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Cyclization of peptides with two chemical bridges
affords large scaffold diversities

Sangram S. Kale'?, Camille Villequey'?, Xu-Dong Kong'?, Alessandro Zorzi', Kaycie Deyle' and

Christian Heinis®™

Successful screening campaigns depend on large and structurally diverse collections of compounds. In macrocycle screening,
variation of the molecular scaffold is important for structural diversity, but so far it has been challenging to diversify this aspect
in large combinatorial libraries. Here, we report the cyclization of peptides with two chemical bridges to provide rapid access
to thousands of different macrocyclic scaffolds in libraries that are easy to synthesize, screen and decode. Application of this
strategy to phage-encoded libraries allowed for the screening of an unprecedented structural diversity of macrocycles against
plasma kallikrein, which is important in the swelling disorder hereditary angioedema. These libraries yielded inhibitors with
remarkable binding properties (subnanomolar K;, >1,000-fold selectivity) despite the small molecular mass (~1,200 Da). An
interlaced bridge format characteristic of this strategy provided high proteolytic stability (t,, in plasma of >3 days), making
double-bridged peptides potentially amenable to topical or oral delivery.

acrocycles have emerged as an interesting therapeutic
I\/\ class because they can bind to challenging targets that are

not easily accessible to traditional small-molecule com-
pounds'’. They owe their favourable binding properties to their
larger size, which enables interactions with extended surfaces where
small molecules cannot normally bind, and a ring-shaped structure
that limits the conformational flexibility, and thus the entropic pen-
alty, upon target binding’. The vast majority of macrocyclic drugs are
natural products or derivatives thereof'. For many targets, there are
no available natural-product-derived macrocycles, or the high com-
plexity of the natural product hampers their synthetic modification
and optimization. Thus, there is a need for synthetic macrocycles
developed in a combinatorial fashion, which can greatly reduce the
overall complexity of the discovery process. The necessary library
diversity required to make these combinatorial macrocycles can be
acquired by incorporating variable backbone structures (macrocy-
clic scaffold), by decorating the scaffolds with diverse functional
groups, and by attaching peripheral substituents outside the main
ring. Variation of the macrocyclic scaffold is considered to be the
most important determinant of structural diversity’. Therefore,
a key step to achieve high structural diversity in combinatorial
macrocyclic libraries is to find a way to incorporate these variable
scaffolds into the screening system. To this end, a range of elegant
diversity-oriented synthesis strategies have been published in recent
years®. However, the development of strategies to diversify the scaf-
folds in large combinatorial libraries, ideally comprising millions of
macrocycles, remains an important challenge.

Display technologies such as phage and mRNA display have
enabled the generation and screening of enormously large num-
bers of peptide macrocycles, typically reaching several billion
compounds at a time’"'°. Efficient chemical reactions allow for the
transformation of genetically encoded linear peptides into cyclic
structures, which can provide access to variably cyclized peptides
while retaining the benefits of the genetically encoded library''%.
Typically, two or three amino acids are ligated to generate mono-
or bicyclic peptide libraries. By combining orthogonal reactions,

more complex macrocycle structures have also been generated.
Recent technology innovations have enabled the incorporation of
unnatural amino acids into mRNA display, expanding the diver-
sity of chemical groups that can be used to build these types of
libraries'*~"°. To this point, however, a major limitation of phage or
mRNA display macrocyclic libraries is the low scaffold diversity.
Due to the dependence on ribosomal translation, the backbones
of the macrocycles are required to be polypeptidic in nature. In
most of the reported libraries, the macrocycles contain a single
polypeptide scaffold, and the diversity is based only on variation of
the amino-acid side chains. By varying the number of amino acids
in the random peptides'*'®"” or the chemical cyclization linkers'®,
libraries comprising several different scaffolds were generated, but
none of the reported libraries were designed to contain more than a
dozen different scaffolds.

Here we report an efficient and robust strategy for generating
phage-encoded macrocyclic libraries that contain thousands of dif-
ferent scaffolds. We cyclize peptides through two chemical bridges
that connect two pairs of cysteines (Fig. 1a). The two bridges subdi-
vide the peptides into three segments containing m, n and o random
amino acids, respectively (highlighted in red, orange and green in
Fig. 1a). Altering the number of random amino acids in each seg-
ment in a combinatorial fashion allows for the generation of a much
larger scaffold diversity than when peptides are divided by only two
or three cysteines into fixed segments. Additional structural diver-
sity stems from the connectivity between the cysteines, due to the
fact that four cysteines can be connected by two chemical linkers in
three different ways. The greater number of different bicyclic pep-
tide scaffolds that can be generated with two chemical bridges as
opposed to only one is exemplified for nine amino-acid peptides in
Fig. 1b. Cyclizing nonapeptides with one bridge (three cysteines, six
random amino acids) yields only seven different bicyclic scaffolds,
while cyclizing with two bridges (four cysteines, five random amino
acids) yields 63 different bicyclic scaffolds. This already provides
a ninefold improvement in diversity, and this will increase with
increasing peptide size. For peptide macrocycles between 8 and 14
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Fig. 1| Cyclization of peptides with two chemical bridges. a, Cyclization of peptides with two chemical bridges (connecting four cysteines) yields a much
larger number of bicyclic peptide scaffolds than cyclization with one bridge (connecting three cysteines). This is mainly because more permutations are
possible for the positions of four cysteines in a peptide. The table on the right shows the number of different macrocyclic scaffolds that can be formed for
peptides of the indicated length, when the peptides are cyclized via three cysteines with one bridge, or via four cysteines with two bridges. b, lllustration of
the large macrocycle diversity, with a double-bridged nonapeptide as an example.

amino acids in length (including the four cysteines), a total of 798
different di-bridged bicyclic peptide formats can be obtained versus
the 63 that are possible with a mono-bridge connecting three cys-
teines. The scaffold diversity can be further increased by cyclizing
the same peptide library in parallel with many different chemical
bridges that can further vary the ring size as well as include func-
tional groups that can participate in binding. Dozens of reagents
with two thiol-reactive groups are commercially available'-*, in
direct contrast to the only two commercially available reagents with
three symmetrical thiol-reactive groups'®. The large scaffold diver-
sity obtained by cyclizing peptides with two chemical bridges is
illustrated in the animated Supplementary slide show (provided as
a PowerPoint presentation and and animated gif). This calculation
based on the cyclization of 8- to 14-mer peptides with 10 different
bridges yields more than 7,000 different macrocyclic scaffolds. It is
likely that some of these formats were already accidentally generated
in previous work when cysteine alkylation was utilized to generate
monocyclic peptide libraries of the form CX,C, and two additional
cysteines appeared in the randomized region'**=*. However, clones
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with four cysteines had such a low abundance in these libraries that
no double-bridged peptides were isolated.

An important goal of our laboratory is the development of small,
highly stable peptide macrocycles that can be applied topically or
orally. Developing such small and compact ligands can be challeng-
ing because they have fewer amino acids that can interact with targets.
We speculated that this handicap may be overcome by a molecular
shape that is perfectly complementary to a target binding site, and that
such molecules could potentially be isolated from macrocyclic librar-
ies with high scaffold diversities. We thus applied the ‘double-bridge’
cyclization strategy to small-sized peptides and used these to isolate
inhibitors of plasma kallikrein. This protein is an important target of
the swelling disorder hereditary angioedema (HAE), for which inject-
able protein-based inhibitors are already in clinical use’** or develop-
ment*, but no small-molecule drug is currently available.

Results

A number of reagents containing thiol-reactive groups have been

reported to efficiently crosslink or cyclize peptides and proteins via
NATURE CHEMISTRY | www.nature.com/naturechemistry
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Fig. 2 | Cyclization reagents and reaction efficiency. a, Chemical linkers, each containing two thiol-reactive groups. b, Reaction of the model peptide
ACSRCVECGWCG-NH, with the indicated concentrations of chemical linker 3. Products were analysed by analytical HPLC and mass spectrometry. At all
reagent concentrations, the major products were the three desired double-bridged peptides. €, Products formed upon incubation of the model peptide with
12 different chemical reagents at the indicated concentrations. Fields shaded in dark grey indicate that the major product was the double-bridged peptide
(sum of three isomers >50% of total product). Minor products are indicated with small letters: a, bicyclic peptide; b, non-bridged modification; c, single

bridge; d, not identified.

cysteines in aqueous buffer and under mild conditions, including
benzylbromides®*, allylhalides’, haloacetamides™, haloacetones™,
bromopyridazinediones™ and bromomaleimides®”. Of those, we
chose 12 structurally diverse compounds and tested their abil-
ity to quantitatively and selectively link two pairs of cysteines in a
model peptide in conditions that are compatible with phage display
(ACSRCVECGWCG-NH,; Fig. 2a). Eight of the 12 reagents pro-
duced the double-bridged peptide as the main product in a wide
range of concentrations, suggesting that the reactions are robust
and would work efficiently with peptides of variable sequences
(Fig. 2b,c). The observed side products were mostly peptides with
only one bridge and, at higher reagent concentrations, peptides
that were modified with more than two linkers such that the cys-
teines were not bridged. Most of the thiol-reactive compounds
did not inactivate filamentous phage or only interfered at concen-
trations far above those needed to fully cyclize the model peptide
(Supplementary Fig. 1).

We applied compounds 1, 3, 4, 7, 10 and 12 to two peptide
phage display libraries, each comprising more than 100 million
random peptides of the formats XCX,CX,CX-phage (library 1)
and XCX,CX,CX-phage (library 2). All of the peptides of these
libraries contain cysteines in three fixed positions (C), and some
contain additional cysteines in random positions (X). There was
a 20% and 23% chance, respectively, of a peptide containing four
cysteines due to the probability of a cysteine occurring in the ran-
dom NNK-encoded positions. Cyclization of the peptides yielded
54 different backbone formats for each linker (Supplementary
Fig. 2), producing 324 different macrocyclic scaffolds in total.
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The two libraries each cyclized with the six different linkers
were individually panned against immobilized plasma kallikrein.
High-throughput sequencing of phage isolated after two rounds
of selection showed an enrichment for peptides containing four
cysteines (Supplementary Table 1), that the fourth cysteine
was localized to certain positions depending on the thiol-reac-
tive reagent used (Fig. 3 for library 1; Supplementary Fig. 3 for
library 2), and that peptides shared strong consensus sequences
(Supplementary Fig. 4). These findings suggested that the library
peptides were efficiently cyclized on phage, due to the strong prev-
alence of four cysteines, and that target-selective peptides were
isolated because of the consensus. In phage selections with link-
ers 3 and 10, certain peptide formats were particularly enriched
(Supplementary Fig. 4). For example, most peptides cyclized with
linker 3 contained the fourth cysteine in amino-acid position 3.
In the selection with linker 10, many of the peptides isolated had
the truncated format XCX,CCX,CX, which contained 10 instead
of 11 amino acids. Such truncated peptides are generated during
library cloning through erroneous DNA primers and occur only
rarely in the finished library. The strong enrichment of some pep-
tide formats, especially such rare formats, suggested that certain
molecular scaffolds are particularly suited for target binding. This
finding was the first hint that the high scaffold diversity obtained
through the double-bridge strategy was key for the isolation
of binders.

We synthesized several peptides and cyclized them by ran-
domly bridging two pairs of cysteines through all three pos-
sible combinations, and each isomer was separately isolated
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Peptide format Percent of peptides (among those having four cysteines)
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Fig. 3 | Phage selection of double-bridged peptides. Peptides of phage library 1 (XCX;CX;CX-phage) were cyclized in individual reactions with the
indicated linkers, subjected to two rounds of selection against plasma kallikrein, and the formats of isolated peptides analysed. Modification with different

linkers led to enrichment of different peptide formats. The abundance of the va

rious peptide formats is indicated as a percent of those peptides containing

four cysteines. The abundance of peptide formats enriched from library 2 is shown in Supplementary Fig. 3.

and tested for binding. We picked the short peptides of 10 or
11 amino acids isolated from library 1 cyclized with linkers 3
and 10 due to our interest in small macrocycles (~1,200Da).
The inhibition constant (K;) values of the most active isomer
for each peptide are indicated in Supplementary Fig. 4. Most
of the peptides had activities in the nanomolar range, with
some reaching subnanomolar values of K. Because the cyste-
ine connectivity of the inhibitors appeared to be important for
the activity, the connectivity of two peptides, PK4 and PK6, was
deciphered by synthesizing the three isomers using orthogonal
cysteine protecting groups Mmt and Dpm (Supplementary Figs. 5
and 6). An efficient procedure including one on-resin cyclization
was established that enabled the synthesis of double-bridged pep-
tides in two days. For each peptide, there was one isomer that was
much more active than the other isomers. It was determined that
for PK4, isomer 3 (Cys1/Cys3, Cys2/Cys4) inhibited the protease
with a K; of 0.7 +0.1 nM while the other two isomers showed at
least a 200-fold weaker inhibition (Fig. 4a). In PK6, isomer 1 (Cys1/
Cys2, Cys3/Cys4) was by far the most active (K;=3.2+0.5nM)
(Fig. 4a). Not surprisingly, the most active inhibitors of a consen-
sus group had the same cysteine connectivity and thus the same
macrocyclic scaffold.

The convergence of peptides to certain consensus groups based
on the use of different linkers indicated an important structural and
functional role for the chemical bridges. We assessed the role of
the two linkers in the double-bridged peptides PK4 (isomer 3) and
PK6 (isomer 1) in a structure-activity relationship (SAR) study in
which we replaced one linker at a time with a set of diverse linkers
(Fig. 4b, Supplementary Figs. 7, 8 and 9), some of which rendered
the peptide macrocycles entirely inactive at the highest concentra-
tion tested (1 pM). This linker swapping experiment showed that
both of the two bridges are important. We then wondered if linker
substitution could be a strategy for enhancing the macrocycles’
inhibitory activities. To test this, we substituted linker 3 in the most
active macrocycle PK2 (isomer 3; K;=0.5+0.1nM) with para-
dibromomethyl-benzene linkers 13-19 carrying diverse groups
attached to the benzyl ring (Supplementary Fig. 10). Although none
of the macrocycles had enhanced activity, we discovered that some
of them again had a dramatically reduced activity, showing that
even minor structural changes in the linker, such as the addition
of small substituents, substantially impact macrocycle activity. This
suggested that linkers 13-19, despite the similarity to 3, should all
be applied in parallel in future phage selections in order to generate
even larger diversities.

Macrocycles PK2, PK4 and PK6 showed high target selectivity
in a specificity profile performed with a panel of eight homologous
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trypsin-like serine proteases (Table 1). Six of the proteases were
not inhibited at all. Even coagulation factor XIa (FXIa), sharing
the highest sequence identity with plasma kallikrein (69% amino
acid homology in the catalytic domain), was only weakly inhibited,
and the macrocycles still demonstrated around 1,000-fold selectiv-
ity for plasma kallikrein over FXIa. We subsequently investigated
the structural determinants of the target specificity for one of the
macrocycles, PK2. Specifically, we tested if PK2 could be turned
into a FXIa inhibitor by mutating different amino acids (Fig. 4c and
Supplementary Fig. 11), but none of the substitutions improved the
inhibition of FXIa. Detrimental mutations reduced the inhibition
of both proteases to similar extents, indicating that the macrocycle
binds both proteases through similar key contacts. Apparently, the
backbone formed by a XCCX,CX,CX peptide double-bridged by
linker 3 fits perfectly to the active site of plasma kallikrein and con-
tributes to the target selectivity.

Short peptides constrained by two linkers promised high pro-
teolytic stability due to the inaccessibility of the peptide back-
bone to proteases. Indeed, some of the double-bridged peptides,
like PK2 (isomer 3), showed an impressive stability in human
plasma at 37°C (Fig. 5a). The two exocyclic amino acids were
cleaved by proteases, first the N-terminal serine (t,,=29min) and
then the C-terminal tyrosine (t,,,=6.9h), and the double-bridged
macrocycle core remained intact after two days. The high stability
of PK2 most probably results from interlaced bridging that tightly
connects the two macrocycles, reducing their conformational flex-
ibility and/or rendering them less accessible to proteases. This was
confirmed by testing a peptide, PK6 (isomer 1), lacking the inter-
laced configuration due to bridges between Cys1/Cys2 and Cys3/
Cys4, which was rapidly degraded (t,,, ~ 5 min; Fig. 5a). For PK2, the
loss of the terminal amino acids reduced the activity of the peptide
4-fold (Serl) and 108-fold (Tyr11), respectively (Fig. 5b). To miti-
gate this loss, we tested a small set of peptides in which the vulner-
able exocyclic residues were replaced by p-amino acids (Fig. 5b).
Appending D-Arg at the N terminus and p-Tyr at the C terminus
increased the inhibitory activity 1.9- and 9.6-fold, respectively. The
resulting macrocycle PK10 had a K; of 3.6 +0.5nM, compared to
0.5+0.1nM for the PK2 precursor, but it remained fully intact upon
incubation in plasma (¢,,> 3 days; Fig. 5¢,d).

Plasma kallikrein plays a role in various diseases including HEA,
diabetic macular oedema, and thrombosis, and contributes to con-
tact activation in extracorporeal circulation during procedures
such as coronary artery bypass grafting. Two protein-based inhibi-
tors, C1 inhibitor and ecallantide, are approved for the treatment
of acute HEA attacks®”. Several drug development programmes
are ongoing to generate antibody (for example, lanadelumab) or

NATURE CHEMISTRY | www.nature.com/naturechemistry
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Fig. 4 | Role of chemical bridges. a, Structures of the three isomers of PK4 and PK6. The residual activity of plasma kallikrein in the presence of different
concentrations of the isomers was measured using a fluorogenic substrate. Mean values of the residual activity and standard deviations of three
measurements are shown. One of the three isomers efficiently inhibits plasma kallikrein. HPLC traces of the active isomers are provided in Supplementary

Fig. 6. b, Replacement of the chemical bridges in PK4 and PK6 reduced the inhibi

tory activity to various extents. Mean values and standard deviations of

three measurements are shown. Even small structural changes in the bridges affected the binding affinity, indicating the important role of the bridges.
¢, SAR study of PK2 (isomer 3): inhibition of plasma kallikrein and factor Xla by PK2 variants with the indicated amino-acid substitutions. K; values are shown.

small-molecule inhibitors of plasma kallikrein®>**. We tested if the
double-bridged peptides could block the activation of the intrin-
sic coagulation pathway in human plasma, which is dependent on
the reciprocal activation of plasma kallikrein and factor XII (FXII).
Human plasma was incubated with inhibitor, the activation of FXII
was triggered by a negatively charged surface (Pathromtin), and the
time to coagulation was measured to determine the activated partial
thromboplastin time (aPTT). Peptides PK2, PK4, PK6 and PK10 all
efficiently inhibited activation of the intrinsic coagulation pathway
in human plasma ex vivo (Fig. 5e), and PK10 doubled the aPTT ata
concentration of 3 pM.

NATURE CHEMISTRY | www.nature.com/naturechemistry

To test if double-bridged peptides could be developed for other
protein targets, we performed selections against the cytokine
interleukin 17 (IL-17), for which antibody drugs but not small
molecules are in clinical use”. We designed and cloned a new
phage library displaying peptides of the format XCX,,CX,CX ,CX
that all contain four cysteines in fixed positions (library 3,
m+n+o0=3-8, 155 formats, library size: 2 10", Supplementary
Fig. 12). Cyclization of library 3 with the same reagents that were
applied to libraries 1 and 2 (1, 3, 4, 7, 10, 12) and a new reagent,
divinylsulfone (20), yielded a total of 3,255 different macrocyclic
backbones, and thus an even larger scaffold diversity than that of
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http://www.nature.com/naturechemistry

ARTICLES

NATURE CHEMISTRY

Table 1| Target specificity

K; (nM)

PK2 PK4 PKé PK10
Plasma kallikrein 0.5+ 0.1 0.7+0.1 3.2+05 3.6+05
Factor Xla 580+180 1300+£500 2700+200 2500100
Factor Xlla >30,000 >30,000 >30,000 >30,000
Thrombin >30,000 >30,000 >30,000 >30,000
uPA >30,000 >30,000 >30,000 >30,000
tPA >30,000 >30,000 >30,000 >30,000
Plasmin >30,000 >30,000 >30,000 >30,000
Factor Xa >30,000 >30,000 >30,000 >30,000
Factor Vlla >30,000 >30,000 >30,000 >30,000

Inhibition of plasma kallikrein and a panel of structurally homologous or physiologically important
paralogous proteases by isolated inhibitors. Average values and standard deviations of at least
three measurements are shown.

the libraries described above. After three rounds of affinity selec-
tion against IL-17, peptides modified with the two reagents 10 and
20 were strongly enriched over the negative control (no target pro-
tein immobilized) and were analysed further. High-throughput
DNA sequencing showed that peptides containing four cyste-
ines were highly abundant (>90%, Supplementary Table 2) and
identified multiple consensus groups (Fig. 6a). Peptides modified

with reagent 10 and containing the consensus motif W¥/,?/;F or
DYWYGF showed nanomolar binding affinities when the pep-
tides were synthesized as mixtures of the three regioisomers. We
synthesized the regioisomers of two of the peptides individually
and determined the dissociation constant (K,) values by fluores-
cence polarization (Fig. 6a and Supplementary Fig. 13). Like the
plasma kallikrein inhibitors, we found that one of the three iso-
mers was far more active than the other two. This was particularly
remarkable as two of the isomers, 2 and 3, have a similar backbone
and present the consensus motif in a similar manner (Fig. 6b).
The best ligand, IL-17-2 isomer 3, bridged at Cys1/Cys3 and Cys2/
Cys4, bound IL-17 with a K of 36 +3nM (Fig. 6¢).

Discussion

We show that macrocyclic peptide libraries with a large structural
diversity can be generated by cyclizing peptides with two chemical
bridges that each connect a pair of cysteines. This approach yielded
libraries comprising many more different macrocyclic scaffolds
than any previously developed libraries, which tend to be based on
one or, at most, a handful of different scaffolds. High-throughput
sequencing of isolated peptides revealed a strong preference for
certain peptide formats, clearly showing the importance of the large
scaffold diversity. Even though the new strategy generates three
macrocyclic isomers that are all encoded by the same phage DNA,
we show that multiple products do not impair the phage panning
procedure, that the three isomers can be efficiently synthesized with
an orthogonal protection strategy, and that the active isomer can
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Fig. 5 | Stability of double-bridged peptides. a, Proteolytic degradation of PK2 (isomer 3) and PK6 (isomer 1) in human plasma analysed by LC-MS. Total
ion count (TIC) in selected-ion monitoring (SIM) mode of identified species is shown. b, Inhibitory activities of N- or C-terminally modified PK2 (isomer 3).
Average values and standard deviations of K; values were calculated from at least three measurements. ¢, LC-MS analysis of PK10 after incubation in
human blood plasma. d, Fraction of functional PK10 after incubation in human blood plasma as determined in a plasma kallikrein inhibition assay. Mean
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b, Schematic drawing of the three isomers of IL-17-2. ¢, Binding of the three regioisomers of IL-17-2 to IL-17 was measured by fluorescence polarization.

Mean values and standard deviations of three measurements are shown.

easily be identified. Once the active isomer of a consensus group is
found, more peptides of the same group can be synthesized directly
with the correct cysteine connectivity in order to efficiently screen
for the most active sequence.

For both targets used in this study—plasma kallikrein and
IL-17—high-affinity double-bridged peptides could be developed.
As a direct comparison, similarly sized bicyclic peptides (11 amino
acids) that were cyclized by only one chemical linker (connecting
three cysteines) were previously developed for plasma kallikrein by
screening the same type of library (XCX,CX,CX)*. The best bicyclic
peptide plasma kallikrein inhibitor developed through these pans
had a K; of 5.2nM and thus a tenfold weaker binding affinity than
the di-bridged peptides. It is likely that the affinity improvement
can be attributed to the larger scaffold diversity that was generated
and sampled with the new approach. A plasma kallikrein inhibitor
with a comparable affinity (K;=0.3nM) was previously obtained
only by screening a library of much longer bicyclic peptides that
form a larger binding interface with the target (15 amino acids of
the form ACX,CX;CA cyclized by one linker)*. The development
of smaller macrocycles with a molecular weight approaching 1kDa

NATURE CHEMISTRY | www.nature.com/naturechemistry

is of interest for the development of drugs amenable to topical or
oral administration. Several orally available peptide macrocycles,
including cyclosporin and desmopressin (both 1.2kDa) have
molecular weights in this range, suggesting that phage-selected,
double-bridged peptides might be applied as leads for the develop-
ment of topical or oral drugs.

The SAR study revealed that both of the chemical bridges in the
bicyclic peptides are essential for binding, and one bridge is slightly
more important in all of the examples studied. Substitution to struc-
turally similar bridges reduced the binding affinity, suggesting that
cyclizing peptide phage libraries in parallel with similar reagents
such as compounds 13-19 will allow for the generation of even
larger macrocycle diversities. More reagents containing two thiol-
reactive groups are commercially available, and a nearly endless
number of such compounds can be designed and synthesized. A
SAR study altering the amino-acid sequence of double-bridged pep-
tide PK2 showed that its high target selectivity was based, at least to
some extent, on the specific peptide backbone architecture. None
of the numerous amino-acid mutations tested increased the affinity
for the homologous protease FXIa. This is in stark contrast to the
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previously developed single-bridged bicyclic peptide inhibitors of
plasma kallikrein that also inhibited FXIa when specific amino-acid
positions were mutated®. This observation is an additional indica-
tion that the larger scaffold diversity allowed for the identification
of ligands that are perfectly complementary in shape and polarity to
the target binding site.

An interesting feature of the ligands with interlaced bridges is
the high proteolytic stability. The core structure of PK2 resisted
protease degradation when it was incubated for several days in
human plasma at 37°C. This high stability is probably due to the
close connection of the two macrocyclic rings, resulting from inter-
lacing bridges Cys1/Cys3 and Cys2/Cys4. This hypothesis is further
supported by the low proteolytic stability of the double-bridged
PK6 that contains two independent monocycles connected via
a flexible linker. The enormous stability of the interlaced peptide
macrocycle format might be exploited for the development of oral
drugs that must survive the proteolytic pressure in the gastrointes-
tinal tract. This could include either drugs that are absorbed into
the bloodstream or that act on targets in the gastrointestinal tract.
The feasibility of peptide-based drugs acting in the lumen of the
gastrointestinal tract was demonstrated with the recently approved
blockbuster drug linaclotide. This 14-amino-acid peptide derived
from nature and stabilized by three disulfide bridges is applied
orally. The low stability for exocyclic amino acids, such as the Serl
and Tyr11 in PK2, should not be a limitation as they can be substi-
tuted to non-natural building blocks that resist proteolytic cleavage,
as demonstrated in this work. Alternatively, exocyclic amino acids
may be completely omitted and the loss in affinity compensated by
substituting amino acids in the core to unnatural ones that can more
efficiently bind the target. The latter strategy would allow a further
reduction of the molecular weight of the ligands, and would reduce
the size of PK2 to below 1kDa.

In summary, we have developed an efficient strategy for the
generation and screening of macrocyclic peptide libraries com-
prising an unprecedented scaffold diversity. We show that ligands
with a better affinity and target selectivity can be isolated from
such libraries despite a rather small molecular mass of the com-
pounds, and that a scaffold format with interlaced macrocyclic
rings has a particularly high stability. The combined properties of
the generated ligands, including high affinity and selectivity, small
size and high proteolytic stability, make them interesting as drug
development leads.

Data availability. The principal data supporting the findings of
this work are available within the figures and the Supplementary
Information. All other data are available from the corresponding
author upon request.
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deviations of inhibitory constants (Ki), dissociation constants (Kd), residual protease activities,
plasma half-lives and activated partial thromboplastin times (aPTT) were typically smaller
than 20% of the mean values, when three independent measurements were performed. We
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Describe how sample size was determined.

2. Data exclusions
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8. Materials availability
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for distribution by a third party.
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10. Eukaryotic cell lines
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Policy information about studies involving human research participants
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Describe the covariate-relevant population Study did not involve human research participants.
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