptive immune response has been established, and its interaction with T and 
B cells is becoming clear (Molina et al. 1996; Janeway et al. 2001; Dunkelberger and Song 
2010). It participates in homeostasis by complementing the adaptive immune response in 
clearing pathogens. The system is characterized by more than 30 proteins that are present as 
either soluble plasma proteins or membrane-associated receptors. Most plasma proteins are 
synthesized in the liver and circulate in the blood as inactive serum propeptides. The com-
plement system can be activated through three pathways: (i) the classical pathway, (ii) the 
lectin pathway, and (iii) the alternative pathway. All three pathways involve a recognition 
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FIGURE 24.5: activation of the complement cascade.
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event, which is activated by the antigen-antibody complex, followed by an amplifying cas-
cade, which sequentially activates numerous proteolytic enzymes. These enzymes in turn 
result in the generation of numerous biologically active complement activation products, 
such as the macromolecular membrane attack complex (MAC). This protein impairs the 
normal functioning of target cells, such as bacteria, viruses, tumor cells, and parasites, by 
inserting itself into target cell membranes. Interestingly, the complement system is not only 
involved in the innate and adaptive responses, but its role in tissue regeneration, tumor 
growth (Qu, Ricklin, and Lambris 2009), and human pathology, such as atypical hemolytic 
uremic syndrome and age-related macular degeneration, is also well established (Wagner 
and Frank 2010).

C3 appears to be the most essential component of the complement system, as it is acti-
vated by all the three pathways and essentially directly or indirectly mediates all the biological 
activities of the complement system. It is found in echinoderms and arthropods in addition 
to vertebrates, indicating that its evolution in the animal lineage occurred about 600 million 
to 700 million years ago. It is secreted as a single-chain prepropeptide, which matures into a 
two-chain peptide in the presence of a furin-type protease, which removes a stretch of four 
arginine residues that separate the N-terminal β-chain from the C-terminal α-chain in the 
propeptide (de Bruijn and Fey 1985; Vik et al. 1991). Mature C3 has a molecular mass of 190 
kDa and consists of two chains (α and β) linked by a disulfide bond (Janatova 1986). It is the 
most abundant plasma protein in all vertebrates and occurs at a concentration of 1.2 mg/mL 
in human blood plasma. Like most complement proteins in the blood plasma, C3 is mostly 
synthesized in the liver; however, cells of the immune system are capable of secreting C3 (Botto 
2000). C3b is another vital member of the complement system and is a functional derivative of 
C3. This protein initiates opsonization, which is a process of tagging infected cells to be cleared 
by macrophages. Proteolytic degradation of C3b results in the generation of smaller peptides, 
such as iC3b, C3dg, and C3d, which participate in the adaptive immune response. The sequen-
tial cascade of enzymatic reactions triggered by the activation of the complement system also 
results in the formation of potent anaphylatoxins such as C3a and C5a that elicit an array of 
physiological and biochemical responses. Among other functions, these proteins are capable 
of triggering chemoattraction, which recruits other components of the immune system and/or 
elicits apoptosis of infected cells.

24.6.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Structural homologues of C3 complement proteins known as CVF are found in the venoms 
of Asiatic elapid snakes of the genera Naja, Ophiophagus, and Hemachatus (Vogel et al. 1996). 
CVF has a MW of around 150 kDa and structurally resembles C3c, a derivative of C3 that is 
generated by the proteolytic removal of the C3a and C3d domains. The structural homology of 
CVF and C3 proteins was established through a number of biochemical (Alper and Balavitch 
1976; Eggertsen, Lind, and Sjoquist 1981; Lundwall et  al. 1984)  and immunological studies 
(Alper and Balavitch 1976; Eggertsen et al. 1983; Vogel, Smith, and Muller-Eberhard 1984). 
Molecular cloning (Fritzinger et  al. 1992; Fritzinger, Bredehorst, and Vogel 1994)  and the 
determination of the structure of CVF (Janssen and Gros 2006; Janssen et al. 2009; Krishnan 
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et al. 2009) supported the conclusions of these studies. Functionally, CVF resembles C3b, a 
derivative of C3. In the presence of Mg2+ ions, CVF forms a complex with factor B (Hensley 
et al. 1986), which is further processed into the activation peptide Ba and the bimolecular com-
plex CVF, Bb by factor D (Vogt et al. 1978; Vogel and Muller-Eberhard 1982).

The structural homology of CVF and C3 proteins is further confirmed by crystallographic 
studies of C3, C3b, C3c (Janssen et al. 2005; Janssen and Gros 2006; Wiesmann et al. 2006), 
and CVF (Janssen et al. 2009; Krishnan et al. 2009). After maturation, CVF is made up of 11 
domains, which include a linker domain, a C-terminal C345C domain with C3c, eight mac-
roglobulin domains, and a complement C1r/C1s, Uegf, Bmp1 (CUB) domain, which is only 
present in C3b. Since C3 proteins and CVF share great sequence similarity, they are also func-
tionally very similar. Despite the fact that CVF resembles C3c more than C3b structurally, 
CVF is a functional homologue of C3b, binding factor B in the presence of Mg2+ ions. The 
resultant CVF,B proconvertase is then cleaved by factor D into the bioactive peptide Ba and a 
CVF,Bb biomolecular complex. Although this complex exhibits a weak C3-convertase activity 
(Xu et al. 2001), when factor B is removed by factor D, CVFBb is formed, which is an efficient 
C3-convertase that targets the same scissile bond of C3 as typical convertases.

The precise role of CVF in the venoms of elapid snakes is unknown to date. In contrast to 
more potent neurotoxins such as three-finger toxins (3FTx), which are present in large quan-
tities in the venoms of these snakes, the action of CVF is not lethal. When injected intrave-
nously, CVF causes massive complement activation and leads to the activation of neutrophils 
and their sequestration to the lungs, damaging the lung tissue. Such effects are temporary 
(Till et al. 1982; Till et al. 1987; Mulligan et al. 1996) but may still play a contributing role in 
prey subjugation, perhaps working synergistically with slower-acting lethal toxins. Potentially 
lethal massive intravascular activation of complement by CVF is avoided by the presence of 
serum protein carboxypeptidase N, which removes the C-terminal arginine residue and rap-
idly inactivates C3a and most proinflammatory activities of C5a (Plummer and Hurwitz 1978; 
Huey et  al. 1983). Certain components in snake venoms, such as nerve growth factors (see 
section 24.14) (Sunagar et al. 2013a) and hyaluronidases (see section 24.11) (Girish et al. 2002), 
have been hypothesized to indirectly participate in prey envenoming; CVF could play a similar 
indirect envenoming role by inducing massive complement activation locally at the bite site, 
eliciting the release of anaphylatoxins C3a and C5a, which are capable of increasing the vascu-
lar permeability and blood. Thus, CVF could act as a spreading factor.

24.6.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented so far.

24.6.5 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

For decades, CVF has been used for decomplementation of serum in evaluating the func-
tion of complement activation in numerous disease models (Vogel 1991; Vogel and Fritzinger 
2007). Its therapeutic potential in the setting of myocardial ischemia and reperfusion (MI/R) is 
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very well documented (Hill and Ward 1971; Maclean et al. 1978; Maroko et al. 1978; Pinckard 
et al. 1980). However, its inherent capability to cleave C5 and result in the generation of C5a 
anaphylatoxin, a potent inflammatory component, along with its immunogenicity, has kept it 
away from therapeutics (Gowda et al. 1994b; Gowda et al. 2001). Recently, a human C3 deriva-
tive with CVF-like functions, known as humanized CVF, was synthesized by replacing the 
short stretch of amino acids from the C-terminus of the C3  α-chain with the homologous 
sequences from CVF. This component was capable of activating human C3 but not C5 (Vogel 
and Fritzinger 2007). Recently, the use of recombinant humanized CVF (HC3-1496) in ther-
apeutics was evaluated using a rodent model, which revealed that these animals were pro-
tected from myocardial ischemia and reperfusion (MI/R) injuries with resultant preservation 
of cardiac function. These results indicated that humanized CVF could protect the ischemic 
myocardium from reperfusion injuries induced by complement activation. Thus, recombinant 
versions of CVF exemplify a novel anticomplement therapy with potential for clinical use.

The usefulness of humanized CVF has also been explored in the treatment of paroxysmal 
nocturnal hemoglobinuria (PNH), a rare life-threatening disease in which the patient’s red 
blood cells (RBC) undergo lysis as they fail to express MCP (CD55) and CD59 complement 
regulatory proteins on their molecular surface. Incubation of RBC from these patients with 
a recombinant truncated form of factor H (rH19-20) renders these cells highly susceptible to 
complement lysis in normal serum by blocking their regulatory functions. However, when 
these cells are incubated with partially or completely complement-depleted serum, in the pres-
ence of the humanized CVF protein HC3-1496, lysis is completely averted.

24.6.6 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.7 CYsTaTIN

24.7.1 eNDOphYsIOLOGICaL pLesIOTYpe

The endophysiological plesiotype of all members of the cystatin superfamily is the family 1 
stefin, a single-chain, 100-residue polypeptide cysteine-protease (CP) inhibitor (Kordis and 
Gubenek 2000). Data-mining analyses indicate that family 1 and family 2 cystatins are the 
intracellular and secreted endophysiological plesiotypes, respectively, for a whole range of 
multicystatin domain proteins, which do not necessarily function as CP inhibitors (Kordis 
and Turk 2009).

Prototypical type 2 cystatins, such as chicken ovocystatin and human cystatin C, form 1:1 
stoichiometric complexes with C1 family CPs in competition with a substrate (Abrahamson, 
Alvarez-Fernandez, and Nathanson 2003). Crystal structure analyses indicate that the 
N-terminal region (Gly-11), loop 1 (Gln-55-Gly-59), and loop 2 (Pro-105-Trp-106) form a 
wedge-shaped enzyme-binding region required for inhibition of C1 family CPs (cystatin C 
numbering) (Bode et al. 1988). A number of cystatins also inhibit the C13 family CP legumain, 
and this is mediated by a separate region known as the backside loop (BSL) (Alvarez-Fernandez 
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et al. 1999). Asn-39 is an essential component of the BSL, which is absent in snake venom cys-
tatins (Richards et al. 2011).

Type 2 cystatins are implicated in a variety of cellular processes beyond the simple inhibi-
tion of exogenous and endogenous CPs for protection against tissue injury. Lysosomal CPs 
(cathepsins) facilitate tissue remodeling and tumor-cell invasion through degradation of ECM 
proteins, and these processes are elegantly regulated by cystatins (Obermajer et al. 2008). CP 
regulation by cystatins also plays an essential role in the modulation of multiple proteolytic 
cascades, including those of the immune system (Hartmann and Lucius 2003), the inflam-
matory response (Meyer-Hoffert 2009)  and apoptosis (Repnik and Turk 2011). Moreover, 
some cystatins exhibit CP inhibition-dependent and -independent antimicrobial and anti-
viral activities (Bjorck, Grubb, and Kjellen 1990; Blankenvoorde et  al. 1998; Abrahamson, 
Alvarez-Fernandez, and Nathanson 2003).

Type 2 cystatins have been found in various tissues and fluids from diverse organisms, 
including horseshoe crabs (Tachypleus tridentatus) (Agarwala et al. 1996), ticks (I. scapularis) 
(Kotsyfakis et al. 2006), jellyfish (Cyanea capillata) (Yang et al. 2003), various nematode spe-
cies (Hartmann and Lucius 2003), and spiders (Chilobrachys jingzhao) (Chen et  al. 2008b), 
in addition to mammals (Kordis and Turk 2009). Despite the fact that the venom gland is a 
modified salivary gland, multiple phylogenetic analyses of type 2 cystatins have placed snake 
venom cystatins on the same branch as human cystatin M, rather than with mammalian sali-
vary cystatins S/D (Brillard-Bourdet et al. 1998; Dickinson 2002). Cystatin M was first dis-
covered in a differential display screen, which showed it to be down-regulated in metastatic 
human breast cancer (Sotiropoulou, Anisowicz, and Sager 1997). Cystatin M inhibits breast 
cancer cell migration and matrix invasion (Shridhar et al. 2004) and is being touted as a novel 
tumor-suppressor gene (Zhang et al. 2004c). The precise mechanism of action remains unclear, 
but legumain inhibition appears to be important (Briggs et al. 2010). Cystatin M/E null mice 
present with disturbed skin barrier formation and die from dehydration at 6 to 12 days of age 
(Zeeuwen et al. 2002; Zeeuwen et al. 2004). The mouse phenotype is strongly associated with 
uncontrolled legumain activity.

24.7.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Unlike most other venom components, which have undergone rapid mutation to obtain novel 
activities and increased potency, venom cystatins vary little from their endophysiological 
plesiotype, despite having been recruited into the venom arsenal in the earliest evolutionary 
stages. The level of conservation with other family 2 cystatins is very high, and all species 
examined thus far have retained the plesiotypic active site. It would thus appear that the cys-
teine protease inhibitory activity, rather than some novel activity of cystatins, serves an indis-
pensable but as yet uncertain purpose in snake venoms. Venom cystatins belong to the class 2 
cystatin family, with closest identity to cystatin M/E in mammals (Brillard-Bourdet et al. 1998; 
Fry et al. 2006; Richards et al. 2011). Toxicoferan cystatins are highly conserved, with strong 
conservation of all essential structural elements, including the four cysteine residues involved 
in intramolecular disulfide-bond formation. Venom cystatins show remarkably high identity 
across genera. The 12 cloned elapid snake venom cystatins, for example, are all 141 amino acids 
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in length, with 75% identity across the entire deduced preprotein sequences (Richards et al. 
2011)  (see  figure 24.6). Recombinant AsCystatin from Austrelaps superbus (Australian low-
land copperhead snake) exhibits similar potency and selectivity as cystatin C and ovocystatin 
(Richards et al. 2011), and no major functional difference between venom and prototypical 
type 2 cystatins has yet been shown. There has clearly been selection pressure to maintain 
similar structure and function to the nonvenom type 2 cystatins, with, in contrast to many 
other venom toxins, minimal changes from the plesiotypic protein observed.

Nevertheless, postulating the function of venom cystatin based on the activities of its most 
closely related nonvenom counterparts is dubious. Knowledge of cystatin M functions is of 
limited use in understanding the potential roles of venom cystatins because of the absence of 
Asn-39 (alignment position 70 in  figure 24.6), crucial for legumain inhibition, in the majority 
of the toxicoferans (Richards et al. 2011). The best evidence of a role for cystatins in a ven-
omlike context comes from invertebrate secretions (Fry et al. 2009a). Nematode parasite cys-
tatins assist in evasion of the host defense system and modulation of the immune response 
(Hartmann and Lucius 2003), while secreted tick cystatin suppresses the immune response 
of the host (Kotsyfakis et al. 2006). These functions are imperative if the parasite is to achieve 
resident status. However, modulation of the prey immune response would be of no obvious 
benefit to a venomous snake that needs to rapidly immobilize and kill its prey. A toxic or toxic 
support function for venom cystatins might be ruled out altogether, given that the venom 
gland is a modified salivary gland, and salivary cystatins play various roles in the maintenance 

FIGURE 24.6: alignment of the cystatin sequences (1) Q2xxN5 (Pogona barbata), (2) m9T289 
(Iguana iguana), (3) K4I4J3 (Abronia graminea), (4) e3p6p1 (Rhinoplocephalus nigrescens), (5) e3p6N8 
(Pseudechis australis), (6) e3p6N7 (Pseudechis porphyriacus), (7) e3p6p2 (Notechis scutatus), (8) e3p6p0 
(Hoplocephalus stephensii), (9) e3p6N6 (Oxyuranus scutellatus), (10) e3p6N4 (Pseudonaja textilis), (11) 
e3p6N5 (Oxyuranus microlepidotus), (12) e3p6p4 (Naja kaouthia), (13) e3p6N3 (Austrelaps superbus), 
(14) e3p6N9 (Tropidechis carinatus), (15) e3p6p3 (Micropechis ikaheka), and (16) J3RYx9 (Crotalus 
adamanteus). signal peptides are shown in lower-case.
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of oral health (Dickinson 2002). However, venom cystatins do not group phylogenetically with 
the salivary cystatins S/D (Brillard-Bourdet et al. 1998; Dickinson 2002; Fry 2005), and the 
cystatin S/D family exhibits much weaker inhibition of cathepsins in comparison with classi-
cal type 2 cystatins. This suggests a role for cystatin S/D family members in the inhibition of 
unidentified exogenous proteases, such as those from microbial organisms (Dickinson 2002). 
Antimicrobial activities for snake venom cystatins are certainly possible, but potent cathepsin 
inhibitory properties implicate them in more classical pathways (Richards et al. 2011). The cur-
rent evidence favors inhibition of prey extracellular matrix proteases by snake venom cystatins 
as a means to protect the integrity of other venom components (Brillard-Bourdet et al. 1998), 
but this is yet to be proven.

Reptile venom cystatins differ from prototypical human cystatin C in three distinct ways. All 
contain a relatively truncated N-terminus (except for some lizard venom forms), while lacking 
Asn-39 (alignment position 70 in  figure 24.6), essential for legumain inhibition, and possess-
ing a small insertion between the cysteine residues that form the first disulfide bond (Richards 
et al. 2011). No functional significance has been assigned to this small insertion of amino acids, 
which is also present in cystatin M. The addition is unlikely to affect conformation, as it is in a 
largely unstructured region of the protein, on the opposite side to the C1 CP inhibitory wedge 
(Sotiropoulou, Anisowicz, and Sager 1997). Despite the truncated N-terminus, A.  superbus 
venom cystatin retains the Gly-11 structural element (alignment position 35 in  figure 24.6) and 
displays an enzyme selectivity profile and level of potency consistent with cystatin C and ovocys-
tatin (Richards et al. 2011). The BSL structural element is responsible for legumain inhibition in 
type 2 cystatins and consists of a sequence of at least four amino acids located on the opposite side 
to the C1 CP binding surface and which fits the following consensus: nucleophilic-38, Asn-39, 
X-40, hydrophobic-41 (alignment positions 69, 70, 71, 72 in  figure 24.6) (Alvarez-Fernandez et al. 
1999). The BSL is absent in some type 2 cystatins (such as cystatin D), suggesting a second recruit-
ment or a deletion event subsequent to the original recruitment of the plesiotypic protein. The 
absence of Asn-39 (alignment position 70 in  figure 24.6) in elapid snake venoms precludes the 
inhibition of legumain (Richards et al. 2011). However, it is interesting that Asn is present at posi-
tion 70 in Pogona barbata (see  figure 24.6) cystatin and also convergently in a spider venom pep-
tide (from C. jingzhao; Chen et al. 2008b). It is not certain if the surrounding sequences amount 
to functional BSLs that impart legumain inhibition, but both conform to the BSL consensus. If 
the lizard and spider venom cystatins were shown to be functional legumain inhibitors, it would 
suggest that the ability to inhibit legumain is unnecessary for snake venom cystatin and that the 
BSL was deleted at an early stage in snake evolution.

24.7.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.7.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

There is not always a clear delineation between the roles of C1 versus C13 CP inhibition 
by type 2 cystatins in normal cellular processes and pathology. However, there are several 
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disorders in which cathepsins have been particularly noted as potential therapeutic targets 
and for which snake venom cystatins may be examined as drug leads. Although cathepsins 
are lysosomal proteases, they are often up-regulated and present both at the cell surface and 
in the secretions of cancer cells. Cathepsins play roles at various levels in cancer metastasis, 
including proteolysis of ECM components to allow for cancer cell migration, promotion of 
proteolytic cascades that promote invasion, and cleavage of E-cadherin which disrupts cell 
adhesion (Gocheva and Joyce 2007). Moreover, there is a tight association between cathep-
sin and the apoptotic caspase proteolytic cascade (Castino et al. 2002). Specific cathepsin 
B inhibitors induce apoptosis in a caspase-dependent fashion in neuroblastomas (Castino 
et al. 2002), and cathepsin L has shown promise as a target for cancer therapy, especially in 
combination with cytotoxic drugs (Lah, Duran Alonso, and Van Noorden 2006). A clearer 
understanding of the proteolytic mechanisms that underpin cancer progression will 
advance the development of protease inhibitors as effective cancer therapeutics. Cystatins 
may also be potential drug leads for Alzheimer’s disease. β-Secretases induce cleavage of 
amyloid precursor protein (APP) to produce A-β, the main constituent of the brain amyloid 
plaques implicated in Alzheimer’s disease pathology. Specific cathepsin B inhibitors have 
been shown to inhibit the conversion of APP to Aβ. Cathepsin B is thus implicated as a 
β-secretase, a potential target for cystatins in the treatment of Alzheimer’s disease (Hook 
et al. 2005).

24.7.5 CONVeRGeNCe WITh OTheR VeNOms

Cystatin forms found in Lonomia spicule venom (Veiga et  al. 2005)  and tick hema-
tophagous secretions (Grunclova et  al. 2006)  both exhibit mutations within the pro-
tease inhibiting the reactive site. While the secondary contact site is poorly conserved 
in Lonomia, it is largely conserved in ticks, such as within the group 2 cystatin (sialo-
statin L) identified in the hematophagous secretion gland transcriptome of the deer 
tick I. scapularis (Ribeiro et al. 2006) that specifically inhibits cathepsin L (Kotsyfakis 
et al. 2006). RNAi knockdown experiments demonstrate that this protein inhibits T-cell 
proliferation and cytokine secretion at the feeding site, in part by inhibiting process-
ing and presentation of hematophagous secretion peptides by antigen-presenting cells. 
Cystatins are also secreted by the bush tick Haemaphysalis longicornis (Zhou et  al. 
2006), and a similar function may be inferred. The feeding secretion of the soft tick 
Ornithodoros moubata contains two cystatins that may have a similar effect, although 
one of them is also expressed in the gut, where it has a digestive function (Grunclova 
et al. 2006). The transcriptome of the hematophagous secretion gland of the mosquito 
Aedes aegypti recovered a truncated cDNA encoding a cystatin (Ribeiro et  al. 2007), 
suggesting that this protein family may also have been recruited to the mosquito hema-
tophagous secretion.

It is also interesting to note that there is a Pro-Ser substitution present in loop 2 of the 
spider venom form from C. jingzhao (Chen et al. 2008b), which would affect formation of the 
inhibitory wedge. At present, it is not clear if this substitution is genuine or if the spider cys-
tatin is an active CP inhibitor, but a single nucleotide error could cause this shift in predicted 
proteins.
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24.8 epIDIDYmaL seCReTORY pROTeIN

24.8.1 eNDOphYsIOLOGICaL pLesIOTYpe

This protein type is expressed in high amounts in the epididymis, but the endogenous function 
remains uncharacterized.

24.8.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

This is known only from transcriptome sequencing (Fry et al. 2010b) (see  figure 24.7).

FIGURE 24.7: sequence alignment of epididymal secretory protein precursors from the mandibular 
venom glands of (1) Varanus komodoensis (GU441521), (2) Varanus gouldii (GU441519), (3) Varanus indicus 
(VINDm_CL9Contig1), (4) Varanus komodoensis (GU441522), and (5) Varanus indicus (GU441523) and the 
related nontoxin body forms from (6) Canis familiaris (Q9GL25) and (7) Homo sapiens (Q96Bh3). < and 
> designate incomplete N- or C-terminal of precursor. ^ designates protein sequencing fragment 
(Fry et al. 2010b). signal peptides are shown in lower-case.
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24.8.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The venom epididymal secretory protein sequences recovered from Varanus venom-gland 
transcriptome libraries (Fry et al. 2010b) have an additional eight cysteines in relation to the 
endophysiological plesiotype, which significantly changes their emergent three-dimensional 
structures (see  figure 24.7). An additional mutation deleted four of the 20 plesiotypic cysteines, 
with potential consequences for structure and function. This variation was present in two spe-
cies (V. indicus and V. komodoensis), both of which also possessed an isoform that did not have 
this deletion, indicating that this mutation occurred in one isoform prior to their divergence 
from a common ancestor.

24.8.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.8.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.9 GOaNNaTYROTOxIN

24.9.1 eNDOphYsIOLOGICaL pLesIOTYpe

YY-peptides are typically expressed in the intestine. Documented activities include inhibi-
tion of exocrine pancreatic secretion, vasoconstriction, and inhibition of jejunal and colonic 
mobility.

24.9.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Unlike most other venom proteins, goannatyrotoxin is novel in having its secondary struc-
tures determined by a lack of significant numbers of prolines and cysteines present in the 
endophysiological plesiotype (Fry et  al. 2010b). Goannatyrotoxin produces a unique potent 
triphasic action: rapid biphasic hypertension followed by prolonged hypotension in anesthe-
tized rats (see  figure 24.8).

24.9.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.
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24.9.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.9.5 CONVeRGeNCe WITh OTheR VeNOms

Goannatyrotoxin represents an additional case of convergence in the selection of a gene type 
for use as a toxin, with a YY-peptide having been previously characterized as a bioactive com-
ponent in frog skin chemical arsenals. While goannatyrotoxin has a triphasic effect on the 
cardiovascular system, the frog skin YY-peptides have broad-spectrum antimicrobial activity 
(Mor et al. 1994; Vouldoukis et al. 1996).

24.10 heLOFeNsIN

24.10.1 eNDOphYsIOLOGICaL pLesIOTYpe

See  chapter 9.
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FIGURE 24.8: (a) sequence alignment of goannatyrotoxin and related peptides (Fry et al. 2010b). 
(1) Varanus eremius goannatyrotoxin (GU441529), (2) the frog skin antimicrobial peptide p80952 
from Phyllomedusa bicolour, and the related nontoxin, ordinary body peptides from (3) Homo sapiens 
(p10082), (4) Anguilla japonica (Q76CL2), (5) Gallus gallus (p28673). Box indicates posttranslationally 
processed bioactive peptide. second Y is in amide form. * designates N-terminal and C-terminal of 
posttranslationally processed peptide sequence. (B, C) effect of intravenous injection of V. eremius 
goannatyrotoxin (GU441529) (Fry et al. 2010b). p1 = phase 1; p2 = phase 2; p3 = phase 3. map = mean 
arterial pressure. signal peptides are shown in lower-case.
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24.10.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

This unique toxin type is constructed by four tandemly repeated β-defensin motifs, resulting 
in a single protein with a novel multidomain topology (Genbank: EU790964) (see  figure 24.9) 
(Fry et  al. 2010a). This demonstrates that high toxin diversity in venoms is attained not 
only by the expression of multiple paralogs but also by domain variation in a multidomain 
single-product gene formed by tandem repeats within a plesiotypic monodomain gene. All 
precursors sequenced have the same cysteine arrangement, and there is high overall sequence 
conservation, indicative of conservation of activity (see  figure 24.9).

S P

Helofensin

S P

Tandem duplication of defensin-encoding domain

Helofensin precursor

Posttranslational cleavage
of single multidomain peptide

β

β β β β

A

B

FIGURE 24.9: (a) Domain mutation producing the helofensin tandem β-defensin domains. 
β = β-defensin domain, p = propeptide, s = signal peptide. (B) sequence alignment of the 
helofensin isoforms and related proteins (Fry et al. 2010a). The representative Heloderma venom 
proteins (1) GQ918270, (2) GQ918271, and (3) eU790964 from Heloderma suspectum and (4) the protein 
fragment Q7LZ31 from Heloderma horridum. The representative β-defensin convergently found in 
other venoms: (5) O73799 (Crotalus durissus terrificus) and (6) p82172 (Ornithorhynchus anatinus). The 
representative nonvenom β-defensins: (7) p81534 (Homo sapiens), (8) Q30KJ9 (Pan troglodytes), 
(9) Q6haa2 (Crotallus durissus terrificus), and (10) Q32ZI5 (Rattus norvegicus). * designates N-terminal 
fragment. signal peptides are shown in lower-case.
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Very little structural or functional work has been done on this toxin type. Indeed, over 
two decades have passed since the first study on this toxin type (Komori, Nikai, and Sugihara 
1988), in which only a very small fragment was sequenced, and thus homology with any endo-
physiological protein was unable to be established. Later work identified the unique tetrado-
main, monoproduct precursor (Fry et al. 2010a). However, more work needs to be done, as the 
initial report gave an MW (as determined by SDS-PAGE) of around 28 kDa (Komori, Nikai, 
and Sugihara 1988), while the predicted proteolytically cleaved product in the recent study was 
17 kDa (Fry et al. 2010a). As the SDS-PAGE gave the same MW under both nonreducing and 
reducing conditions, this precludes dimerization. Bioactivity testing revealed extremely potent 
activity, with an LD50 of approximately 0.135 mg/kg (based on a test range of 0.057–0.311) 
(Komori, Nikai, and Sugihara 1988). The inhibition of direct twitches is strongly suggestive of 
myotoxicity, but this needs to be confirmed.

24.10.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.10.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.10.5 CONVeRGeNCe WITh OTheR VeNOms

The β-defensin domain has been convergently recruited for use in a number of other venoms 
(see  chapter 9).

24.11 hYaLURONIDase

24.11.1 eNDOphYsIOLOGICaL pLesIOTYpe

Hyaluronidase is an enzyme that catalyzes the hydrolysis of hyaluronic acid, a major constitu-
ent of interstitial barriers.

24.11.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Like the normal body form, the venom form of this globular enzyme contains only five disul-
fide bridges in more than 300 amino acid residues, a very low proportion of disulfide bridges 
for a venom protein, and six of the cysteine residues are concentrated in the last 74 amino acids 
(see  figure 24.10). Hyaluronidase is found in the venom of toxicoferan reptiles, with isoforms 
sequenced from snakes (Harrison et al. 2007; Fry et al. 2008) and helodermatid lizards (Fry 
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et al. 2010b). It is speculated that it acts as a “diffusion factor,” enhancing tissue permeability 
in order to allow a more efficient spreading of toxins or hemostatic factors (see Tu and Hendon 
1983). While this has not been proven, evidence such as its degradation of extracellular matrix 
is certainly suggestive of such a role (Girish et al. 2002).

24.11.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Hyaluronidase enzymes across animal taxa show lower levels of sequence diversity than 
other toxins, and no new activities have been reported for either venom or body forms (see 
 figure 24.10). This is consistent with the basic molecular evolutionary principles of globular 
proteins (see  chapter 1.3.2).

24.11.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

FIGURE 24.10: sequence alignment of the hyaluronidase sequences from the venoms of 
(1) Heloderma suspectum (C6eVG3), (2) Echis ocellatus (a3QVN2), (3) Cerastes cerastes (a3QVN3), 
(4) Bitis arietans (a3QVp0), (5) Crotalus adamanteus (J3s820), (6) Micrurus fulvius (U3FYQ4), and 
(7) Ovophis okinavensis (U3TBU1).
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24.11.5 CONVeRGeNCe WITh OTheR VeNOms

Hyaluronidase has been sequenced from the venoms of coleoids (Fry, Roelants, and Norman 
2009; Ruder et al. 2013b), stonefish (Ng et al. 2005), and hymenopteran insects (Gmachl and 
Kreil 1993; King et al. 1996) and also from the hematophagous secretions of dipteran insects 
(Charlab et al. 1999; Ribeiro et al. 2004b). In addition to venoms for which protein sequences 
have been obtained, hyaluronidase activity has been reported for spider (Nagaraju, Devaraja, 
and Kemparaju 2007) and scorpion venoms (Batista et al. 2007), but although the correspond-
ing enzymes have been isolated, they have not yet been sequenced. The masses of the enzymes 
isolated from spiders and scorpions (41–45 kDa) are similar to those of the shorter forms of 
hyaluronidase found in hymenopteran and dipteran venoms; the longer forms found in the 
venoms (and bodies) of reptiles, stonefish, and other vertebrates are typically 52–55 kDa. Thus, 
the short form appears to be restricted to arthropods.

24.12 LIpOCaLIN

24.12.1 eNDOphYsIOLOGICaL pLesIOTYpe

Lipocalins are a functionally diverse family of proteins that generally bind small hydrophobic 
ligands (Montfort, Weichsel, and Andersen 2000; Andersen et al. 2005).

24.12.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

This protein type is known only from transcriptome sequences obtained from snakes: Azemiops 
feae, Disphoids typus, Liophis miliaris, R.  tigrinus, and Trimorphodon biscutatus (Fry et  al. 
2012b).

24.12.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.12.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.12.5 CONVeRGeNCe WITh OTheR VeNOms

Lonomia obliqua venom contains a number of lipocalins (Veiga et al. 2005; Ricci-Silva et al. 
2008), and one of these, Lopap, has a unique serine protease-like activity that activates 
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prothrombin (Reis et al. 2006); there are currently no reports of other lipocalins with protease 
activity.

Several groups of hematophagous arthropods have independently recruited this pro-
tein family to serve a variety of antihemostatic functions. Arthropod lipocalins display 
pronounced molecular biodiversity, such as in the Reduviidae family of predatory insects, 
which includes the triatomids or kissing bugs (Andersen et  al. 2005). For example, 341 
isoforms were recovered from a hematophagous secretion-gland cDNA library of Triatoma 
brasiliensis (Santos et al. 2007). In Rhodnius prolixus, the nitrophorins, lipocalins with a 
unique heme-binding domain, function to store nitric oxide and deliver it to the skin dur-
ing feeding (Champagne, Nussenzveig, and Ribeiro 1995; Andersen et al. 1997). These pro-
teins also sequester histamine, preventing the host response to histamine released from 
mast cells and platelets (Ribeiro and Walker 1994), and inhibit coagulation by interfer-
ing with factor IXa (Ribeiro, Schneider, and Guimaraes 1995; Gudderra, Ribeiro, and 
Andersen 2005). Another lipocalin (nitrophorin 7, without a heme group) inhibits coagu-
lation by binding to anionic membrane phospholipids, interfering with the assembly of 
procoagulant complexes (Andersen et  al. 2004). Yet other lipocalins disrupt hemostasis 
by sequestering ADP, thus preventing platelet activation and aggregation (Francischetti 
et al. 2000; Francischetti, Andersen, and Ribeiro 2002), or by sequestering amines such as 
serotonin, thereby preventing vasoconstriction and possibly coagulation (Andersen et al. 
2003). The venoms of species of the hemipteran genus Triatoma lack nitrophorins, but 
diverse lipocalins present within these secretions nevertheless fulfill a variety of antihemo-
static roles. Characterized Triatoma lipocalins include pallidipin and triplatin, which have 
anticollagen activity, and the antithrombin molecule triabin (Noeske-Jungblut et al. 1994; 
Noeske-Jungblut et al. 1995; Morita et al. 2006).

Lipocalins also account for several of the pharmacological activities in the blood-meal 
feeding secretion of ticks, into which they have been independently recruited (Mans, Louw, 
and Neitz 2003). Moubatin from Ornithodoros moubata inhibits collagen-mediated platelet 
aggregation (Waxman and Connolly 1993) via a mechanism that includes binding throm-
boxane A2 and leukotriene B(4) (Mans and Ribeiro 2008). A second lipocalin from the same 
tick shares 46% amino acid identity with moubatin but specifically inhibits the complement 
pathway by antagonizing activation of complement component C5. Two related lipocalins, 
TGSP4 (from Ornithodoros savignyi) and AM-33 (from Argas monolakensis), bind cyste-
inyl leukotrienes with high affinity (Mans et al. 2008). Cysteinyl leukotrienes, produced by 
neutrophils, macrophages, basophils, and mast cells in response to injury, increase endo-
thelial permeability leading to edema. This would be expected to lead to occlusion of blood 
vessels and accumulation of a nutritionally deficient, serous-rich, and erythrocyte-poor 
fluid at the tick feeding site. Sequestration of these molecules helps ensure a nutrition-
ally adequate meal, rich in erythrocytes. A  lipocalin (FS-HBP) specifically expressed by 
female hard ticks (Rhipicephalus) binds histamine in a manner completely distinct from 
the Rhodnius nitrophorins: rather than binding through a heme moiety, this protein has 
two histamine-binding pockets, one low-affinity and one high-affinity, in the interior of 
the β-barrel structure (Paesen et  al. 1999; Paesen et  al. 2000; Sangamnatdej et  al. 2002). 
Additionally, the lipocalins monomine and monotonin, from O.  monolakensis, inhibit 
vasoconstriction by binding serotonin (5-hydroxytryptamine) in addition to histamine 
(Mans et al. 2008). These molecules have a single amine-binding pocket and appear to have 
acquired their amine-binding properties as a separate evolutionary event distinct from the 



390  VeNOmOUs RepTILes aND TheIR TOxINs

evolution of FS-HBP. Tick hematophagous secretion-gland cDNA libraries reveal the pres-
ence of several other lipocalins of unknown function (Ribeiro et al. 2006). Lipocalins are 
also found in the feeding secretion of blood-meal dipterans, such as the mosquito A. aegypti, 
and these forms are presumably anticoagulant (Ribeiro et al. 2007).

24.13 maTRIx meTaLLOpROTease

24.13.1 eNDOphYsIOLOGICaL pLesIOTYpe

Found in macrophages and granulocytes, these enzymes cause proteolysis of the extracellular 
matrix.

24.13.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Bioactivities remain to be determined (Ching et al. 2012).

24.13.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.13.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.13.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.14 NeRVe GROWTh FaCTOR

24.14.1 sUmmaRY

In animals, NGF plays an essential housekeeping role, regulating the health and main-
tenance of the peripheral and central nervous systems. NGF is expressed ubiquitously in 
toxicoferan venoms. NGFs isolated from caenophidian snake venom glands share simi-
lar structures and functions with their housekeeping counterparts, including the ability 
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to induce outgrowth of neurite cells. Although the toxic role of these proteins in enven-
omation remains to be elucidated, several direct and indirect mechanisms through which 
venom homologues of NGF could participate in envenoming have been postulated. 
Endophysiological NGF has been of great therapeutic interest as a potential treatment for 
a number of neurodegenerative diseases, most notably Alzheimer’s disease. At least one 
study has suggested that venom NGF may have additional beneficial activities not exhibited 
by mammalian NGF.

24.14.2 eNDOphYsIOLOGICaL pLesIOTYpe

The endophysiological plesiotype of venom NGF has been identified as β-NGF, which 
functions in the development and maintenance of the nervous system. Mammalian NGFs 
exist as multimeric complexes of three subunits, α, β, and γ, with only the β subunit pos-
sessing nerve growth activity (Bax et al. 1997). As would be expected, the predominant 
tissue localization of NGF is within the nervous system. Use of ELISA and mRNA assays 
have demonstrated that NGF is synthesized and secreted by sympathetic and sensory tar-
get organs and target tissues in the brain (Korsching 1993). In the adult brain, the highest 
concentrations of NGF are localized in the hippocampus, cortex, and olfactory regions 
(Korsching et  al. 1985; Large et  al. 1986). Apart from the nervous system, NGF is also 
found in various other tissue compartments. The salivary glands of adult male mice are 
particularly rich in NGF, while lower concentrations can also be found in guinea pig pros-
tate, seminal f luid, and human skin (Levi-Montalcini and Angeletti 1968). NGF is also 
synthesized and secreted by Schwann cells, fibroblasts, and mast cells (Korsching 1993; 
Levi-Montalcini et al. 1996).

As its name implies, NGF functions to stimulate the growth of nerve cells, but it also 
has various other activities within the nervous system. NGF controls cell survival and dif-
ferentiation, cessation of cell growth, and apoptosis of sensory neurons. These activities are 
mediated by binding to two distinct classes of cell-surface receptors, the p75 neurotrophin 
receptor (p75NTR) and the TrkA receptor. Binding of NGF to TrkA leads to dimerization of 
the receptor and subsequent autophosphorylation of several tyrosine residues in the cyto-
plasmic domain. This triggers the intracellular signal-transduction cascade and induces a 
trophic effect (Meakin and Shooter 1992). Conversely, binding of NGF to p75NTR initiates 
apoptosis in the context of TrkA-negative neurons. However, if TrkA is co-expressed on 
the cell surface, NGF binding to p75NTR leads to increased survival, neurite outgrowth, and 
synaptic plasticity (Thoenen et al. 1987; Barrett 2000; Miller and Kaplan 2001; Chao and 
Bothwell 2002). In addition to functions in the nervous system, there is emerging evidence 
of other roles for NGF. For example, NGF is present in CNS limbic areas involved in mood 
and cognition, in the orchestration of neuroendocrine responses and circadian activities, 
and also in cells of the immune and endocrine system. This has led to the hypothesis that 
it may function as an intracellular messenger regulating endocrine responses to stress 
(Smith et al. 1995; Hristova and Aloe 2006). In support of this hypothesis, it has been found 
that the plasma concentration of NGF is increased in fighting male mice (Aloe et al. 1986; 
Lakshmanan 1987) and in soldiers experiencing parachute jumping for the first time (Aloe 
et al. 1994).



392  VeNOmOUs RepTILes aND TheIR TOxINs

24.14.3 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

NGF constitutes a very small proportion (1–5 mg/g of venom) of the total venom in most 
snakes (Siigur et al. 1985; Siigur et al. 1986; Koyama et al. 1992; Sanz et al. 2008). However, in 
snake species of the genus Oxyuranus, NGF makes up nearly 0.5% (weight weight) of the total 
venom injected (Morrison, Pearn, and Coulter 1982; Morrison et al. 1984; Earl et al. 2006). 
Such elevated amounts of NGF could result in toxicity to the prey.

Venom NGFs in elapid snake venoms have been shown to have undergo rapid muta-
tion under the influence of positive Darwinian selection (Sunagar et al. 2013a). By mapping 
detected hypermutational sites onto a three-dimensional homology model of elapid snake 
venom NGFs, it was revealed that a large number of mutations were localized on the molecular 
surface of these proteins. In fact, nearly 85% of the hypermutational sites identified were either 
located on the molecular surface or had their side chains exposed to the surrounding medium. 
Moreover, nearly 74% of these mutations were found in the secreted β-chain of elapid NGF, 
highlighting that certain regions of these proteins are more favored than others in the accu-
mulation of evolutionary variation.

Since NGF is capable of inhibiting venom metalloprotease-dependent proteolysis, secre-
tion of NGF in the venom of certain vipers has been viewed as indicative of their role in pre-
vention of venom autolysis (Cohen and Levi-Montalcini 1956; Wijeyewickrema et al. 2007a; 
Wijeyewickrema et al. 2007b; Wijeyewickrema et al. 2010). There are several other direct and 
indirect mechanisms through which NGFs could perform a role in envenomation, potentially 
resulting in an increase in the potency of the toxicoferan venom arsenal. For example, injec-
tion of a large dose of NGF into the lymphatic system of the prey would result in NGF overdose, 
which would trigger a variety of atypical reactions. Caenophidian NGFs, which rapidly accu-
mulate variations under the influence of positive Darwinian selection, could induce a pleth-
ora of pharmacological effects by nonspecifically interacting with novel receptors of the prey 
(Sunagar et al. 2013a). NGF is also known to cause apoptosis of cells that lack TrkA receptors 
(Frade, Rodriguez-Tebar, and Barde 1996; Frade and Barde 1998; Frade and Barde 1999), and 
thus the caenophidian venom NGF homologues could function as proapoptotic factors and 
contribute to prey cell cytotoxicity, particularly after being introduced into tissues where they 
are not typically found.

As discussed above, venom hyaluronidase, which is capable of degrading hyaluronic 
acid in the extracellular matrix, may act as a spreading factor and facilitate diffusion of 
other venom components (Girish et al. 2002). This may be a role fulfilled by NGF also. 
Endophysiological NGFs are capable of triggering the release of granules containing his-
tamines, serotonins, and other chemical mediators from mastocytes (Lindholm et  al. 
1987; Woolf 1996). Degranulation of mast cells located primarily in perivascular spaces, 
often close to neurons and blood vessels, increases vascular permeability and neurogenic 
inf lammation (Theoharides 1990). Although controlled degranulation can aid in orches-
trating and mounting an acute inf lammatory reaction, massive releases are associated 
with anaphylaxis, bronchoconstriction (suffocation), and vasodilation (Payne and Kam 
2004). Therefore, venom NGF homologues could perform an ancillary envenoming role, 
similar to that of hyaluronidases, by facilitating the efficient absorption of other venom 
components. Both glycosylated and nonglycosylated NGFs have been recovered from 
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snake venoms (Pearce et al. 1972; Pearce and Thompson 1986; Katzir et al. 2003; Earl et al. 
2006). Serum proteins undergo glycosylation as part of posttranslational modification to 
prolong their circulation time. Interestingly, venom NGFs in nearly all squamate lineages 
(except in a few elapid snakes, such as genus Naja, Notechis scutatus, Pseudechis australis, 
and Pseudechis porphyriacus) have conserved aspargine 23 (Asn 23), a putative glycosyl-
ation site in mature venom NGF (Kornfeld and Kornfeld 1985; Gavel and von Heijne 1990). 
This site is completely unconserved in mammalian and turtle NGF. Glycosylation of snake 
venom NGF homologues could prolong their circulation time in the bloodstream of prey 
animals and allow them to spread to various tissues and exert their toxic action. Hence 
several direct and indirect mechanisms can be postulated through which caenophidian 
NGFs might participate in prey envenoming.

24.14.4 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

There are two identified examples of covalently bound NGF homodimers, from the ven-
oms of Bitis arietans (Smith et  al. 1992b) and Bungarus multicinctus (Furukawa and 
Hayashi 1978). Attempts to solve the X-ray crystal structure of a venom NGF have so 
far proved unsuccessful, although crystals diffracting at 3.2 Å have been analyzed from 
Naja kaouthia venom NGF (Gu et al. 2002). A molecular modeling study of Bothrops jar-
aracussu venom NGF, employing the coordinates of the human NGF structure, showed 
that the core of the monomer is formed by a pair of twisted β-sheets and that this core 
is highly conserved between human and snake NGF (Kashima et al. 2002). A high per-
centage of shared sequence identity between snake venom NGFs and human NGF sug-
gests that the overall three-dimensional structure is conserved across these proteins. 
The only structural difference within venom NGFs appears to be in glycosylation. Some 
venom NGFs, such as those from Bothrops atrox, Agkistrodon rhodostoma, Macrovipera 
lebetina, and O. scutellatus, contain up to 20% carbohydrate, while NGFs from N. kaou-
thia and P. australis are nonglycosylated (Glass and Banthorpe 1975; Siigur et al. 1985; 
Kostiza and Meier 1996; Earl et al. 2006). The glycosylation site has been identified as 
Asn 23, with this residue usually not conserved in those NGFs lacking sugar groups 
(Earl et al. 2006). Interestingly, both lizard venom NGF sequences determined to date 
contain Asn at position 23, suggesting the presence of N-linked glycans on the mature 
proteins. An apotypic form has been isolated from Crotalus adamanteus venom that 
is unique in containing a γ subunit with arginyl esterase activity that is noncovalently 
bound to the β subunit (Perez-Polo et al. 1978). The bioactivity of this apotypic form has 
not yet been determined, so it is unclear whether this structural variation translates to 
unique function.

24.14.5 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

NGF is an important trophic factor for basal forebrain cholinergic neurons, stimulating 
their functioning and preventing their death. Given that these cholinergic neurons are 
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essential for brain functioning and are degenerated by aging and in neurodegenerative 
diseases, NGF has been suggested as a potential therapeutic drug for the treatment of 
these conditions. Several animal studies, including primate studies, have shown that 
NGF is effective in preventing cholinergic basal forebrain neuronal death and in stimu-
lating cell function (Rosenberg et  al. 1988; Emerich et  al. 1994; Chen and Gage 1995; 
Conner et al. 2001). However, delivering NGF to the brain in a therapeutic context has 
proved challenging, as it cannot cross the blood-brain barrier and cannot be directly 
infused because of the occurrence of side effects (Tuszynski 2002). To overcome this, 
a phase 1 clinical trial of NGF gene therapy for Alzheimer’s disease was undertaken. 
The results were promising and a follow-up phase 2 clinical trial is currently under 
way (Tuszynski et al. 2005). While only human NGF has been evaluated in these stud-
ies, there may be potential for the application of venom NGFs in neurodegenerative 
disorders. In vitro work has shown that NGF from Naja sputatrix venom exhibits com-
parable potency to mouse NGF in stimulating neurite differentiation. Surprisingly, this 
form of NGF also has other beneficial activities not evident in the mammalian protein. 
Unlike mouse NGF, N. sputatrix NGF up-regulates endogenous expression of β-NGF in 
PC12 cells and also up-regulates expression of prosurvival cell-surface receptors and 
ion channels (Koh, Armugam, and Jeyaseelan 2004). No further data have been reported 
for N. sputatrix NGF, but it is hoped that supportive studies in animal models of neu-
rodegeneration can be performed, potentially paving the way for the eventual testing of 
venom NGFs in human clinical trials.

24.14.6 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.15 phOsphODIesTeRase

24.15.1 eNDOphYsIOLOGICaL pLesIOTYpe

Secreted in the kidney, this enzyme cleaves a variety of phosphodiester and phosphosulfate 
bonds, including those of deoxynucleotides, nucleotide sugars, and NAD.

24.15.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Phosphodiesterase (PDE) activity is known from the venoms of many snakes. It has also been 
recovered from a number of venom-gland transcriptome libraries, including those of elapid 
snakes (such as Micrurus fulvius; Margres et al. 2013) and viperid snakes (such as Sistrurus 
catenatus edwardsii; Pahari et al. 2007). A protein sequence exists for PDE from Bothrops jara-
raca venom (Santoro et al. 2009). Activity testing of the B. jararaca form revealed it to be an 
effective inhibitor of platelet aggregation.
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24.15.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.15.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.15.5 CONVeRGeNCe WITh OTheR VeNOms

The spingomyelinase toxin from sicarid spiders is a modified form of PDE.

24.16 phOsphOLIpase a2 (GROUp III)

24.16.1 eNDOphYsIOLOGICaL pLesIOTYpe

Lizard venom group III PLA2 (LV-GIII-PLA2) were recruited from within the type III group 
of the phospholipase A2 superfamily. Their recruitment into reptile venom is thus convergent 
with their recruitment into bee venom, rather than being closely related to either of the more 
common forms found in snake venom, SV-GI-PLA2 or SV-GII-PLA2 (see  chapters 20 and 21).

24.16.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Initial characterization of this toxin type was from Heloderma suspectum (Gomez et al. 1989). 
The first characterization of its toxicity was from H.  horridum venom, with anticoagula-
tion activity demonstrated via the ability to block epinephrine-induced platelet aggregation 
(Huang and Chiang 1994). Full sequencing of Heloderma isoforms revealed significant varia-
tion in primary structure (Vandermeers et al. 1991). This toxin type then received little atten-
tion for 15 years, until it was revealed to be part of the plesiotypic toxin arsenal of anguimorph 
lizards and that the antiplatelet activity was also plesiotypic (Fry et al. 2006; Fry et al. 2009b; 
Fry et al. 2010b; Koludarov et al. 2012). Notably, a long C-terminal tail was revealed in the pro-
tein translations of the H. suspectum PLA2 mRNA sequences that had not been seen in either of 
the reported H. suspectum sequences previously determined by protein sequencing (Swiss-Prot 
P80003 and P16354) (see  figure 24.11). The regions of the full-length mRNA sequences corre-
sponding to the points at which the protein sequences end (G for P80003 and GR for P16354) 
are rich in dibasic proteolytic sites (GRKRSQKKRK for EU790967 and GRKRSRKKRK for 
EU790968) (see  figure 24.11). These are common recognition sites for the proteolytic removal 
of segments from both vertebrate (Hook et al. 2008) and invertebrate (Veenstra 2000) pro-
tein precursors. Therefore, P16354 may represent an incompletely proteolyzed product relative 
to P80003. The C-terminal tail of EU790968 is much longer than that of EU790967, which 
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terminates with the proteolysis motif. Full-length sequences from anguiid and varanid lizards 
reveal that this (RK) proteolytic cleavage motif is ubiquitously present in anguimorph iso-
forms and thus represents a plesiotypic condition (see  figure 24.11).

24.16.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

FIGURE 24.11: sequence alignment of TV-GIII-pLa2 (Fry et al. 2010b; Koludarov et al. 2012): (1) K4I293 
(Abronia graminea), (2)  p16354 (Heloderma suspectum), (3)  B6CJU9 (Varanus komodoensis), (4)  p80003 
(Heloderma suspectum), (5)  C6eVh0 (Heloderma suspectum), (6)  e2e4K7 (Varanus gilleni), (7)  Q2xxL5 
(Varanus varius), (8) e2e4K8 (Celestus warreni), and (9) C6eVG9 (Heloderma suspectum). Dibasic cleavage 
sites are highlighted in gray, and propep is underlined. signal peptides are shown in lower-case.
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24.16.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.16.5 CONVeRGeNCe WITh OTheR VeNOms

See  chapters 20 and 21.

24.17 phOsphOLIpase a2 IIe

24.17.1 eNDOphYsIOLOGICaL pLesIOTYpe

Expression is limited to the brain, heart, lung, and placenta and mediates progression of 
inflammatory processes.

24.17.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

This is known only from transcriptome sequencing of Atractaspis aterrima, Leioheterodon 
madagascarensis, and D. typus (Fry et al. 2012b).

24.17.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.17.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.17.5 CONVeRGeNCe WITh OTheR VeNOms

See section 24.16 and  chapters 20 and 21.
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24.18 phOsphOLIpase B

24.18.1 eNDOphYsIOLOGICaL pLesIOTYpe

Detected in white blood cells (granulocytes and neutrophils), intestinal enterocytes, and the 
epidermis, it facilitates the removal of fatty acids from both the sn-1 and sn-2 positions of 
phospholipids.

24.18.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Only one form has been tested, from the venom of Pseudechis colletti, and it was strongly 
hemolytic (Bernheimer et al. 1987). Other forms are known only from transcriptome sequenc-
ing (Chatrath et al. 2011; Rokyta et al. 2011).

24.18.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.18.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.18.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.19 ReNIN aspaRTaTe pROTease

24.19.1 eNDOphYsIOLOGICaL pLesIOTYpe

Expression is restricted to the kidney. The primary activity is generation of angiotensin I from 
angiotensinogen, thus acting as a mediator of extracellular volume and vasoconstriction.

24.19.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

It is known only from transcriptome sequencing (Wagstaff et al. 2006; Fry et al. 2013).
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24.19.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.19.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.19.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.20 RIBONUCLease

24.20.1 eNDOphYsIOLOGICaL pLesIOTYpe

The nearest nonvenom protein is a pyrimidine-specific C-preferring nuclease expressed pre-
dominantly in the pancreas.

24.20.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

This is known only from transcriptome sequencing (Fry et al. 2010b; Fry et al. 2012b). The 
plesiotypic ribonuclease toxin sequences have deletions of two plesiotypic cysteines and thus 
may have novel conformational folding and differential surface chemistry (see  figure 24.12).

24.20.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The two isoforms of an apotypic variant recovered from the Gerrhonotus infernalis library 
have a frame-shift mutation near the C-terminal, not only resulting in slightly truncated 
sequences and the loss of two of the plesiotypic cysteines but also producing two new cyste-
ines (see  figure 24.12) (Fry et al. 2010b). The resultant novel disulfide-bridging pattern may 
produce significant changes in three-dimensional structure and consequently biotargeting.

24.20.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.
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24.20.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.21 VasCULaR eNDOTheLIaL GROWTh FaCTOR

24.21.1 eNDOphYsIOLOGICaL pLesIOTYpe

Expressed in various tissues ranging from the brain to the heart, vascular endothelial 
growth factor (VEGF) promotes angiogenesis, vasculogenesis, endothelial cell growth, and 
endothelial cell proliferation; it promotes cell migration and induces permeabilization of 
blood vessels.

24.21.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

VEGF causes an increase in the permeability of the vascular bed, resulting in hypotension and 
shock (see Yamazaki et al. 2003; Yamazaki et al. 2009).

FIGURE 24.12: sequence alignment of ribonuclease precursors (Fry et al. 2010b). Venom-gland 
forms: Gerrhonotus infernalis (1) GU441512, (2) GU441513, (3) GU441514, (4) GU441516, and 
(5) GU441517), and (6) Celestus warreni (GU441518). The related nontoxin body forms from (7) Homo 
sapiens (p03950), (8) Iguana iguana (p80287), and (9) Gallus gallus (p81476). > designates incomplete 
C-terminal of precursor. * designates N-terminal posttranslationally processed protein sequence. 
signal peptides are shown in lower-case.
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24.21.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.21.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.21.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.22 VeFICOLIN

24.22.1 eNDOphYsIOLOGICaL pLesIOTYpe

These oligomeric proteins are found in peripheral blood leukocytes. Detection in the lung, 
spleen, and thymus may be a result of the presence of tissue macrophages or trapped blood in 
these tissues. They are not detected in lymphocytes and granulocytes. Characteristic domains 
include an N-terminal region collagen-like domain and a fibrinogen-like domain located in 
the C-terminal region (Kakinuma et al. 2003). Complex interchain disulfide formations pro-
duce dodecamers from sets of trimers. In terms of bioactivity, these proteins are involved in 
serum-exerting lectin activity via the binding of N-acetylglucosamine.

24.22.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

This toxin class has only recently been discovered (Fry et al. 2010b; OmPraba et al. 2010; 
Fry et al. 2012b) (see  figure 24.13A). Consequently, little is known about its molecular evo-
lution or functional variation. The full-length sequences from C. rynchops are longer than 
the endophysiological mammalian sequences and contain an additional cysteine. They have 
either seven or eight cysteines, depending on whether the first cysteine is single or part of 
a doublet (see  figure 24.13B). The seven-cysteine form could potentially have an exposed 
cysteine, which could facilitate dimerization. While they have not yet been tested, it has 
been speculated that veficolins may interfere with platelet aggregation and/or blood coagu-
lation (OmPraba et al. 2010). However, bioactivity testing of venom forms remains to be 
undertaken.
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24.22.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The form from V. komodoensis lacks the early cysteine(s) of the snake venom forms and also 
has an internal deletion (but one that does not result in loss of any cysteines) (Fry et al. 2010b) 
(see  figure 24.13B).

24.22.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

A

B

FIGURE 24.13: Veficolin (a) phylogenetics and alignment of (B) the sequences (1) m9T1p5 
(Cylindrophis ruffus), (2) e2IYB3 (Varanus komodoensis), (3) D8VNT0 (Cerberus rynchops), and 
(4) I0BWT0 (Enhydris polylepis). signal peptides are shown in lower-case.



Lesser-Known or putative Reptile Toxins  403

24.22.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.23 VespRYN

24.23.1 eNDOphYsIOLOGICaL pLesIOTYpe

It is secreted by hemopoietic lineages, and its activity remains uncharacterized.

24.23.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Vespryn induces hypolocomotion and hyperalgesia. It is unknown which of these, if either, is 
the plesiotypic activity and which is apotypic.

24.23.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.23.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.23.5 CONVeRGeNCe WITh OTheR VeNOms

In stonefish venoms, this toxin type produces lethal hemolysis through pore formation in cell 
membranes while inducing potent endothelium-dependent hypotension and also irreversibly 
interfering with neuromuscular function (Low et al. 1994; Chen et al. 1997; Sung, Low, and 
Khoo 2002). In addition, stonustoxins display edema-inducing activity, increase of vascular 
permeability, induction of endothelium-dependent vasorelaxation, platelet aggregation, and 
myotoxicity.
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24.24 VITeLLINe memBRaNe 

OUTeR LaYeR pROTeIN

24.24.1 eNDOphYsIOLOGICaL pLesIOTYpe

This is secreted by the oviduct and is a component of the outer membrane of the vitelline layer 
of the egg. Its function remains unknown.

24.24.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

This is known only from transcriptome sequencing (Fry et al. 2012b).

24.24.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.24.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.24.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.

24.25 WaGLeRIN

24.25.1 eNDOphYsIOLOGICaL pLesIOTYpe

This is unknown, as waglerins display no homology to any known peptide.

24.25.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

Selectively blocks the epsilon subunit of muscle nicotinic acetylcholine receptors, resulting in 
tachypnea, ocular proctosis, rapid collapse, and spasms in mice; the primary cause of death is 
respiratory failure (Schmidt, Weinstein, and Smith 1992; Lin, Smith, and Lee 1995; McArdle 
et al. 1999).
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24.25.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

None is documented.

24.25.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

Waglerin is used in an antiwrinkle face cream.

24.25.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented. However, nicotinic acetylcholine receptors have been convergently tar-
geted by other snake venom peptide types (see color plate 2B), such as 3FTx (see  chapter 8) 
and the unique neurotoxic propeptide forms of SVMP from Psammophis venoms (see 
 chapter 23.4.4).

24.26 WapRIN

24.26.1 eNDOphYsIOLOGICaL pLesIOTYpe

Secretory leukocyte protease inhibitor (SLPI) is an acid-stable proteinase inhibitor with strong 
affinities for trypsin, chymotrypsin, elastase, and cathepsin G. It may prevent elastase-mediated 
damage to oral and possibly other mucosal tissues.

24.26.2 pLesIOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The plesiotypic condition is a bidomain form, with the two peptides encoded liberated by post-
translational processing (see  figure 24.14). Only one form has been tested, and it displayed an 
antimicrobial activity (Nair et al. 2007).

24.26.3 apOTYpIC sTRUCTURaL aND 

FUNCTIONaL TOxIN FORms

The apotypic precursor state is a monodomain precursor with a divergent signal peptide (see 
 figure 24.26.1). The extensive sequence variation displayed by this peptide type suggests that 
apotypic activities are likely to be documented on further testing. Derivations of precursors 
include those that encode a waprin-kunitz fusion (Jackson et al. 2013). As the TV-kunitz-waprin 
dual domain has only been recovered in transcriptome studies, it remains to be established 
whether the TV-kunitz-waprin fused toxin is posttranslationally processed into two separate 
toxins or if it exerts its toxic function as a protein complex.



FIGURE 24.14: Domain combinations of waprin and kunitz peptides: Waprin-waprin dual domain 
(1) B2Bs84 (Austrelaps labialis), (2) GahG01000009 (Hoplocephalus bungaroides). Waprin monodomain 
(3) GaGZ01000019 (Acanthophis wellsi), (4) GaGZ01000017 (Acanthophis wellsi), (5) GahB01000016 
(Cacophis squamulosus), (6) GahD01000011 (Echiopsis curta), (7) GahG01000008 (Hoplocephalus 
bungaroides), (8) Gahh01000051 (Pseudonaja modesta), (9) GahI01000010 (Suta fasciata). Waprin-kunitz 
dual domain (10) D3U2B9 (Sistrurus catenatus edwardsii), (11) D3U0D3 (Sistrurus catenatus tergeminus), 
(12) GahB01000034 (Cacophis squamulosus), (13) GahI01000009 (Suta fasciata). Kunitz-kunitz dual 
domain (14) a7x4K1 (). Kunitz monodomain (15) GahC01000021 (Denisonia devisi), (16) a7x4J4 
(Rhabodophis tigrinus), (17) a7x4K7 (Philodryas olfersii), (18) a7x4I7 (Thrasops jacksonii), (19) B5G6h4 
(Notechis scutatus), (20) B5G6G8 (Oxyuranus scutellatus). signal peptides are shown in lower-case. 
posttranslationally cleaved bioactive domains are highlighted in gray.
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24.26.4 TheRapeUTIC pOTeNTIaL OF The TOxIN TYpe

None is documented.

24.26.5 CONVeRGeNCe WITh OTheR VeNOms

None is documented.
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POISONOUS SNAKES AND 
KOMODO DRAGON WEAPONIZED 
BACTERIA: WHICH IS MYTH AND 

WHICH IS REALITY?

B .  G .  FRY,  H.  SCHEIB ,  K .  ME S SE NGER,  K .  L .  T YRRELL ,  
S .  HOCK NULL ,  S .  W ROE ,  K .  S UN AG AR,  E .  J .  C .  GOL D S TEIN ,  

D .  M.  CIT RON,  A ND  T.  N .  W.  JACK S ON

25.1 pOIsONOUs sNaKes

The potently venomous genus Rhabdophis is one of three genera of Asian snakes in the 
Natricidae family that can also be legitimately called “poisonous.” Most members of this genus 
possess a unique gland positioned at the base of the neck called a nuchal gland. In Rhabdophis, 
the nuchal gland is paired on either side of the spine. The gland is very superficial, lying 
between the muscle and the epidermis (see color plate 29). Trauma to the neck causes the gland 
to rupture, spilling the toxic contents of the organ. In some members of the genus, the gland 
also extends dorsolaterally along the snake’s body. In these snakes, the nuchal poison is used 
for defense, whereas the oral venom is used for predation.

The nuchal glands are unique among vertebrates in several regards. Most animals that 
store defensive chemicals usually store them in preexisting organs such as the skin, muscles, 
or viscera (Mori et al. 2012). However, the nuchal glands appear to have evolved de novo as a 
protective structure for storing sequestered toxins. Ontogenetically, the glands are of meso-
dermal origin, whereas the primary secretory tissue of most (if not all) other skin glands 
of terrestrial vertebrates is ectodermal (Mori et al. 2012). Another fascinating aspect of the 
structure of the glands is that they lack lumina, ducts, and secretory epithelium (Hutchinson 
et  al. 2007). Instead the defensive compounds are delivered via the circumferential blood 
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vessels and central capillary beds of the circulatory system (Hutchinson et  al. 2007; Mori 
et al. 2012).

Unlike the production of its venom, the snake cannot generate the poisonous substance 
found in the nuchal glands. Instead, it must sequester the poisons from toxic prey. Females also 
pass poisons they have stored on to their unborn offspring through the eggshell. To date, the 
toxic substances are only known to come from toads of the family Bufonidae. These defensive 
steroids are called bufadienolides. Bufadienolides are steroids originally secreted from the skin 
of both American and Japanese toads (Hutchinson et al. 2007), which led to the prefix “bufo-.” 
They possess a six-member lactone ring attached to C17 of the steroid scaffold (leading to the 
ending “-olide”). In bufodienolides, the lactone ring contains two double bonds (“-dien-”). 
Bufadienolides lack the suberylarginine side chain of bufotoxins, which are C3-acylated bufa-
dienolides (see color plate 29). Slight variations to this pattern are also toxic, such as bufano-
lides (fully saturated lactone ring) and bufenolides (one double bond in lactone ring).

The chemical makeup of the glands is completely dependent on the toad species the snakes 
are preying upon. In this regard, only Rhabdophis tigrinus from Japan have been examined. 
Specimens were taken from Japan and brought to the United States, where they were fed the 
three North American toad species Anaxyrus fowleri, A. terrestris, and A. quercicus. In their 
native habitat, these specimens would have fed on Bufo japonicus. Seventeen bufadienolides 
from the nuchal glands of Japanese R. tigrinus have been found (based on experiments using 
North American toads); a few examples include gamabufagin, hellebrigenin, telocinobufagin, 
and 11α-hydroxytelocinobufagin, in addition to several new natural products (Hutchinson 
et al. 2007). Some of the bufadienolides, such as gamabufotalin, appear to be sequestered unal-
tered or are possibly derived from side-chain hydrolysis of bufotoxins. Most of the remain-
ing bufadienolides undergo additional hydroxylation (Hutchinson et al. 2007). In dendrobatid 
frogs, which also sequester toxins through diet, in one species endogenous hydroxylation has 
been shown to dramatically increase the toxicity of a sequestered alkaloid (Daly et al. 2003). 
Color plate 29 reveals that arenobufagin from the Argentinian toad Bufo arenarum and bufa-
lin from B. vulgaris show only minor differences to the bufadienolides found in Rhabdophis 
snakes. Bufalin is a traditional Chinese medicine called Chan Su. It is a potent biocide that has 
been shown to induce apoptosis of human tumor cells (Yamada et al. 1998; Takai et al. 2012).

The possession of these defensive poison glands results in some very interesting behaviors. 
Upon confrontation, and when escape seems unlikely, most members of the genus will per-
form a set number of behaviors that are somewhat unique to this group of snakes. The most 
striking behavior is called neck arching, in which the snake lowers its chin and raises its neck 
to the would-be predator. If the snake is touched during this performance, it will often swing 
its arched neck into the stimulus touching it. This is called “neck-butting.” Although these 
snakes possess extremely potent venom, most individuals do not bite but instead rely on their 
nuchal-gland behaviors. Most members also have strikingly colorful necks, which is empha-
sized during the neck-arching behavior.

In most cases, the poison is not easily excreted; in fact, because the glands themselves lack 
ducts, in order for the gland to rupture, a significant amount of pressure has to be placed on the 
neck. One apparent exception is the red-necked keelback (Rhabdophis subminiatus) of south-
ern Asia. Members from Hong Kong are known to readily and easily exude their poisonous 
secretions from their necks without even being touched (Messenger et al. 2012). Some speci-
mens have been known to seemingly “spray” their nuchal fluid into the air when approached 
by a predator. The mechanisms behind this ability have not yet been studied.
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Of the 21 species of Rhabdophis, three to four are suspected to have secondarily lost the 
nuchal glands, and for another six species, it is still unknown whether the nuchal gland is 
present. The other two genera known to possess similar glands (though not identical) are 
Balanophis, a monotypic genus from Sri Lanka, and Macropisthodon. Within Macropisthodon, 
one member, Macropisthodon rudis, has secondarily lost its nuchal gland, although retaining 
potent venom and very large fangs (see color plate 5G).

Conversely, in areas without bufonid prey, therefore rendering the animals nonpoisonous 
(but still venomous), individuals do not commit to such nuchal-gland-associated behaviors 
and instead just rely on fleeing as their only means of defense (Mori and Burghardt 2008). 
Similarly in areas that lack toads, the nuchal-gland fluid is filled primarily with water and 
lipids, with trace amounts of nonbufadienolide steroids, mainly cholesterol and carbohydrates 
(Hutchinson et al. 2007). If the females are deprived of toxic prey prior to becoming gravid, 
the offspring will hatch out nonpoisonous. However, experiments have shown that even after 
the female has laid such non-toxic eggs, the embryo can still absorb bufadienolides through 
the eggshell via topical application (Hutchinson et al. 2012), thus reinforcing the readiness by 
which these remarkable snakes bioaccumulate and sequester toad toxins.

25.2 BaCTeRIa as a WeapON IN VARANUS 

KOMODOENSIS (KOmODO DRaGON)?

The previous lack of recognition of the venom system of anguimorph lizards has hindered 
the complete understanding of their predatory ecology. Thus the role of the toxin-secreting 
oral glands in feeding and/or defense requires further investigation. The only anguimorph 
lizard species besides helodermatid lizards that has been directly investigated in this regard is 
Varanus komodoensis. This giant evolved in Australia during the Neogene, with fossils dating 
from some 3 million to 4 million years ago. Three extinct giant species of Varanus are known 
from the Neogene: V. sivalensis from the Pliocene Siwalik Hills of India; V. priscus from the late 
Pleistocene of eastern Australia; and a yet-to-be-named species from the middle Pleistocene 
of central Australia and the island of Timor. V. sivalensis was similar in body size to V. komo-
doensis but left no post-Pliocene fossil record. Both of the remaining two species evolved a 
much larger body size than V. komodoensis (Hocknull et al. 2009). Competition with mam-
malian carnivores on the subcontinent may have led to this species’ short-lived record. Fossils 
of all three species were found with contemporaneous vertebrate fauna that includes gigantic 
forms of birds, snakes, crocodilians, and marsupials. As the largest terrestrial carnivores, they 
probably preyed on megafauna, but direct evidence of their feeding behavior has not been 
clearly ascertained.

It is likely that these giant species of Varanus occupied predatory niches in Australia that 
were filled elsewhere by placental mammals (Eutheria). The absence of eutherian predators in 
Australia may account for the success of small-bodied varanid species there (typically mem-
bers of the subgenus Odatria), and predation rather than competitive exclusion by placental 
mammal carnivores (Order Carnivora) has been suggested as the likely reason for the absence 
of small varanids elsewhere in the world (Sweet and Pianka 2007). It seems plausible, therefore, 
that a lack of competition from eutherian predators may also have facilitated the evolution of 
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a clade of giant, predatory varanids, unique to Australopapua and Wallacea. Varanus komo-
doensis, famous today as the largest living lizard, is one of the largest members of this clade. 
Like other members of this varanid clade characterized by large and serrated teeth, it has an 
Australian origin. Other living members of this clade include the moderately large V. varius 
and the exceptionally long-tailed V. salvadorii. The largest of this serrated teeth clade included 
the two extinct species, Varanus (formerly Megalania) priscus, the world’s largest terrestrial 
lizard, and a nearly as large extinct species that radiated out to Timor. It has been proposed 
that V. komodoensis and the Timor species dispersed westward to the Lesser Sunda Islands 
of Indonesia and that V. komodoensis further dispersed as far as the island of Java (Hocknull 
et al. 2009). The lack of extensive fossil records indicates that V. komodoensis failed to estab-
lish on Java, and, like V. sivalensis from India, it was probably outcompeted by mammalian 
carnivores.

On the island of Flores, three major faunal turnovers, including the extinction of its mega-
fauna 12,000  years ago, have occurred during coexistence with V.  komodoensis. After the 
extinction event, only relatively small prey items were available to V. komodoensis, until the 
introduction of pigs by man 5,000 years later. Thus during the intervening period, V. komo-
doensis was restricted to feeding upon smaller prey items. The fossil record illustrates their 
evolutionary adaptive flexibility, a feature common for many other species of varanid.

The currently available prey options for adult V. komodoensis include introduced mega-
fauna (deer and water buffalo) that were brought in by Dutch settlers over the last few centu-
ries. V. komodoensis therefore is living in a novel manmade ecosystem. Encounters between 
V. komodoensis and these larger potential prey animals are recent, having been facilitated by 
the anthropogenic dispersal of the large mammals, and have taken place over far too short 
a period of time to have influenced the evolution of V.  komodoensis. Having said this, the 
V. komodoensis lineage is millions of years old and has coexisted with megafauna for most of 
its prehistory, making it potentially preadapted to preying on megaherbivores.

Compared with other large carnivores, such as crocodilians, V. komodoensis have light-
weight skulls and a relatively weak bite force in relation to their mass and the size of the large 
mammals on which they currently feed (Moreno et al. 2008; Fry et al. 2009b; D’Amore et al. 
2011). Instead of a powerful bite, V. komodoensis employs many recurved and serrated teeth 
(see color plate 5B) as its primary weapon, using a bite-and-slice strategy where the teeth act in 
concert to produce a near-singular cutting blade and motion. Mechanical damage (see color 
plate 30)  alone is the probable cause of death in many cases, as it results in rapid massive 
blood loss (such as caused by slicing the femoral or carotid arteries). Moreover, V. komodoensis 
venom contains anticoagulant toxins that increase blood loss and other toxins that induce 
hypotension and shock (Fry et al. 2009b).

The body size of V. komodoensis has remained stable over the past 3–4 million years and 
in particular during the last 900,000 years on Flores. Although pigs and deer are of manage-
able size (40–50 kg) and may be killed rapidly as described above, water buffalo are unlike 
any past megafaunal species V. komodoensis may have evolved to prey on. Defensive strategies 
such as horns and hooves are not present in the extinct Australian megaherbivores. This fact is 
reflected in the observed success rate of predation attempts by V. komodoensis. Attacks on pigs 
and deer are typically successful (Bull, Jessop, and Whiteley 2010; Fry, personal observations), 
with the majority of such predation attempts resulting in rapid death as previously described. 
Prey animals that escape the initial attack with less severe injuries succumb in a few hours due 
to persistent bleeding, likely resulting from the anticoagulant effects of the venom. This extra 
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fitness advantage results in significant selection pressure for the maintenance of venom, which, 
because of the physiological cost of its production, would otherwise be lost.

Although V. komodoensis are unlikely to be capable of bringing down an adult water buf-
falo, they often inflict deep wounds to the lower hindquarters of these animals (see color plate 
30). The evolutionary reflex of the water buffalo is to seek refuge in swamps in their native 
habitat, which have slow-moving, renewable water. However, on the V. komodoensis islands 
where buffalos have been introduced, stagnant water holes replenished only by rain are typi-
cally the only water resource available (see color plate 30). The standing water of these wallows 
is contaminated with bacteria accumulated from feces of the buffalo and other fauna, rotting 
vegetation, and soil. Many of these bacteria are virulent pathogens, such as Clostridium per-
fringens, which can cause gangrene, sepsis, or septic shock, or other opportunistic pathogens 
such as fecal flora, can eventually cause life-threatening sepsis in the wounded water buffalo. 
Ecologist Walter Auffenberg noticed that wounded water buffalo were sometimes overcome 
with infection and thus susceptible to predation (Auffenberg 1981). He therefore postulated 
that “induction of wound sepsis and bacteremia through the bite of the V. komodoensis may 
be a mechanism for prey debilitation and mortality”. Central to his “bacteria as venom” the-
ory was that fatal infections were caused by virulent, pathogenic oral flora. However, this 
theory suffered from a conspicuous absence of evidence. Expansions proposed later, such as 
lizard-lizard swapping of “weaponized bacteria” during mutual feeding of prey (Bull, Jessop, 
and Whiteley 2010) are evolutionarily complex and thus highly unlikely. Extraordinary claims 
require extraordinary evidence. Bacteria used as a weapon would be an unprecedented form of 
predation strategy, for which none of the above studies provided such a standard of evidence.

A later study of the aerobic oral flora in 39 wild and captive V.  komodoensis isolated a 
variety of fecal, skin, and environmental (vegetation, soil, and water) bacteria (Montgomery 
et al. 2002). In this study, 54 of the 57 isolated species were considered to be “potentially patho-
genic.” Pasteurella multocida was reported in only 5% (2 out of 39) of the examined V. komo-
doensis and was interpreted by the authors as supporting the bacteria-as-venom theory. No 
bacterium was found common to all V.  komodoensis. Crucially, potential transient sources 
were not cultured, such as drinking water, stagnant wallows or the normal skin and fecal flora 
of prey. Greater clinical scrutiny reveals that although some of the species can be opportu-
nistic pathogens, they are actually of low virulence and rarely reported in the literature to 
cause sepsis, thus they would not be considered to have a primary pathogenic role causing 
rapid, fatal infection of prey. In particular, although infection by Pasteurella multocida in bite 
wounds from mammals such as dogs, cats, lions, and Tasmanian devils is common and can be 
pathogenic, it is associated with sepsis infrequently, especially in healthy individuals (Weber 
et al. 1984; Khan et al 2012). Moreover, P. multocida has not been reported in oral flora studies 
of many other reptiles including various snakes, alligators, and turtles (Jackson and Jackson 
1971; Goldstein et al. 1981; Flandry et al. 1989; Theakston et al. 1990; Blaylock 2001; Hejnar 
et al. 2007; Shek et al. 2009; Draper et al. 1981).

A more recent study screened the saliva and gingival flora of 10 adult and 6 hatching cap-
tive V. komodoensis from three zoos in the United States for aerobic and anaerobic bacteria 
(Goldstein et al. 2013). Saliva and gingival samples were taken at least one day after feeding. 
Adult V. komodoensis diets varied by zoo and consisted largely of whole prey, such as poultry, 
fish, and small mammals. Bacterial strains were identified biochemically as in the previous 
study and by molecular methods. The study identified 128 strains (87 aerobic and 41 anaero-
bic), with a median of 10 isolates per culture, including 18 different Gram-negative and 21 
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Gram-positive aerobic species and 6 different Gram-negative and 15 Gram-positive anaerobic 
species.

Although the V. komodoensis food and environment were not cultured, the bacteria iso-
lated correlated with normal skin and fecal flora of prey mammals and the environment. There 
was also correlation between different V. komodoensis flora by age, sample source (saliva or gin-
giva), and diet between zoos. All adult V. komodoensis had oral flora that largely reflected their 
respective zoo food sources. V. komodoensis that were fed fish, for example, had fish-related 
bacteria not found in other V. komodoensis. Hatchlings showed only aerobic bacteria that were 
less diverse than in adult V. komodoensis. Gingival and saliva samples contained higher pro-
portions of bacteria consistent with normal skin flora and normal fecal flora of prey, respec-
tively. Marked interzoo variation was observed, with the majority of the V. komodoensis tested 
at each zoo having unique strains not isolated at the other zoos. Interestingly, the bacteria 
recovered from the captive V. komodoensis in this study more closely resembled those of the 
wild V. komodoensis in the Montgomery study (Montgomery et al. 2002), which could be a 
reflection of diet; the Montgomery study did not state whether the captive V. komodoensis were 
fed cut meats or whole prey as were those in this later study.

Rather than V.  komodoensis oral flora consisting of virulent bacteria that are the likely 
cause of sepsis and rapid death, this recent investigation found that captive V. komodoensis 
oral flora is reflective of the skin and gut flora of their recent meals and of environmental 
flora, a finding similar to that for many other venomous and nonvenomous reptiles and other 
carnivores. In fact, numerous studies detailing the oral aerobic and/or anaerobic flora of both 
captive and wild reptiles, including rattlesnakes, garter snakes, cobras, and vipers, in addition 
to alligators and turtles, have all isolated varieties of organisms that largely overlap with the 
findings of this more recent study (Jackson and Jackson 1971; Goldstein et al. 1981; Flandry 
et al. 1989; Theakston et al. 1990; Blaylock 2001; Hejnar et al. 2007; Shek et al. 2009).

The potentially fatal infections contracted by water buffalo postbite are thus the result of 
a novel encounter between predator and potential prey that has only taken place for a small 
fraction of the evolutionary history of either species. In summary, the above-mentioned find-
ings demonstrate that the bacterial flora associated with V. komodoensis saliva does not stand 
out from its environment or from flora found in the mouths of other predators and instead is 
associated with the prey record of an individual V. komodoensis.

The absence of a specialized pathogenic bacteria challenges the “weaponized bacteria” the-
ory proposed three decades ago. This theory is also evolutionarily implausible, because infec-
tions would act too slowly to be under any sort of evolutionary selection pressure. Further,   
because of their size, water buffalo always escape the initial attack and flee a considerable dis-
tance. In all the extensive tracking and filming of V. komodoensis, there has never been a single 
documented case of a V. komodoensis biting a water buffalo and following it until it dies; there-
fore, the original dragon is not going to be the beneficiary. There is no fitness advantage to be 
gained if the biting animal does not obtain the prey.





ACETYLCHOLINE A neurotransmitter in the autonomic nervous system. An organic molecule 
that transmits nerve signals from one neuron to the next, or from a neuron to a muscle cell by 
being released in the synapse and binding one of two receptor types

ACTION POTENTIAL A momentary switch in the electrical potential across a cell’s membrane 
that moves along the cell’s length (e.g. from dendrites to synapse in a neuron) to transmit a signal 
or initiate a contraction

AGONIST A chemical that activates a receptor upon binding
ALPHA-NEUROTOXIN A postsynaptic neurotoxin that antagonizes nicotinic acetylcholine 

receptors in neuromuscular junctions, leading to paralysis
ALTERNATIVE SPLICING A genetic process during gene expression that involves the differential 

exclusion or inclusion of exons in the production of mRNA, allowing a single gene to produce 
multiple protein isoforms

ANGUIMORPHA A clade of toxicoferan reptiles, including the extant families Anguidae, 
Helodermatidae, Lanthanotidae, and Varanidae and several extinct ones (e.g. Mosasauridae)

ANION A negatively charged ion
ANTAGONIST A chemical that blocks a receptor upon binding
ANTICOAGULANT Prevents the coagulation (clotting) of blood
ANTIVENOM Antibodies used in the treatment of envenomation
APOTYPIC Representing a newly evolved or derived form, as opposed to an older ancestral one
AXON A nerve fiber, the typically long, slender part of a neuron that guides the action potential from 

cell body to the next synapse
BIOINFORMATICS Development and usage of software to computationally investigate and inter-

pret biological data
BRUMATION A period of time for captive reptiles and amphibians where temperatures are lowered 

during the winter months
CALLOUT When a trained professional is called to remove a venomous snake from a business or 

residence where they often relocate them to a suitable nearby habitat
CARDIOTOXIN A toxin that damages and/or functionally impairs the heart
CATALYTIC Increasing the rate of a chemical reaction

GLOSSARY
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CATION A positively charged ion
CDNA Abbreviation of complementary DNA, DNA obtained by reverse-transcription of mRNA
CLADE A monophyletic group of organisms
COAGULOPATHIC Affecting the coagulation (clotting) of blood
CODING DNA SEQUENCE (CDS) The portion of a gene that codes for protein
COFACTOR A molecule that is required for a protein’s biological activity
COMMON ANCESTOR The most recent individual from which all organisms in a group are 

directly descended
CONTIGUOUS SEQUENCES (CONTIGS) A set of overlapping DNA segments that together rep-

resent a consensus region of DNA
CONVERGENT EVOLUTION Independent evolution of similar structures or features, typically 

from different starting conditions
C-TERMINAL The side of a peptide chain at which translation is ended, normally characterized by 

a carboxyl (–COOH) end group
CYSTEINE MOTIF A specific positioning of cysteine residues in the amino-acid sequence of a pro-

tein that sustains its folding by formation of disulfide bridges
CYTOTOXIN A molecule showing toxicity towards individual cells, often leading to cell death (e.g. 

through lysis or necrosis)
EDEMA Swelling caused by accumulation of body fluids in tissue
EFFECTIVE DOSE 50 (MEDIAN EFFECTIVE DOSE) Amount of a substance required to pro-

duce a specific effect in half of an animal population that makes up a test sample
ENDOPHYSIOLOGICAL Physiologically active within the body of the producing organism under 

normal circumstances
ENDOPHYSIOLOGICAL PLESIOTYPE The endophysiological protein form which a specialized 

exophysiological protein (e.g., a venom toxin) was recruited and subsequently diversified
ENVENOMATION The delivery of venom through a wound, resulting in toxicity
ENZYME A macromolecule (in most cases a protein) that catalyzes a biochemical reaction. Enzymes 

typically receive a name ending with the suffix ‘-ase’ (e.g. phospholipase)
EVOLUTIONARY RADIATION An pattern in which a single evolutionary lineage rapidly (in a 

short geological time span) diversifies into multiple distinct lineages, e.g. through the rapid suc-
cession of speciation events. Although typically referring at species lineages, radiation may also 
be used to describe the diversification of a protein family (through the rapid succession of gene 
duplication events)

EXON Part of a gene that may contribute to its mRNA, as opposed to introns (which are always 
cleaved out form the pre-mRNA by a spliceosome)

EXON SHUFFLING An evolutionary process that involves the duplication of part of a gene (one 
or more exons) into another gene, often as a result of unequal crossover or transposon-mediated

EXOPHYSIOLOGICAL Physiologically active outside the body of the producing organism under 
normal circumstances (e.g., venom and poison toxins)

FIBRINOLYSIS An anticoagulant process during which fibrin is degraded
FOCAL MUTAGENESIS (SITE-DIRECTED MUTAGENESIS) Point mutations
FOSSORIAL Relating to reptiles or amphibians that inhabit a subterranean niche
FUNCTIONAL PLASTICITY Showing the capacity to serve alternative functions depending on 

the biological context
GENE AMPLIFICATION An evolutionary increase in gene expression, e.g. by mutation of its 

gene-regulatory elements, or by alteration of its transcription factors
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GENE CONVERSION An evolutionary process by which one part of a gene is duplicated and 
replaces a homologous part (e.g. of another paralogous gene), such that the sequences become 
identical. As a result, two anciently duplicated genes may share more recently evolved similarity

GENE DUPLICATION An evolutionary process by which a stretch of DNA sequence contain-
ing a gene is duplicated in the genome through a mutational mechanism (unequal crossover or 
transposon-mediated), yielding two gene copies (paralogues)

GENE EXPRESSION The genetic process through which a gene is being activated and used to pro-
duce a biologically functional gene product (an RNA molecule or a protein)

GENOME (GENOMICS) The collective of genetic material (DNA) of an organism. Genomics is the 
biological research discipline dealing with the study of genomes

GRANULE A small cellular particle, often used to refer at vesicles containing secretory molecules
HEMATOPHAGOUS Feeding on blood
HEMORRHAGE Uncontrollable bleeding
HEMOSTASIS A process involving the interaction of multiple cell types and proteins that causes 

bleeding to stop, as a first step in wound healing
HEMOTOXIN A toxin that damages blood cells and/or functionally impairs normal processes in 

the blood, like hemostasis
HOMOLOGY/COMPARATIVE MODELING Constructing a protein structure model in the 

absence of experimental data
HOOP BAGS Large bags that to attach to a frame and handle designed to hold venomous snakes
HYDROLYSIS Cleavage of chemical bonds by the addition of water
HYDROPHILIC Having a strong affinity for water
HYDROPHOBIC Strongly repelled by water
HYPERALGESIA Increased pain sensitivity
HYPERMUTATION Frequent mutation under strong positive selection mutation that has an omega 

value greater than 1
HYPOTENSION Low blood pressure
INFLAMMATION An innate immune response of vascular tissue and immune cells induced by 

injury, or exposure to pathogens, irritants or toxins
ISCHEMIA A restriction of blood supply to tissues, causing a lack of oxygen and potentially leading 

to tissue damage
JIGGER STICK A pole with a U-shaped or Y-shaped end with a thick piece of rubber stretched 

across and are used to safely restrain venomous snakes
LEAD COMPOUND A molecule with promising bioactivity used as a design template during the 

development of new drugs
LIGAND A molecule capable to bind a biomolecule (often a receptor protein), thereby inducing a 

biological reaction
LUMEN The interior space of an anatomical structure (e.g. a vein, intestine or gland)
LYOPHILIZATION A dehydration technique (also known as “freeze-drying”) during which a liq-

uid solution (e.g. a venom) is brought to low pressure and freezing temperatures to sublimate 
aqueous components (e.g. water) and retain solid components (e.g. toxin proteins)

MANDIBLE (MANDIBULAR) Lower jaws
MAXILLA (MAXILLARY) Upper jaws
MONOPHYLETIC Representing all evolutionary descendants of a single ancestral lineage
MRNA Abbreviation of messenger RNA, the type of RNA molecule that passes on sequence infor-

mation of a gene to the ribosomes for protein synthesis. After transcription of a protein-coding 
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gene, primary transcript mRNA (known as pre-mRNA) is spliced and the resulting mRNA mol-
ecule is translated into a protein by ribosomes

NECROSIS Injury that results in the premature death of the affected cell or tissue
NEGATIVE SELECTION The selective elimination of newly arisen alleles from a population as a 

result of their fitness-reducing effect, preserving low allele variation and constraining change in 
proteins or phenotypes over a macroevolutionary scale

NEOFUNCTIONALIZATION Process whereby one paralogous copy derives a new function after 
gene duplication

NEUROMUSCULAR JUNCTION The interface between a neuron and the muscle cell it triggers
NEURON Nerve cell
NEUROTOXIN A toxin that targets the nervous system and disrupts the signaling that allows neu-

rons to communicate effectively
NEUROTRANSMITTER Substance that transmits a signal from one neuron to another target neu-

ron or muscle cell
NEUTRAL MUTATION A mutation that does not affect the fitness of an organism (i.e. is neither 

beneficial, nor maladaptive)
NONSYNONYMOUS SUBSTITUTION A nucleotide substitution in a protein-coding sequence 

that yields an amino-acid substitution
N-TERMINAL The side of a peptide chain from which translation is initiated, normally character-

ized by an amino (NH2-) end group
OMEGA (Ω, DN/DS) The ratio of nonsynonymous nucleotide substitutions to synonymous nucleo-

tide substitutions
ORTHOLOGUES Genes with a common ancestry that have split as a result of a speciation event. 

Orthologues always represent genes in different organisms
PARALOGUES Genes with a common ancestry that have split as a result of a duplication event. 

Paralogues may reside in a single organism or in different ones
PARALYSIS Loss of muscle function, may be either excitatory (spastic) or inhibitory (flaccid)
PARAPHYLETIC Representing all evolutionary descendants (taxa, genes or proteins) of a single 

ancestral lineage, except one of its daughter lineages
PHYLOGENY (PHYLOGENETICS) An evolutionary hypothesis representing relationships 

among species or sequences as a dichotomous tree. Phylogenetics is the discipline in evolutionary 
biology that deals with the reconstruction of phylogenies

PLATELET AGGREGATION The clumping together of platelets
PLESIOTYPIC Representing an evolutionarily conserved or ancestral form, as opposed to a newly 

derived one
POSITIVE SELECTION The selective increase of the frequency of alleles in a population as a result 

of their fitness-increasing effect. At a macroevolutionary scale, positive selection may be reflected 
by directional evolutionary change in a protein sequence or phenotype

POSTSYNAPTIC Part of a neuron or muscle cell situated posterior to (at the ‘receiver side’ of) a 
synapse

POSTTRANSLATIONAL MODIFICATION Any biochemical modification of a peptide or 
protein following its translation, including cleavage, folding and modification of amino-acid 
side groups

PRESYNAPTIC Part of a neuron situated anterior to (at the ‘donor side’ of) a synapse
PROCOAGULANT Promoting the coagulation (clotting) of blood
PROPIECE Part of a precursor protein that is posttranslationally cleaved to release a functional 

protein or peptide
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PROTEASE An enzyme that catalyzes a proteolytic reaction, i.e. cleavage of a peptide or protein by 
hydrolysis of a peptide bond

PROTEIN DOMAIN An amino-acid sequence with specific structural and functional features (e.g. 
a cysteine motif, a metal-binding site or an enzymatic activity) that typically represents an evolu-
tionarily conserved building unit in multiple proteins, either alone, or in combination with other 
domains

PROTEIN FAMILY A group of proteins presumed to be evolutionarily related based on their struc-
tural similarity

PROTEOME (PROTEOMICS) The collective of proteins synthesized by an organism or one of its 
tissues. Proteomics is the biological research discipline dealing with the study of proteomes

PURIFYING SELECTION See negative selection
RECEPTOR A protein typically anchored into a cell membrane that accepts binding of another 

biomolecule (a ligand) in order to induce a cellular response
RESTRAINING TUBES Clear plastic tubes of different diameters that are used to safely hold ven-

omous snakes in
SHOCK A life-threatening medical condition that occurs due to inadequate substrate for aerobic 

cellular respiration, often associated with a decrease in blood pressure and related symptoms (e.g., 
increased heart rate, fainting)

SIGNAL PEPTIDE An N-terminal amino-acid sequence in a precursor protein that is recognized 
by a protein complex (a signal recognition particle) upon translation, and then targeted to the 
endoplasmic reticulum for further processing in preparation of secretion

SNAKE HOOK A pole with an L-shaped or U-shaped piece of metal at the end used to pick up or 
restrain venomous snakes

SNAKE TONGS A tool used to safely pick up venomous reptiles which consists of a gripping han-
dle and mouth that gently grasps the reptiles

SQUAMATA A clade of reptiles including all living lizards and snakes
SYNAPSE Structure where an (electrical or chemical) signal is passed from one neuron to another 

cell (neural or otherwise)
SYNONYMOUS SUBSTITUTION A nucleotide substitution in a protein-encoding sequence 

that does not alter the amino-acid sequence
SYNAPSE An area in a nerve fiber responsible for transmission of an electrical or chemical signal 

from one neuron to the next, or from a neuron to a muscle cell
QUARANTINE An isolation period for individual animals that are new to a collection where the 

animals are observed and tested for illness
SYSTEMIC SYMPTOMS Symptoms associated with whole-body physiological systems, as 

opposed to local symptoms (restricted to a single part of the body)
TOXICOFERA Reptile clade of the lizard radiations Anguimorpha (anguids, helodermatids, lantha-

notids, shinosaurids, varanids, and xenosaurids) and Iguania (agamids, chameleonids, and igua-
nids) plus snakes characterized by oral glands that produce bioactive proteins that act as venoms

TOXIN A biologically produced molecule used by one organism to disrupt endophysiological or 
biochemical processes in another in function of feeding, defense or competition

TOXIN PRECURSOR A precursor protein from which the functional toxin (a smaller peptide or 
protein) is cleaved at some point after translation

TOXIN RECRUITMENT EVENT Process by which a gene encoding for a normal body tissue is 
duplicated and the new gene copy preferentially expressed in a venom gland

TRANSCRIPTOME (TRANSCRIPTOMICS) The collective of all RNA molecules, includ-
ing mRNA, rRNA, tRNA, and other noncoding RNA produced by one cell, a tissue, or an 
organism
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TYPE II DIABETES MELLITUS A group of metabolic diseases characterized by chronic high 
blood sugar levels due to resistance of cells against the hormone insulin, and often due to insuf-
ficient secretion of the latter

VENOM A secretion produced in specialized cells in one animal, delivered to a target animal 
through the inf liction of a wound, that disrupts endophysiological or biochemical processes in 
the receiving animal to facilitate feeding, defense, or competition by/of the producing animal
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PLATE 1: Schematic tree of venomous life in the animal kingdom (see  chapter 1.1) (Casewell et al. 
2013). The tree depicts the evolutionary relationships between animal lineages and highlights 
the frequency with which venom systems are found in the animal kingdom. Colored branches 
highlight major animal lineages that include members with venom systems. Red branches indicate 
a predatory role for venom, blue a defensive role, and green a role in intraspecific competition. The 
phylogeny is based on the tree of life presented by Pennisi (2003). Note that several animal lineages 
lacking venom have been pruned from the tree to facilitate presentation.
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PLATE 2: Convergence of toxin action in the animal kingdom (see  chapter 1.1) (Fry et al. 2009; 
Casewell et al. 2013). (A) Sites of convergent coagulopathic activity are displayed and are 
represented by numbers 1-9. (B) Sites of convergent neurotoxic activity are displayed and are 
represented by numbers 1-8. Each number represents a different physiological target that toxins in 
various venomous lineages have convergently evolved to attack. Names of toxins and the lineages 
from which they originate are listed below each numbered legend, with pictures of the venomous 
lineages relating to the key at the bottom of the figure. For snake toxins, the relevant chapter is 
cross-referenced.
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PLATE 3: Toxicofera evolutionary tree showing the timing of toxin-recruitment events and gland 
derivations (see  chapter 1.2.1 and 1.3) (Fry et al. 2006; Fry et al. 2008; Fry et al. 2010a; Fry et al. 2010b; 
Fry et al. 2012b; Fry et al. 2013). *RAP has been sequenced from the Boa constrictor glands, but a 
homologous sequence has been recovered from the Anolis carolinensis genome (Fry et al. 2013). 
Thus, this toxin type was recruited at least at the level of the henophidian snakes but perhaps all the 
way to the base of the toxicoferan reptiles. (Phylogeny based on Vidal 2002; Vidal and David 2004; 
Vidal and Hedges 2005; Fry et al. 2006; Vidal and Hedges 2009; Vidal et al. 2009.)
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PLATE 4: Anatomical variations in the anguimorph lizard venom systems (see  chapter 1.2.2). 
(A) Varanus komodoensis, magnetic resonance imaging: (A1) showing the six compartments (pink/
red) of the mandibular venom gland and the infralabial mucus gland (yellow); (A2) longitudinal 
MRI section showing large ducts emerging separately from each mandibular venom gland 
compartment; and (A3) transverse MRI section showing the mandibular venom gland large 
central lumen (red) and labial gland individual lobes (yellow). Transverse histology of Masson's 
Trichrome stained sections: (A4) the intratubular lumina of the mandibular venom gland that feed 
into the large central lumen; (A5) a mucus infralabial lobule (note that the six large dark folds are 
histology artifacts). (B) Lanthanotus borneensis: (B1) dissection of the mandibular venom gland 
(computationally highlighted red) and the mucus gland (computationally highlighted yellow); (B2) 
transverse histology section of the mandibular venom gland compartments (Kochva 1974); (B3) 
longitudinal MRI of the mandibular venom gland and the infralabial mucus gland. (C) Heloderma 
horridum: (C1) MRI of the mandibular venom gland; (C2) dissection of the mandibular venom gland 
(computationally highlighted red) and the mucus gland (computationally highlighted yellow); and 
(C3) histology of the venom gland intracellular storage granules (computationally highlighted red) 
and the nucleus (computationally highlighted black). (D) Gerrhonotus infernalis: (D1) longitudinal MRI 
of the multiple compartments (one per tooth); and (D2) Masson's Trichrome stained longitudinal 
histology revealing the seromucous mixed gland arrangement with the protein-secreting regions 
(dark reddish-purple) ventral to the mucus-secreting region (grayish-green). Mandibular gland 
histology sections: (E) the Iguania species Anolis equestris stained with Masson's Trichrome 
histology showing the mixed seromucous gland; or (F) the Xantusiidae species Lepidophyma 
flavimaculatum stained with Periodic Acid Schiff's showing the purely mucus-secreting gland. 
(Photos B1, B2, C2, C3: Elazar Kochva.)
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PLATE 5: Representatives of the diversity of specialised venom-delivery teeth (see  chapter 1.2.2 
and 1.2.3). Scanning electron microscopy of (A) Heloderma suspectum showing the deep 
venom-delivering grooves and (B) Varanus komodoensis showing the posterior cutting edge; (C) a 
fossilized tooth from the extinct seven-meter giant lizard Varanus prisca (formerly Megalania priscus) 
showing the serrated posterior cutting edge; CT scanning of the skulls of (D) Lachesis muta and 
(E) Micrurus fulvius showing their independently evolved front fangs; (F) the unique side-stabbing 
fangs of Atractaspis bibroni; the tremendously enlarged rear fangs of (G) Macropisthodon rudus and 
(H) Dispholidus typus; scanning electron micrographs showing the prominent grooves (horizontal 
arrows) on the fangs of (I) Rhinobothryum lentiginosum and (J) Boiga dendrophila (note: the Boiga 
specimen was prepared with the fang embedded in prey tissue, so only the base of the fang is 
visible; the prey tissue has separated slightly from the fang, forming a clear venom tube [vertical 
arrow]). (Photos A, B, C: Bryan G. Fry; D, E: Digimorph/Michael Kearney/Oliver Rieppel; F: Devon 
Massyn; G: Duncan McRae; H: Timothy N. W. Jackson; I, J: Bruce Young.)

9780199309399_Fry_plate.indd   5 16-02-2015   21:49:05



PLATE 6: Diversity of caenophidian snake oral glands (see  chapter 1.2.3). MRI showing the 
size and structure of the venom glands (red) of (A) Coluber constrictor, (B) Dispholidus typus, 
(C) Pantherophis obselata, (D) Cryptelytrops albolabris, (E) Dendroaspis jamesoni, (F) Aipysurus mosaicus. 
(G) MRI cross-section of Dendroaspis jamesoni showing one gland compressed. (H) Cylindrophis 
ruffus MRI showing the maxillary and mandibular glands (orange) and the rictal glands (green). 
Histochemically stained glands: (I) Cylindrophis ruffus rictal gland stained with Masson's Trichrome 
and (J) Aspidites melanocephalus mandibular gland stained with Periodic Acid Schiff's. (K) and (L) are 
dissections showing the spectacularly elongated glands of a freshly euthanized Causus rhombeatus 
and a preserved Calliophis bivirgata (respectively). Dissected C. bivirgata (ZRC 2.6682) deposited at 
the Lee Kong Chian Natural History Museum (formerly known as the Raffles Museum), National 
University of Singapore. (Photos: Bryan G. Fry.)
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PLATE 7: Fang embryological development (see  chapter 1.2.3) (Vonk et al. 2008). Adult maxillary 
dentition, mapped onto a molecular snake phylogeny to show relative positions of the various 
fang types. (A) The evolutionary changes leading from an unmodified maxillary dentition to the 
different fang types in advanced snakes are indicated at the nodes: (1) the plesiomorphic condition 
of continuous maxillary dental lamina without specialized subregions; (2) evolution of posterior 
maxillary dental lamina, developmental uncoupling of posterior from anterior teeth, (3) starting 
differentiation of the posterior teeth with a distinct venom gland; (4) secondary loss of anterior 
dental lamina and the development of hollow front fangs. (B) Lateral views of dentition and 
palate of dissected skulls (fangs circled). (C) Ventral view of palate schematic (fangs circled). 
Phylogeny is based on Vidal 2002; Vidal and David 2004; Vidal and Hedges 2005; Vidal et al. 2009). 
(Photos: Freek Vonk.)
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PLATE 8: Disulfide-linked multimeric toxins (Protein Data Bank codes for each shown in 
brackets; www.rcsb.org) (see  chapter 1.3.4). (A) Daboia russellii siamensis [2E3X] SVMP with 
linkages of the cysteine-rich domain (gray), disintegrin (red), and metalloprotease (blue) (see 
 chapter 23); (B) Crotalus durissus terrificus [3R0L] presynaptic neurotoxic complex consisting of two 
non-covalently-interacting SV-GII-PLA2 chains, acidic (red, blue, green) and basic (gray), with the 
acidic chain cleaved into three subchains held together by internal disulfide bonds (see  chapter 21); 
(C) Boiga irregularis [2H7Z] dimer of heterologous plesiotypic 3FTx (see  chapter 8); (D) Naja kaouthia 
[4AEA] dimer of homologous Type I 3FTx (see  chapter 8); (E) Protobothrops flavoviridis [1BJ3] dimer 
of heterologous lectins (see  chapter 17); (F) Bungarus multicinctus [1BUN] heterodimeric complex 
of a kunitz peptide (red) and SV-GI-PLA2 (blue) (see  chapters 15 and 20); (G) The extraordinary 
conservation of the presynaptic neurotoxic SV-GII-PLA2 complex found in Crotalus venoms 
(Cdt = Crotalus durissus terrificus, Coh = Crotalus oreganus helleri, Css = Crotalus scutulatus scutulatus) 
(see  chapter 21). Surface charge potentials were mapped on surfaces allowing for color-scale 
data range values of −10.00 (red) to +10.00 (blue). Surface residue hydrophobicity mapping of 
residue-type surfaces depicts acidic residues in red, basic residues in blue, polar residues in 
yellow, and nonpolar residues in silver.
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PLATE 9: Notable recently discovered sea snake species (see  chapter 1.4. (A) Hydrophis donaldi 
(rough-scaled sea snake), with the uniquely enlarged scales putatively used to protect it from 
lacerations from the sharp-rock microhabitat it occupies. (B) and (C) The remarkable convergence 
between two unrelated sea snakes formerly considered to be simply different populations of 
Enhydrina shistosa. The Southeast Asian species retains the species name shistosa but is now in the 
enlarged genus Hydrophis, while the Australo-Papuan species is named Hydrophis zweifeli. (Photos 
A, B, and lower snake image in C: Kanishka Dimithra Bandara Ukuwela; upper snake image in 
C: Mahree-Dee White.)
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PLATE 10: Notable recently discovered terrestrial species (see  chapter 1.4). (A) Oxyuranus 
temporalis, a new species of taipan from the Australian western desert. (B) Crotalus ericsmithii, a 
long-tailed rattlesnake from northern Mexico. (C) Naja ashei, a giant spitting cobra from Kenya. 
(D) Protobothrops mangshanensis, an extremely large viper from a very restricted montane habitat 
in China. (E) Pseudocerastes arachnoides, a viper from Iran with an exceptional novel caudal lure 
that resembles a spider. (Photos A: Jordan Voss; B: Eric Smith; C: Wolfgang Wüster; D: Johan 
Pennanen; E: Behzad Fathinia.)
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PLATE 11: Clinical signs of snakebite (see  chapter 2). (A) The two characteristic puncture wounds, 
taken three minutes postbite by a Vipera ursinii in Hungary. (B) A series of scratches taken 36 hours 
postbite by an unidentified Bungarus species in Nepal. (C) The characteristic crescent-shaped 
wounds following a Heloderma suspectum bite in Arizona. (D) Edema and blistering six hours postbite 
by an unidentified viper in Nepal. (E) Subcutaneous hemorrhage caused by a Crotalus atrox in 
Arizona that was not treated with antivenom. "Black" discoloration of this sort is generally not an 
indication of tissue necrosis, although it often becomes more pronounced over several days' time 
owing to reduction in overlying edema and conversion of hemoglobin to methemoglobin. Edema 
and necrosis taken (F) one day, (G) three days, and (H) seven days postbite by a Naja mossambica 
in Swaziland. (I, J) Edema and hematoma postbite by an unidentified viper species in Vietnam. 
(K) A 20-minute whole-blood clotting test conducted on an adult patient displaying signs of 
consumption coagulopathy postbite by an Ovophis monticola in Nepal (control sample is on the left). 
(L) Partial ptosis in a patient instructed to "look up" and "protrude the tongue"; photo taken postbite 
by an unidentified Bungarus species in Vietnam. (M) A patient in Nepal requiring artificial ventilation 
because of diaphragm paralysis six hours postbite by an unidentified Naja species. (N) A patient in 
Vietnam requiring artificial ventilation because of diaphragm paralysis postbite by an unidentified 
Bungarus species. Effects of D, E, I, J, and K were contributed to by TV-kallikrein (see  chapter 14), 
TV-kunitz (see  chapter 15), TV-lectin (see  chapter 17), TV-GII-PLA2 (see  chapter 21), and SVMP 
(see  chapter 23). Effects of F, G, and H were contributed to by cytotoxic 3FTx (see  chapter 8.4.3). 
Effects of L, M, and N were contributed to by neurotoxic 3FTx (see  chapter 8) and TV-GI-PLA2 (see 
 chapter 20). (Photos A, B, D, I, J, K, L, M, N: Zoltan Takacs; C, E: University of Arizona archives; F, G, 
H: Thea Litschka-Koen.)
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PLATE 12: The local effects of snake envenomation requiring emergency intervention (see 
 chapter 2). (A) Early conjunctival inflammation following spitting in the eye by a Naja mossambica. 
(B) Author C. Cochran with toxic conjunctivitis following accidental inoculation of Crotalus mitchelli 
venom in the right eye. Note the exaggerated curvature of the bulbar conjunctiva on the affected 
side, which shows a pattern of vascular prominence and edema over the white scleral surface, 
with sparing of the central cornea. In contrast, the smooth curvature of the normal eye's surface is 
clear from the ambient light reflex. Note: mono-brow is a photoediting artifact. Atractaspis bibroni 
envenomation to author M. Clarkson (note photos are flipped horizontal for photo composition 
reasons, bite was actually to the left hand): (C) Ninety-six hours postbite, showing the rapid 
development of extensive local tissue death. (D) Surgical amputation of the affected thumb 
14 days postbite. (D) Intervention required surgical amputation of the affected thumb 14 days 
postbite. (E) Surgical resection of subcutaneous tissue performed 12 hours postbite from a 
Crotalus adamanteus in an attempt to relieve perceived (but untested) intramuscular pressure. (F, G) 
Inappropriate deep self-inflicted wounds following an envenomation by a Naja nigricollis; intervention 
required extensive suturing repair of the affected areas. Effects of A were contributed to by 
cytotoxic 3FTx (see  chapter 8.4.3). Effects of B and C were contributed to by SVMP (see  chapter 23). 
Effects of E were contributed to by TV-kallikrein (see  chapter 14) and SVMP (see  chapter 23). 
(Photo A: Alejandro Alagón, B: Chip Cochran; C, D: Myke Clarkson; E: Justin Schwartz; F, G: Thea 
Litschka-Koen.)
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PLATE 13: Skin-graft procedure following necrosis resultant from a bite to the eye by a Naja nigricollis 
(see  chapter 2). Effects were contributed to by cytotoxic 3FTx (see  chapter 8.4.3). (Photo: Thea 
Litschka-Koen.)

9780199309399_Fry_plate.indd   13 16-02-2015   21:49:32



PLATE 14: The catastrophic effects that occur when tourniquets are used and indigenous remedies 
attempted, instead of promptly seeking out proper medical care and antivenom (see  chapters 2 and 
4). Bites from Naja nigricollis (A-G) and Bitis arietans (H). In all cases, a tourniquet was used, but in 
none was antivenom given. Intervention in all cases was many days postbite and included extensive 
skin debridement and grafts followed by treatment for secondary infection. Number of days 
postenvenomation: A and B: 15; C: 14; D: 60; E: 60; F: 17; G: 4; H: 11.. A-G effects were contributed to 
by cytotoxic 3FTxs (see  chapter 8.4.3). (Photos: Thea Litschka-Koen.)
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PLATE 15: Antivenom production (see  chapter 3). (A) Blood extraction from the right jugular 
vein. (B) Collection of blood into bags with anticoagulant in a sterile room and sedimentation of 
erythrocytes. (C) Separation of the cellular fraction of the blood into a new bag with injectable 
isotonic-glucose solution. (D ) Return of the blood cellular fraction through the left jugular vein 
using a peristaltic pump. Photos are by Alejandro Alagón.
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PLATE 16: Techniques for safely working with venomous reptiles (see  chapter 5.4). (A) Author  
B. G. Fry hooking and tailing a Pseudechis australis. (B) Tubing a Crotalus mollosus. (C) Double-pinning 
a Crotalus lepidus klauberi. (D) Using a pinner and a padded brace on a Bitis rhinoceros. Bite-resistant 
gloves are used to work with (E) Author B. G. Fry using 7 mm neoprene gloves to capture an 
Aipysurus laevis, (F) Author B. G. Fry using kevlar reinforced heavy leather gloves to capture a Naja 
kaouthia, and (G) Heloderma exasperatum. (Photo A: Iwan Hendrikx; B: Marco Sassoe; C: Bryan G. Fry; 
D: Nick Casewell; E: David Wachenfeld; F: Timothy N. W. Jackson; G: Bryan G. Fry.
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PLATE 17: Enclosures (see  chapter 5.5.3). (A) A high-density approach to keeping snakes in 
a commercial venom-extraction facility with large, top-opening, horizontal cages for large, 
fast-moving elapid snakes and rack systems for small specimens. Naturalistic enclosures that 
not only meet the basic husbandry needs of the specimens but are aesthetically pleasing: (B) a 
specialized 70,000-L enclosure for Hydrophis curtus (formerly Lapemis curtus); (C) Crotalus horridus; 
(D) Bothriechis schlegeli; and (E) Crotalus oreganus concolor. Large, powerful varanid lizards are best 
served with a more industrial approach that, while less aesthetically pleasing, prevents catastrophic 
events such as fires resulting from torn lighting wire: (F) Varanus mertensi; (G) Varanus varius. (Photo 
A: Jeffrey A. Abraham; B: Rob Jones; C, D: Rob Carmichael; E: André Weima; F, G: Bryan G. Fry.
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PLATE 18: Feeding techniques (see  chapter 5.7). Using tongs to safely present a dead prey to (A) an 
aberrantly patterned Crotalus atrox and (B) a juvenile Varanus giganteus. Specialist food may be 
required, such as (C) eggs as part of a varied diet for a Heloderma suspectum; (D) a Scolopendra species 
for a Chionactis occipitalis; (E) Coleonyx variegatus for a Micruroides euryxanthus. (F, G) In the absence 
of suitable feeder snakes, Ophiophagus hannah may be induced to eat a series of rats sewn together 
using dissolving sutures with the additional suturing on of a snake head. (H) The ideal situation for 
ophiophagus snakes such as Calliophis bivirgatus is to feed dead captive-bred specimens, as they 
are likely to be parasite-free. (Photos A: Clint Guadiana, C, D, E, F, G: Cale Morris; B: Bryan G. Fry; 
H: Iwan Hendrikx.
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PLATE 19: Venom extraction (see  chapter 5.9). Vipers or large elapids may be milked into sterile, 
parafilm-covered plastic containers (glass should be avoided because of its high protein-binding 
capacity), such as (A) Bothrops asper, (B) Oxyuranus scutellatus, or (C) Bitis caudalis. Small to 
medium-sized elapids are more efficiently milked by sliding a pipette over the fang and gently 
wiggling it to trigger the nerve, such as (D) Elapsoidea boulengeri or (E) Pseudechis papuanus. 
(F) Helodermatid lizards such as Heloderma exasperatum are milked by having the animal chew on 
soft plastic or rubber tubing. (D) Varanid lizards such as Varanus varius are milked by anesthetizing 
with general anesthesia and then stimulating rapid and profuse gland secretion through the 
periglandular injection of pilocarpine, with the venom collected as it emerges between the 
teeth. This method is also used for other nonhelodermatid anguimorph lizards in addition to 
non-front-fanged snakes. (H) Extracted venom must be immediately processed (see  chapter 7.1). 
(Photo A: Carlos Rivera-Fernández; B, E: Jeffry Abraham; C: Daniel Liepack; D: Harold van der 
Ploeg; F-H: Bryan G. Fry.
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PLATE 20: Field collecting (see  chapter 5.10). (A) A wide range of handling equipment must be 
brought, enough for the entire team, for a variety of uses and situations and to accommodate 
breakage or loss. (B) For transport of live venomous reptiles, use a well-ventilated rigid outer box, 
with compartments inside for the placement of bags or containers. (C) A dry shipper is an efficient 
piece of equipment for the cryogenic storage of venom and tissues. (D) Funnel traps with drift 
barriers are an efficient method of collecting snakes and small lizards. (E) As the field locations 
are often remote, proper camping gear must be brought. (F) Flooded road crossings must only be 
attempted with a suitably equipped 4WD vehicle. (Photos: Bryan G. Fry.)
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PLATE 21: Occupational snake training (see  chapter 5.11) such as in Pakistan by authors B. G. Fry 
and S. McCarthy (A) Training areas must be clearly marked as off-limits to nonparticipants. Site 
evaluation must include (B) identification of snake-prevalent areas requiring permanent warning 
signage; (C) assessment of buildings for routes of entry by snakes; (D) proper storage of flat 
materials on blocks or rollers to elevate them off the ground, making them less favorable refuge 
habitat for snakes and also making it easier to visually ascertain if a snake is present. Training must 
include representative  real-world scenarios such as (E) this Naja naja in a garbage dump in garbage 
dumps and (F) difficult capture situations as per this Daboia russelii intertwined in a glass bottle 
storage container. (Photos: Bryan G. Fry.)
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PLATE 22: Snake rescuing (see  chapter 5.11). (A) Author G. Shankar removing an Ophiophagus 
hannah from the roof of a house. (B) O. hannah under a set of clothes drawers. (C) Author G. Shankar 
removing an O. hannah from a village water well. (D) Pseudonaja textilis caught in garden netting. 
(E) Dendroaspis polylepis in an office drawer. (Photo A: Sharmila Gowri Shankar; B: Nazzareno Miele; 
C: Sharmila Gowri Shankar; D: Barry Goldsmith; E: Thea Litschka-Koen.
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PLATE 23: (A) The Sweetwater Rattlesnake Roundup at the Nolan Convention Center in Sweetwater, 
Texas (see  chapter 5.11.3). (B) An enclosed area containing large numbers of rattlesnakes at the 
Sweetwater Rattlesnake Roundup. Most of the snakes were collected in areas distant from the 
festival weeks or months ahead of time and kept without food or water before being killed at the 
event. (C) Crotalus atrox being skinned after being crudely beheaded at the Sweetwater Rattlesnake 
Roundup. (D) Children being encouraged to skin decapitated Crotalus atrox and then place their 
bloody handprints on the wall at the Sweetwater Rattlesnake Roundup. (E) Live Crotalus atrox placed 
in freezers to slow them down enough that the fangs can be torn out with pliers and the mouths sewn 
shut so that tourists can pay five dollars to pose for photos with them at the Apache Rattlesnake 
Festival in Oklahoma. (F) Crotalus atrox body parts for sale as tourist novelties at the Big Spring 
Rattlesnake Roundup in Texas. (G) Crotalus atrox venom collected at the Sweetwater Rattlesnake 
Roundup in unsterile conditions and with venom from snakes originating from different localities 
being mixed together, resulting in it being of no use for venom research or antivenom production. 
(Photos A, B, C, G: Michael Smith; D, F: Sky Stevens; E: Kim LaForest.
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PLATE 24: Veterinary techniques (see  chapter 6). Safe restraint for examination, minor procedures, 
and anesthesia of venomous snakes may be accomplished by the utilization of (A) clear acrylic 
tubes (seashore-stranded Hydrophis elegans patient being examined by author A. Gillett) or 
(B) sedation or anesthesia in an induction chamber (Crotalus horridus patient). Infection of the 
oral cavity of a venomous snake poses special challenges and dangers, such as (C) common 
appearance of a fang-sheath lesion (the etiology of the majority of these lesions is bacterial, but 
viral, fungal, and traumatic causes have been reported) (Sistrurus catenatus tergeminus patient); 
(D) atypical stomatitis caused by larval nematode worms (this case illustrates the importance of 
diagnostic testing in order to achieve a definitive diagnosis for effective treatment) (Bitis nasicornis 
patient); (E) bilateral granulomas of the fang sheaths secondary to a poorly performed venomoid 
procedure by an individual lacking any veterinary qualifications (Dendroaspis jamesoni patient); 
(F) heavy epibiotic infestation (stranded Hydrophis major patient). Venomous snakes can pose a 
postmortem envenomation threat to personnel, so the head must be isolated in some manner, such 
as by (G) taping a container securely over the head (Pseudechis porphyriacus patient) or (H) severing 
the head and placing it in a container (Hydrophis elegans patient). (Photo A: Ben Beaden; B, C, D, 
E: Stephen Barten; F, H: Amber Gillett; G: Robert Johnson.
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PLATE 25: 2D-DIGE comparison of Calloselasma rhodostoma and Hypnale hypnale venoms. In the 
bottom right panel, yellow indicates shared toxin types, red those unique to H. hypnale in this 
particular venom set comparison (Ali et al., 2013a).
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PLATE 26: Molecular evolution of (A) 3FTx (see  chapter 8) and (B) CRiSP (see  chapter 10) toxins. 
The evolutionary variations on the molecular surfaces of toxins are colored to depict relative 
variability (see chart), while the hypermutational sites are represented in red. Cardiotoxin 
hydrophobicity is additionally depicted through a red gradient. In the second set of figures for the 
type I α-neurotoxins, residues that bind muscular nAChRs (α-1) are colored by the model species 
utilized to establish binding affinity: fish and mammal (orange) and fish only (green). In the second 
set of figures for the type II α-neurotoxins, residues known to bind muscular nAChRs are depicted 
in red, while residues that interact with neuronal nAChRs are depicted in blue, and those that target 
both neuronal and muscular nAChRs are depicted in purple.
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PLATE 27: Molecular variation of β-defensin peptides (see  chapter 9).
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PLATE 28: Three evolutionary scenarios explaining the origin of the two monodomain exendin toxin 
pairs (exendins 1 and 2 and exendins 3 and 4) in Heloderma venoms, starting from either a VIP or a 
glucagon gene (see  chapter 11). (A) Ancestors of the two exendin pairs may have independently 
duplicated from separate ancestral multidomain hormone precursor genes. This scenario implies 
independent domain losses and an exon-shuffling event to explain the closely related signal 
peptides among the two pairs and is unlikely in light of our phylogenetic results favoring a mono 
origin of exendin peptides. (B) A second scenario implies a monoexendin ancestor that duplicated 
from an unknown multidomain hormone precursor gene. The monoexendin ancestor subsequently 
underwent domain loss and multiple successive gene duplication events to obtain four 
monodomain exendin genes. (C) Alternatively, an unknown multidomain ancestor was split into two 
tandem genes by interdomain insertion of a signal peptide through exon shuffling, and each tandem 
gene subsequently underwent an additional gene duplication to obtain the four exendin genes.
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PLATE 29: The snake poison system (see  chapter 25). (A) The aposematic warning coloration 
of Rhabdophis subminiatus, with the red coloration on the neck corresponding to the location of 
the nuchal glands. (B) The toxins are sourced from the dermal glands of toads, such as the large 
parotid glands. (C) Dissection of Rhabdophis tigrinus to reveal the nuchal glands. (D) Left: Bufotoxins 
are modified bufadienolides with a suberyl arginine moiety acylated to C3 (blue arrow). Suberyl 
arginine is the product of a condensation reaction of one of the carboxyl groups of suberic acid 
and the amino group of arginine. Right: General structure of a bufadienolide. Bufadienolides 
possess a steroid scaffold with an unsaturated lactone ring attached to C17. (E) The 2D (left) 
and 3D structures (center and right) of selected bufadienolides. Green arrows in the 2D models 
highlight positions with chemical changes relative to the basic bufadienolide. In the 3D structures 
C atoms are colored gray, O atoms are red, and H atoms are white. At the center, the molecule is 
shown in licorice, at right with its atoms depicted as van der Waals radii. E1 is Arenobufagin from 
the Argentine toad Rhinella arenarum. E2 is Bufalin found in Chan Su, a traditional Chinese medicine 
from the Asian toads Duttaphrynus melanostictus and Bufo gargarizans. E3 is Gamabufagin from the 
Japanese toad Bufo japonicus. E4 is Hellebrigenin from the North American toads Anaxyrus terrestris 
and Anaxyrus fowleri. E5 is Telocinobufagin found in Chan Su, a traditional Chinese medicine from 
the Asian toads D. melanostictus and B. gargarizans. (Photos A-C: Kevin Messenger.)
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PLATE 30: The (un)natural history of Varanus komodoensis and Bubalus bubalis (see  chapter 25). These 
two animals share a habitat only because of the recent (< 300 years) introduction of B. bubalis onto 
the islands by Dutch settlers. Consequently, (A) B. bubalis does not recognize V. komodoensis as a 
natural predator, while V. komodoensis will experimentally attack any animal. (B) B. bubalis always 
escape but sometimes with deep wounds to the hindquarters such as this specimen with an artery 
bleeding prolapse. (C) Upon seeking refuge in the tiny stagnant rocky water holes that are the only 
water source on the small islands, the wounds become infected because of the high concentrations 
of B. bubalis fecal matter. (D, E) If death occurs, multiple V. komodoensis will feed on the fresh 
carcass, using their powerful necks and forelegs to remove large chunks of meat. The feeding group 
rarely if ever includes the original specimen who inflicted the initial wound days earlier. (F) Only 
once the adults have finished will the smaller V. komodoensis feed on the remains. (Photos A, D, 
E: Chris Kugelman; B, C: Bryan G. Fry; F: Gembong Riyadi Nurrasa.)
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