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ABSTRACT: Cyclotides are plant-derived peptides with complex
structures shaped by their head-to-tail cyclic backbone and cystine
knot core. These structural features underpin the native bioactivities of
cyclotides, as well as their beneficial properties as pharmaceutical leads,
including high proteolytic stability and cell permeability. However,
their inherent structural complexity presents a challenge for cyclotide
engineering, particularly for accessing libraries of sufficient chemical
diversity to design potent and selective cyclotide variants. Here, we
report a strategy using mRNA display enabling us to select potent
cyclotide-based FXIIa inhibitors from a library comprising more than
10" members based on the cyclotide scaffold of Momordica
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cochinchinensis trypsin inhibitor-Il (MCoTI-II). The most potent and selective inhibitor, cMCoFx1, has a pM inhibitory constant
toward FXIIa with greater than three orders of magnitude selectivity over related serine proteases, realizing specific inhibition of the
intrinsic coagulation pathway. The cocrystal structure of cMCoFx1 and FXIIa revealed interactions at several positions across the
contact interface that conveyed high affinity binding, highlighting that such cyclotides are attractive cystine knot scaffolds for

therapeutic development.

B INTRODUCTION

Cyclotides are plant-derived head-to-tail cyclic peptides with a
cystine knot topology (Figure 1a).! Their constrained cyclic
and knotted structures provide them with exceptional thermal,
chemical, and proteolytic stability compared with linear
peptides,” and some cyclotides have been shown to be orally
bioactive™ and/or cell permeable.”® Natural cyclotides display
a wide range of host defense-related activities,” demonstrating
their capability to exert potent biological effects. This
combination of stability and potency, with the potential for
oral activity, makes cyclotides appealing scaffolds for the
development of next generation biologic therapies, agrichem-
ical agents, or chemical probes.® In nature, the sequences of
cyclotides have been progressively optimized for specific
functions over millions of years of evolution. By contrast, the
production of engineered cyclotides with new functions or
altered target specificity requires similar levels of optimization
but over a dramatically shorter time frame.

Despite extensive efforts, the generation of designer
cyclotides with novel activity and specificity against pharma-
ceutical targets has proven to be challenging. One of the key
obstacles is the complex nature of the cyclotide scaffold, with
difficulties in high-throughput production of cyclotide libraries
placing a limitation on their accessible sequence or chemical
diversity. Over the past two decades, a variety of cyclotide
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engineering strategies have been reported,” the majority of
which involve “grafting” peptide epitopes with known target-
binding functionality into the loops of cyclotide scaffolds to
generate variants with novel target tropism.'’”"* This
approach has been applied for generating cyclotides with
activities relevant to human diseases, including HIV,'°
cancer,' """ and pain.” However, such engineering has largely
relied on pre-existing peptide epitopes that are not necessarily
optimal for cyclotides, and the resulting molecules have
consequently exhibited relatively moderate levels of activity,
e.g. dissociation or inhibitory constants that generally fall in the
micromolar or submicromolar range.

In another approach, several cyclotide-based protease
inhibitors have been generated through rational approaches
designed to bias the specificity of potent natural trypsin
inhibitors (the Momordica cochinchinensis derived cyclotides,
MCoTI-I and MCoTI-II) toward other serine protease
targets.””~'® One particularly appealing target in this respect
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Figure 1. (a) Structure of the prototypic trypsin inhibitor cyclotide
MCoTI-II (PDB 4GUX)*® showing the head-to-tail cyclic backbone
and knotted arrangement of three disulfide bonds deriving from six
conserved Cys residues (labeled I-VI). Backbone regions between
the Cys residues are referred to as loops. (b) Schematic illustration of
the mRNA display strategy for discovery of FXIIa inhibitors based on
the MCoTI-II scaffold whereby a single Val residue in loop 6, and all
of loops 1 (colored magenta) and S (colored green) are varied (Pu =
puromycin). (c) Sequence of native MCoTI-II showing the disulfide
connectivity (black lines) and head-to-tail cyclic backbone (thick gray
line). Key contact residues P4—P1 and P1’—P4’ sites (Schechter—
Berger nomenclature) are indicated above the sequence. The lower
sequence shows the regions of sequence varied in the display library
(magenta and green residues).

is coagulation factor XIIa (FXIIa), a trypsin-like serine protease
that initiates the intrinsic pathway of the coagulation system.
Inhibition of FXIIa has been proposed as a strategy for
developing safer therapies for thromboembolic and inflamma-
tory diseases'””” based on the fact that, unlike most clotting
factors, FXIla deficiency is not associated with a bleeding
disorder.”"** Previously, FXIla inhibitors based on MCoTI-II
were generated by screening a limited number of synthetic
cyclotides bearing mutations in loop 1 (the primary binding
loop of trypsin inhibitor cyclotides).'® However, the potency
of these molecules against FXIIa is ~1000-fold lower than that
shown by MCoTI-II against trypsin (K; = 30 pM)™ and they
have poor selectivity. Other cyclotide-based inhibitors of
disease-related serine proteases, including f- tryptase, neutro-
phil elastase, and matriptase, have also been reported,'*~"” and
as for the FXIIa inhibitors, none have been sufficiently potent
and selective to warrant further development.

Peptide display-based selection is an alternative approach to
discover ligands for pharmaceutical targets from a library of
sequence-diverse cyclotides. For example, E. coli and yeast
surface display systems have been used to obtain cyclotide
mutants against matriptase-1 and neuropilin-1 where the most
active mutants have shown impressive activities (K; = 0.83 nM
to matriptase-1 using the MCoTI-II scaffold and Ky, = 34 nM
to neuropilin-1 using the kalata B1 scaffold).”*~*® Despite the
remarkable inhibitory activity observed in the former case, the
selectivity over trypsin (K; = 36 nM) was limited to 40-fold.
Although the theoretical diversities of the E. coli or yeast
display systems could be up to 10° variants, it is difficult to
accurately estimate the expression of correctly folded cyclotide
variants in such cellular systems. In addition, the periplasmic
disulfide formation or peptlde folding may interfere with the
cellular export efficiency.”* This fact might have given a lower
diversity than the theoretical value, yet resulting in nonoptimal
cyclotide variants.

We envisioned that mRNA in vitro display, capable of
affording substantially higher library diversities than other
display techniques, may offer an improved route to identify
cyclotides with high potency and selectivity against proteins of

interest. This display system was previously applied on a
backbone-acyclic knottin scaffold, Ecballium elaterium trypsin
inhibitor-II (EETI-II), with in vitro translation achieved using
the rabbit reticulocyte lysate system.”” The library was
screened against its natural target bovine trypsin, and the
most potent binding sequence identified (K, = 16 nM) was
identical to wild type EETI-II, thus failing to produce
improved de novo species. No other reports have emerged on
this topic, and the use of mRNA display to evolve cystine knot
peptides for new targets has not been demonstrated. One key
question relates to the degree of sequence variation that is
compatible with formation of the cystine knot, as randomizing
multiple residues in the scaffold might prevent correct folding
for certain non-native sequences. We hypothesized that an
optimal in vitro translation system is needed to maintain high
library diversity (and potentially compensate for folding losses)
to enable selection of potent and selective variants.

Here we have applied mRNA display with a fully
reconstituted in vitro translation system, referred to as FIT
(Flexible In-vitro Translation) system,”® for affinity-based
selection of MCoTI-II analogues against human A-FXIla
(FXIIa, Figure 1b). We show that an acyclic analogue of
MCoTI-I, equipped with an N-terminal formyl-M residue and
a C-terminal dipeptide linker, is amenable to in vitro
translation, allowing us to construct a highly diverse peptide
library (Figure 1c). The selection afforded various FXIla-
binding variants, one of which, referred to as cMCoFxl,
exhibited high FXIla inhibitory potency (K, = 0.37 nM),
exquisite target selectivity over other related proteases (>3000-
fold), high stability in human serum, and biological activity in
coagulation assays. Further, X-ray analysis of cMCoFx1 and
FXIIa cocrystals revealed the structural basis for potent and
selective FXIIa inhibition.

B RESULTS AND DISCUSSION

Affinity Selection of an MCoTI-lI-Based Peptide
Library against FXlla. mRNA display requires the C-terminal
fusion of peptides to their cognate mRNAs, generally making it
challenging to display head-to-tail cyclic peptides.”” Although
the cystine knot scaffold of MCoTI-II bears a head-to-tail
cyclized structure, it adopts its bioactive conformation with
three disulfide bonds even when linearized by breaking the
cyclic backbone in loop 6.*° This property of MCoTI-II
provides a means of fusing to cognate mRNA via the C-
terminal region. Furthermore, several homologous acyclic
cystine knot peptides exist in nature that have similar folds
and inhibitory potency to trypsin-inhibiting cyclotides.’>’"
Thus, we designed a backbone-acyclic library containing
semirandomized MCoTI-II analogues for mRNA display.

To assess the feasibility of such an approach, we first
translated a peptide corresponding to a backbone-acyclic
version of native MCOTI-II in our FIT system.”® This
sequence was designed such that the normally head-to-tail
cyclic MCoTI-II scaffold was split between the S and D
residues in loop 6, with an N-terminal formyl-M residue added
for translation initiation and a G-S dipeptide embedded in the
C-terminus as a spacer for linkage to the cognate mRNA
template via puromycin (Figure Sla). LC-MS analysis
demonstrated that this in vitro translated acyclic peptide
adopted a single conformation with a similar retention time to
synthetic (without N-formyl-M or C-terminal G-S dipeptide)
backbone cyclic or acyclic (linearized as above through
splitting the S-D peptide bond in loop 6) MCoTL-1], indicating
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that the correct cystine knot topology could be achieved in this
system (Figure Sla).

Encouraged by this finding, we next sought to construct and
screen a MCoTI-II-based library to identify variants bearing
potent binding activity against FXIIa. We generated a
semirandomized peptide library based on the linearized and
translatable MCoTI-II scaffold described above, such that the
residues predicted to interact with trypsin-like proteases (all of
loops 1 and S, and a V residue in loop 6) were randomized to
allow the occurrence of any of the 20 canonical amino acids at
these 12 positions (Figure 1c). These positions included all
eight residues flanking the scissile bond in MCoTL-II (the P4—
P1 and P1'—P4’ sites), with the exception of the C residue at
the P3 site, which was fixed to allow formation of the native
cystine knot.

Following a standard selection protocol,””* the DNA
encoding this library was assembled from degenerate
oligonucleotides (Table S1), transcribed into mRNA, ligated
to a puromycin-linked oligonucleotide, and translated in vitro
to produce a library of mRNA-peptide fusion molecules. Based
on the maximum amount of ribosome in the in vitro translation
cocktail, the theoretical diversity of the mRNA-peptide fusion
library was more than 10'* variants. However, the diversity was
likely decreased during mRNA display processes (e.g, mRNA
library gel purification and puromycin ligation) or due to the
possible formation of misfolded variants. Therefore, we
conservatively estimated that the mRNA-peptide fusion library
comprised in excess of 10'? variants.”* This complexity of
sequence space that can be explored by affinity selection is far
larger than other approaches. The library was reverse
transcribed and screened for affinity to biotinylated FXIIa
immobilized on streptavidin-coated magnetic beads. After four
rounds of selection (Figure S2), next-generation sequencing
(NGS) was performed to identify clonal sequences within the
enriched cDNA library after the third and fourth rounds (full
sequencing data available via the DNA Data Bank of Japan
Sequence Read Archive (DRA) with accession number
DRAO012755). The 19 most abundant sequences exhibited
high clonal convergence, considering each sequence was
enriched from a single clone in the original library.

Strikingly, the 19 most abundant sequences exhibited
sequence homology to MCoTIL-II near the scissile bond in
loop 1 (Figure 2). Hydrophobic or basic residues were
preferred at the P4 site, and the P residue at position 6 (P6) in
the P2 site was highly conserved (identical to MCoTI-II).
Moreover, substitutions with R (R7) and a hydrophobic
residue (I/L/V8) at P1 and P1’ sites, respectively, were
frequently observed in the selected sequences. Interestingly, it
was previously shown that the K7R substitution favors binding
to FXIIa, and endogenous FXIla substrates and inhibitors
including FXI, plasma kallikrein, serpin C1, and antithrombin
also have an R residue at the P1 site.”” The inherent preference
for R7 at the P1 site by FXIIa is possibly due to the deeper S1
pocket in FXIIa relative to trypsin, which allows the longer side
chain on R7 to form a direct ionic bond with Aspl89
(chymotrypsin numbering) positioned at the base of the S1
pocket.

In contrast to the conservation observed for the P4, P2, P1,
and P1’ sites, residues at the P2’'—P4’ sites were less conserved,
but some preference trends were observed (Figure 2). Whereas
MCoTI-II has consecutive K10 and K11 at the P3" and P4’
sites, respectively, the affinity-selected peptides had a
combination of hydrophobic residues (V, L, F, W, or P) or a
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Figure 2. Sequences of the randomized region in the top 19 most
abundant peptides recovered from affinity selection against FXIIa.
The right column population (%) indicates the proportion of each
sequence in the total recovered library. The sequence of MCoTI-II is
shown above the selected peptides. The lower numbers indicate the
position of the residues in the peptide.

combination of a hydrophobic residue and a basic residue (R
or K). This trend suggests that strong electrostatic interactions
at these sites are not crucial for FXIla binding. Since both R
and K residues also possess a long hydrocarbon chain with a
basic headgroup, the aliphatic moiety on the side chain could
additionally facilitate hydrophobic interactions with the FXIIa
surface. In contrast to loop 1, alignment of the loop §
sequences showed little conservation, although one or two R or
K residues were generally observed (Figure 2). This suggests
that the basic residues possibly contribute to an electrostatic
interaction with FXIIa and/or the peptide itself to improve its
structural rigidity. An unusual sequence, MCoFxS, contained
an additional C6 and a G7 at P2 and P1 sites, replacing the
conserved P6 and R7 residues, respectively. However, since we
observed that MCoFxS displayed a subtle loss of activity
compared with MCoTI-II (vide infra), these mutations did not
appear to be beneficial for FXIIa binding.

Selected FXlla-binding peptides are potent FXlla
inhibitors. Five peptides (designated MCoFx1—5) from the
top 19 selected sequences were chosen for solid-phase peptide
synthesis (SPPS)*° and characterization. Both backbone-
acyclic (as selected during display screening) and cyclic
forms of each sequence were synthesized to determine the
effect of backbone cyclization on FXIIa binding and inhibitory
activity. The synthetic peptides were purified by RP-HPLC and
characterized by analytical HPLC (Figure S1b) and MALDI-
TOF mass spectroscopy (Table S2). Conformations of each
peptide were assessed by 'H NMR spectroscopy, which
showed comparable peak patterns to those of MCoTI-II
(Figure S3a). Moreover, the a-proton NMR secondary
chemical shifts of cMCoFx1 (Figure S3b) indicated that
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Figure 3. FXIla binding affinity (Kp) and inhibitory activity (K;) of chemically synthesized MCoTI-II and acyclic or cyclic MCoFx1-5.

Loop 1 Loop 5

a MCoTlI-II DGGVCPKILKKCRRDSDCPGACICRGNGYCGSGS
cMCoFx1 DGGICPRIGRLCRRDSDCPGACICRATRFCGSGY
cMCoTI-fxL1 DGGICPRIGRLCRRDSDCPGACICRGNGYCGSGS
cMCoTI-fxL5 DGGVCPKILKKCRRDSDCPGACICRATRFCGSGS

é 1IO 1I5 2I0 2I5 3I0

b cMCoFx1 cMCoTI-fxL1 cMCoTI-fxL5
FXlla Ki=0.37 £ 0.04 nM K =0.69 + 0.04 nM Ki =66 +£ 0.8 nM
Trypsin Ki=1110+ 36 nM Ki=996 + 17 nM Ki = 0.08 + 0.005 nM
FXa ICs0 > 5 uM (0% I1Cs0 > 5 uM (0%) I1Cs0 > 5 uM (0%)
FXla ICs0 > 5 uM (0% I1Cs0 > 5 uM (1%) I1Cs0 > 5 uM (1%)
Thrombin ICs0 > 5 uM (2% ICs0>5uM (1% I1Cs0 > 5 UM (3%)

Plasma kallikrein
Plasmin

uPA

tPA

|C50 >5 pM (1 3%
|Cso >5 [JM (0(70

)
)
)
ICso > 5 uM (0%)
)
)
ICso > 5 uM (0%)

)

ICso > 5 uM (0%)
ICso > 5 uM (19%)
ICso > 5 uM (0%)
ICso > 5 uM (1%)

Matriptase

Ki=9120 + 760 nM

K =2210+ 130 nM

ICso > 5 uM (0%)

K =31+4nM
ICso > 5 uM (0%)
ICso > 5 uM (1%)
K=17+0.8nM

Figure 4. (a) Sequences of MCoTI-II, cMCoFxl and two loop-grafted variants, cMCoTI-xL1 and cMCoTI-xLS, where loop 1 or loop S in
MCoTI-I was replaced by the optimized sequence in cMCoFx1. (b) Inhibitory activity of cMCoFx1, cMCoTI-fxL1, and cMCoTI-xLS against a
panel of serine proteases. K; was determined for inhibitors with ICs < S M against a given protease. The percentage value in brackets indicates

percent inhibition at 5 uM for the off-target proteases.

cMCoFx1 adopted the native-like conformation of MCoTI-IL
Some differences in chemical shifts were observed in loops 1
and S, corresponding to sequence divergence from MCoTI-IL

Surface plasmon resonance (SPR) experiments demonstra-
ted that all synthetic peptides exhibited FXIIa binding affinities
in the nanomolar to picomolar range, regardless of backbone
cyclization (Figure 3). cMCoFx1 exhibited the highest binding
affinity, with a Ky, of 900 pM, i.e. 60-fold higher affinity than
MCOoTI-II. Moreover, in vitro inhibition assays revealed that
cMCoFx1 was the most active with a K; of 370 pM, which is
350-fold more potent than MCoTI-Il. To the best of our
knowledge, this molecule is among the most potent FXIIa
inhibitors reported to date. In general, the backbone cyclic
analogues of each molecule (except MCoFxS) displayed 2—7-
fold higher binding affinity and inhibitory activity (i.e., lower
Kp and K; values) than their acyclic forms, indicating that our
screening strategy was not biased toward backbone acyclic
analogues. The only exception was cMCoFxS, which displayed
a slight loss of activity compared with aMCoFxS. However, as
described above, the sequence of MCoFxS$ differs substantially

from MCoFx1—4, and it has lower activity against FXIIa than
MCoTI-II.

MCoTI-II was originally identified as a potent trypsin
inhibitor (K; = 30 pM),”> and consistent with this, SPR
measurements in our study showed a K, of less than 100 pM
for synthetic MCoTI-II toward bovine trypsin (Table S3).
Although FXIIa has 36% and 37% identity to human and
bovine trypsin, respectively, the residues in the S1 pocket have
far higher homology (~90%). Thus, we verified how selective
our de novo FXlIla-inhibiting MCoTI-II analogues would be
with respect to trypsin as an example of a related serine
protease. We determined K, values of cMCoFx1—S5, as well as
aMCoFx1-S, to examine their selectivity by SPR. The most
potent FXIla inhibitor, cMCoFx1, exhibited 60-fold greater
affinity for FXIla and 300-fold lower affinity for trypsin
compared with K values of MCoTI-II (Table S3).
Interestingly, cMCoFx2 showed improved binding to FXIla
(Kp = 10 nM) compared with MCoTI-II (K, = 58 nM), vet its
binding affinity also remained high to trypsin (Kp, less than 100
pM). Because cMCoFx1 and cMCoFx2 are identical at the P4,
P2, P1, and P1’ sites, the selectivity of cMCoFx1 for FXIIa

https://doi.org/10.1021/jacs.1c07574
J. Am. Chem. Soc. 2021, 143, 18481—18489


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07574/suppl_file/ja1c07574_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07574/suppl_file/ja1c07574_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c07574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

over trypsin must arise from differences between these two
molecules at the P2'—P4’ sites and/or in loop S. A similar
trend was observed for cMCoFx3 and cMCoFx4, which exhibit
2—3-fold improved affinity for FXIla compared to MCoTI-I],
but nonetheless have 2—8-fold higher affinity for trypsin.

Neither aMCoFxS nor cMCoFxS5 showed detectable affinity
for trypsin (Table S3). As discussed earlier, the loop 1
sequence of these peptides diverges substantially from the
other FXIla inhibitors identified. Although the origin of this
high selectivity is not clear, we speculate that the unique C6
mutation at P2 site as well as consecutive G7 and G8
mutations at P1 and P1’ sites may alter the entire loop,
resulting in presentation of a different loop structure or
possibly altered folding compared with MCoTI-II. Such an
unexpected structural change could eliminate the original
interaction with trypsin occurring via loop 1, and instead create
a new interface between MCoFxS and FXIIa, leading to the
observed highly selective interaction even though the
inhibitory activity is relatively moderate (K; = 106 nM, Figure
3).

In addition to trypsin, we examined the binding affinity of
the selected peptides toward factor XII (FXII), the zymogen
form of FXIIa. SPR measurements revealed that none of the
selected peptides exhibited a FXII-binding response at a
concentration of S uM (Figure S4). The X-ray crystal structure
of the FXII protease domain reveals that several key binding
pockets are not properly formed in the zymogen, including the
S1 pocket and oxyanion hole,”” which may explain the weak
binding of active site targeted peptides, such as MCoTI-II
analogues.

cMCoFx1 variants selectively inhibit FXlla and the
intrinsic coagulation pathway. To further characterize the
inhibitory activity of cMCoFx1, we synthesized two chimeric
peptides, referred to as ¢cMCoTIfxL1 and cMCoTI-fxLS,
where the peptide motif from either loop 1 or loop S of
cMCoFx1 was grafted into the respective loop of MCoTI-II
(Figure 4a). A comparison of the a-proton NMR chemical
shifts of cMCoTI-fxL1 and cMCoTI-xLS (Figure S3b)
showed they were similar to their parent peptides in their
respective regions. For instance, the secondary Ha shifts for
loop 1 of cMCoTI-xL1 were similar to those of cMCoFxl1,
whereas loop 1 of cMCoTI-xL5 was comparable to MCoTI-IL

We next expanded the activity screen for cMCoFx1 and the
single loop-grafted variants from FXIIa to other clinically
relevant serine proteases (Figure 4b). These assays revealed
that the difference in K, for cMCoFx1 against FXIIa (0.37 nM)
and trypsin (1110 nM) exceeds three orders of magnitude.
Remarkably, cMCoFx1 shows almost no inhibitory activity
against other serine proteases, confirming that cMCoFx1 is
highly specific for FXIla. cMCoTI-xL1 exhibits a similar
profile to cMCoFxl, although its potency against FXIIa (K; =
0.69 nM) and selectivity with respect to trypsin and matriptase
(K; values of 996 and 2210 nM, respectively) are slightly lower.
By contrast, cMCoTI-xLS displays nearly the same potency
and selectivity as MCoTI-1]; i.e,, K values for FXIIa, trypsin,
and matriptase are 66, 0.08, and 17 nM, respectively. These
results clearly demonstrate that the sequence of loop 1 plays a
major role in determining the potency and selectivity of
MCOoTI-II analogues, although the sequence of loop 5 does
provide a subtle enhancement to the overall activity of
cMCoFxl.

Having identified two potent and selective FXIIa inhibitors
(cMCoFx!l and cMCoTIxL1), we next performed coagu-
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lation assays to assess their biological activity in human plasma.
Inhibition of FXIIa was examined in activated partial
thromboplastin time (aPTT) assays, where addition of kaolin
initiates the intrinsic pathway via activation of FXII. Both
inhibitors prolonged the clotting time in a dose-dependent
manner and maintained substantial activity in the nanomolar
range (Figure S), as seen by the concentration of inhibitor
required to double the clotting time observed in control assays
(EC,y). By this measure, cMCoTI-fxL1 was slightly more
potent than cMCoFx1 (EC,, = 500 nM vs 702 nM), although
this subtle difference between the two inhibitors could be due
to variation in the experimental conditions between coagu-
lation assays and prior enzyme kinetic assays.

We also performed prothrombin time (PT) assays to
confirm that both inhibitors are selective for the intrinsic
pathway (Figure SS). No significant differences in clotting time
compared to control assays were observed for cMCoFx1 and
cMCoTIxL1 at 10 M, demonstrating that the potent and
selective activity of these inhibitors identified in biochemical
assays extends to biological assays in human plasma.

Structure of the cMCoFx1-FXlla Complex. To under-
stand the structural basis of the specific interaction between
cMCoFx1 and FXIla, we determined the cocrystal structure of
their complex at 2.0 A resolution (Figure 6a, PDB 7FBP). As
expected, cMCoFxl adopts a highly similar overall con-
formation to MCoTI-II*® with a cystine knot topology (Figure
6b, PDB 4GUX, root-mean-square deviation of 0.47 A for the
34 Ca atoms). The interaction mode is also similar between
the cMCoFx1-FXIla complex and the MCoTI-II-trypsin
complex. R7 at the P1 site of cMCoFxl (corresponding to
K7 of MCoTI-1I) inserts into the S1 pocket of FXIla, making
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peptides are macrocyclized with a thioether bond which was formed between #°p-Y1 and p-C17 or p-C13, respectively.

an ionic interaction and two hydrogen bonds with Asp557 of
FXlla (Figure 6a,c).

cMCoFxl1 forms intermolecular $-sheet-like hydrogen bonds
with FXIIa at two regions (residues C5—P6 and G9—L11 in
Figure 6¢,d). Moreover, the R7 carbonyl oxygen at the P1 site
forms two hydrogen bonds with the mainchain nitrogen atoms
of Gly561 and Ser563 of FXIla, and the R7 carbonyl carbon is
located 2.8 A away from the catalytic Ser563 side chain,
suitable for nucleophilic attack (Figure 6¢c). The P6 carbonyl
oxygen forms a hydrogen bond with the side chain of FXIla
GlInS60 (Figure 6¢). These interactions are similar to those
seen in the MCoTI-II-trypsin complex.

Our functional analysis of cMCoTI-fxL1/LS suggested that
residues in loop 1 are primarily responsible for the high
potency and selectivity of cMCoFxl. The X-ray structure
suggested that G9 and R10 of cMCoFxl1 (corresponding to L9

and K10 of MCoTI-I], respectively) are the key determinants.
G9 is located close to the side chain of FXIIa Tyr515, and
substituting G9 with a larger residue would cause a steric clash
with TyrS15 (Figure 6d). In the MCoTI-II-trypsin complex,
the corresponding Tyr residue (TyrlS1) adopts a different
conformation, making hydrophobic interaction with L9 of
MCoTII (Figure 6e). R10 of cMCoFxl forms hydrogen
bonds with Ser395 and Asp416, but no such interactions are
formed by K10 in the MCoTI-Il-trypsin complex (Figure
6d,e).

We recently reported a FXIla-inhibiting monomacrocyclic
peptide, F3 (K; = 1.5 nM), containing cyclic f-amino acids
(cbAAs) and its cocrystal structure with FXIIa (Figure 6f,g). »
Two cbAAs were incorporated in F3, inducing y-turns that
stabilize the compact antiparallel -sheet structure. In the case
of cMCoFxl1, the rigid conformation of the peptide is stabilized

https://doi.org/10.1021/jacs.1c07574
J. Am. Chem. Soc. 2021, 143, 18481—18489


https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07574?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c07574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

by the cystine knot. Structural comparison revealed that both
F3 and cMCoFx1 bind to the active site of FXIIa in a similar
manner, where the R side chain (R7 in cMCoFx1 or R6 in F3)
was deeply inserted into the S1 pocket (Figure 6a,f). cMCoFx1
shows a slightly larger interaction area than F3 (962 A” vs 703
A? in F3), which is consistent with its lower Kp, and K; values,
ie. higher potency. The separate discoveries of F3 and
cMCoFx1 demonstrate that the technique of mRNA display is
broadly applicable to de novo discovery of not only macrocyclic
peptides containing nonproteinogenic amino acids (using the
Random nonstandard Peptide Integrated Discovery, abbre-
viated as RaPID)* but also nature-inspired cystine-knot
peptides.

Stability of cMCoFx1 Variants in Human Serum. We
next evaluated the stability of aMCoFxl, ¢cMCoFxl1, and
cMCoTI-fxL1 compared to MCoTI-II in human serum for up
to 24 h at 37 °C (Figure S6a). All tested peptides showed high
serum stability with half-lives of more than 24 h. A linear
control peptide (EATYAAPFAKKK) rapidly degraded in serum
within 1 h. To verify the level of proteolytic activity in serum
over the course of the above assay, we added the control
peptide to serum at the time points of 4 and 24 h, which gave
the same degradation profile as 1 h (Figure S6b), indicating
that the serum proteases retained activity. The results clearly
showed that aMCoFxl, cMCoFxl, and ¢cMCoTI-fxLL1 are
highly resistant to serum proteases, similar to MCoTI-IL.

Having shown that cMCoFxl1 is stable in human serum, we
assessed any potential cytotoxic effects of MCoTI-II and
cMCoFxl in cultured human umbilical vein endothelial cells
(HUVECs). No cytotoxicity was observed after 24 h exposure
to MCoTI-II or cMCoFxl at concentrations up to 64 uM
(Figure S7a). Additionally, as MCoTI-II has been reported to
internalize into cells, experiments were performed to assess the
cellular uptake of cMCoFx1 compared to MCoTI-II and the
cell-penetrating peptide TAT. Peptides were fluorescently
labeled to allow evaluation of peptide internalization into
HUVECs using flow cytometry (Figure S7b). The results
showed that ¢cMCoFxl has comparable cellular uptake
efficiency to MCoTI-II but internalizes less efficiently than
the established cell-penetrating peptide TAT.

As mentioned above, we recently developed two non-
standard cbAA-containing monomacrocyclic FXIIa inhibitors,
F3 and F4 (Figure 6g), by means of the RaPID system.’’
Strikingly, cMCoFx1 exhibits approximately 5-fold and 26-fold
higher inhibitory activity than F3 and F4, respectively. The
half-life (t,,,) of cMCoFx1 is about 24 h (or up to 40 h
determined by an extrapolation of Figure S6a), while that of
the nonstandard macrocycle F3 is about 60 h. The more
compact macrocycle F4 exhibited even higher serum stability
with t;,, over 285 h (>12 days). The greater proteolytic
stability observed for F3 and F4 can be attributed to the
existence of the unique $- and p-amino acids as well as the
structurally compact monocyclic scaffold. It should be
emphasized that cMCoFx1 also has a remarkable serum
stability even though it comprises only proteinogenic amino
acids. Clearly, the compact cystine knot structure of cMCoFx1
significantly contributes to the proteolytic resistance, yet the
solvent exposed loops could leave the unwanted protease
accessibility. We envision that the proteolytic stability of
cMCoFxl1 can be improved by either semirational mutations or
a saturation mutagenesis display."'

Heinis et al. have also reported a series of phage display-
based selection campaigns using thioether-linked bicyclic

peptide libraries and devised a potent FXIla inhibitor, referred
to as FXII900, displaying an impressive potency similar to that
of cMCoPFxl1 (K; = 370 pM) and stability (¢, more than S
days in plasma).*””* Interestingly, the great stability of
FXII900 is mainly due to the incorporation of noncanonical
amino acids, similar to F3 and F4. Even though cMCoFxl
consists of only proteinogenic amino acids, it has yet a
remarkable proteolytic stability, indicating that the cystine knot
topology imparts such a property.

Collectively, the different display screens have generated a
range of potent FXIla-inhibiting molecules with unique
structures, including the monocyclic F3/F4 peptides contain-
ing cbAAs, bicyclic FXII900, and the cystine knot cMCoFx1
molecule described in this study. Remarkably, despite targeting
the same enzyme, the primary binding loop from each inhibitor
type shows considerable sequence divergence, with P1 R as the
only common residue. It should be noted that separate mRNA
display screens have yielded potent monomacrocycle or cystine
knot peptides from a single selection campaign, indicating its

robustness and versatile applicability to various peptide
scaffolds.

B CONCLUSIONS

In this study, we used mRNA display with the FIT system for
the discovery of potent FXIIa inhibitors from a cyclotide-based
library containing two randomized loops. The most potent
cyclotide analogue, cMCoFx1, inhibits FXIIa with a K; of 370
pM, shows selectivity of more than three orders of magnitude
over most other serine proteases, and potently inhibits
coagulation via the intrinsic pathway in human plasma.
Analysis of a cocrystal structure of cMCoFx1-FXIla revealed
substrate-like tight binding, with interactions between loop 1 of
cMCoFx1 and FXIIa providing the largest contribution to the
inhibitor’s high potency and exquisite specificity. The
structural stability preinstalled in the cyclotide scaffold has
benefited the generation of not only potent but also
proteolytically stable FXIIa inhibitors. Most interestingly,
cMCoFxl1 exhibits an inhibitory potency that approaches the
level of MCoTI-II for trypsin, a product of evolution over
millions of years, highlighting the immense potential of mRNA
display as a method for rapidly evolving potent cyclotide
variants with potential pharmaceutical value.
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