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Cyclic peptides represent invaluable scaffolds in biological affinity, providing diverse collections for
discovering functional entities and protein—protein
interactions. The field increasingly focuses on developing cyclization strategies and chemically modified

molecules targeting challenging biological

combinatorial libraries in conjunction with M13 phage display, to identify macrocyclic peptide inhibitors
for traditionally challenging targets.
phthalaldehyde (OPA) for the discovery of active macrocycles characterized by asymmetric scaffolds

Here, we introduce a cyclization strategy utilizing ortho-

with side-chain cyclization. Through this approach, aldehyde groups attached to free molecules
sequentially attack the eg-amine of lysine and the thiol of cysteine, facilitating the rapid cyclization of
genetically encoded linear precursor libraries displayed on phage particles. The construction of a 10°-
member library and subsequent screening successfully identified cyclic peptide binders targeting three

Received 16th May 2024 therapeutically relevant proteins: PTP1B, NEK7, and hKeapl. The results confirm the efficacy in rapidly
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obtaining active ligands with micromolar potency. This work provides a fast and efficient operable high-
DOI: 10.1039/d4sc03207a throughput platform for screening functional peptide macrocycles, which hold promise for broad

rsc.li/chemical-science application in therapeutics, chemically biological probes, and disease diagnosis.

contrast, asymmetric molecular scaffolds were successfully
developed for the cyclization including NCys-Cys'” and N-
terminal amine-Cys"® (Fig. 1A). Nevertheless, the exploration of
cyclization methods remains in its nascent stages.
Ortho-phthalaldehyde (OPA) is a versatile bio-orthogonal
cross-linker.”?® Portoghese demonstrated the

Introduction

Cyclic peptides have assumed pronounced significance in
therapeutic applications and as biological mediators, thereby
enabling the generation of diverse libraries for the exploration
of functional molecules targeted towards challenging biological
entities and protein-protein interactions."” Growing interest is
focused on developing cyclization strategies*® and constructing
chemically modified combinatorial libraries combined with
M13 phage display to discover macrocyclic peptide inhibitors of A
undruggable targets.”® In recent years, efforts towards opti-
mizing strategies have led to several cyclization methods
involving disulfide bridges,'® non-canonical amino acid enco-
ded linkage,"*> and chemical cross-linkers.’*** Notably, one
chemical approach is two or three Cys residues with symmetric
cross-linkers to form monocycles or bicycle phage display,'**® in
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PBS, r.t., 20 min

Fig. 1 Phage libraries with the cyclization strategy. (A) Over-view of
cyclic peptide libraries. Cyclization by a symmetric crosslinker. (B) Lys—
Cys crosslinking through OPA-cyclization.
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selective application of OPA and its derivatives in cross-linking
proximal cysteines and lysines, resulting in a fluorescent probe
for opioid receptors.*® Subsequently, the OPA-amine-thiol
reaction was harnessed for selective bioconjugation, facilitating
the identification of kinase-substrate pairs.>> More recently, the
proximal cross-linking reaction of OPA has been refined for the
chemoselective conjugation of native peptides and proteins, as
well as the synthesis of cyclic peptides, all performed under
mild, biocompatible aqueous conditions.**>*

Based on these observations, we rationalized the utilization of
OPA as a bio-orthogonal cross-linker for late-stage functionaliza-
tion of phage particles under mild, aqueous, and physiological
conditions. Herein, we established a robust high-throughput
integration platform by introducing OPA—a symmetric linker
facilitating rapid cyclization of linear peptides through a cycliza-
tion reaction in physiological settings (PBS 7.4, room temperature,
20 minutes)—onto phage particles. This strategy enabled the
construction of a huge cyclic peptide library featuring a rigid
asymmetric scaffold (Fig. 1B). Subsequent validation of this
methodology was achieved through the identification of macro-
cyclic peptide ligands targeting Protein Tyrosine Phosphatase 1B
(PTP1B), NIMA-related kinase 7 (NEK7), and Homo Kelch-like
ECH-associated protein 1 (hKeap1). These findings indicate that
the cross-linker encoded phage display has tremendous value in
the exploration and evolution of cyclic peptides with the ability to
selectively modulate proteins and serve as promising lead
compounds in early drug discovery.

Verification of peptide cyclization on phages using the OPA
cross-linker

The OPA has been a subject of investigation for almost half
a century in the realm of biological detection.>® Recent in vitro
cyclization studies have illuminated that OPA enables facilita-
tion of the swift generation of cyclic peptides under mild
conditions, primarily through reacting with amino or sulfhydryl
groups.” However, the reliable application of this highly effi-
cient cyclization strategy in phage selection for discovering
bioactive cyclic peptides has not been thoroughly reported. To
address this gap, we developed a phage display platform
compatible with OPA cyclization, constructing a library with
randomized sequences flanked by a lysine residue and
a cysteine residue on M13 bacteriophages for selecting peptide
ligands targeting several proteases (Fig. 2A). The utility of OPA
in modifying linear peptides on the phage surface was meticu-
lously examined. A defined peptide sequence (KGGSC) was
encoded in the N-terminal of the phage coat protein III (pIII),
integrating a factor Xa recognition site to circumvent non-
selective recognition of the N-terminal amino group. Following
expression and purification of bacteriophages by Escherichia coli
TG1, we employed a blocking step with 6-hydroxy-1,3-benzo-
thiazole-2-carbonitrile*” (CBT, 0.5 mM) after enzyme digestion
and TCEP reduction. CBT is known for stable reactivity with
NCys under physiological conditions. Rapid reaction of CBT
with NCys leads to the production of p-luciferin (p-LH,). Here,
CBT was applied to block N-terminal cysteine produced by
enzyme digestion.
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The subsequent removal of CBT, along with buffer exchange,
facilitated the introduction of OPA (0.3 mM) into the phage
solution at pH 7.4. This resulted in the efficient conversion of
linear peptides into cyclic counterparts within 20 min at room
temperature. To ensure accurate assessment, a TEV cleavage
site was strategically inserted between the peptide sequence and
pII (Fig. 2A). In addition, TEV digestion and subsequent anal-
ysis via ESI-MS confirmed the successful and selective cycliza-
tion of the target peptide (M + Na)" on the phage surface
(Fig. 2B). In previous reports, the fluorescein, isoindole, could
be generated by OPA, as expected, the fluorescence of cyclic
reaction production was observed with the naked eye (Fig.
S22at). To further verify the generation of cyclo-peptide on
phages, the fluorescence detection experiment was carried out
at 405 nm using laser scanning confocal microscopy. The
modified phage aggregates could be observed with relatively
clear blue fluorescence in high resolution fluorescence images.
And the results show that the phages with “KGGSC” modified by
OPA activated obvious fluorescence under confocal fluores-
cence microscopy, while the fluorescence produced by wild
phages treated with OPA in the control group was very weak
(Fig. S22b and ct), which revealed the contribution of the
“KGGSC” sequence to the OPA-cyclization and provided
evidence in the other direction for the feasibility of this strategy
on phages. An essential aspect of constructing the OPA-cyclized
library was the incorporation of a factor Xa cleavage site in
proximity to the randomized sequence. This strategy allowed
the exposure of free NCys on the displayed peptides post factor
Xa cleavage and TCEP reduction. Following the blocking of
NCys, OPA-induced peptide cyclization on the phage surface
was executed in PBS 7.4 over 20 min at room temperature
(Fig. 2C), with the cross-linker dosage determined in subse-
quent tests.

Phage compatibility of OPA-cyclization

In the exploration of OPA-cyclization compatibility with the
reproductive cycle of the phage display platform, a series of
staged phage titer tests were conducted. The methodology
involved the incorporation of pIII, laden with a random peptide
sequence, into the M13 phage genome. This was followed by the
cultivation of phage particles within TG1 cells, adhering to
standard protocols (see the ESIt). Typically, the observable
phage particles expressed per round ranged from 10" to 10"
(Fig. 2D). The treated phage solution underwent successive
infections with E. coli to quantify phage titers in colony forming
units (cfus) and assess alterations in phage infectivity before
and after OPA-based modification (Fig. 2E). Successive addi-
tions of OPA at concentrations of 100 uM, 300 uM, and 500 uM
to the phage supernatant triggered reactions in PBS at pH 7.4
over 20 min at room temperature. The TCEP-reduced and CBT-
blocked samples maintained their initial infective capacity.
Notably, titer results indicated no significant impact on M13
phages in cfus when the OPA concentration was below 300 pM,
demonstrating the robustness of the phage display platform
under these conditions. It was only upon surpassing the 500 uM
threshold that a notable more than 20-fold reduction in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Construction of the OPA cyclized phage library. (A) Multi-enzyme digestion strategy for verifying the conversion of linear peptides on the
phage surface. (B) Representative raw mass spectra of crude reaction mixtures obtained for peptide KGGSC (M + Na)* following modification and
cyclization. (C) The construction phage library of cyclic peptides by the OPA crosslinker. Factor Xa cleavage digestion, TCEP reduction, CBT
blocking, and OPA-cyclization lead to the formation of cyclic peptides. (D) Measured cfus by infecting E. coli TG1 cells with modified phages by
the OPA-cyclization strategy. The items measured were, in order, phages with PEG purification, phages with TCEP reduction, phages after
digestion and CBT blocking and phages with OPA treatment under different concentrations. Cyclization units (up to 300 pM) result in
a comparable effect with PEG purification and TCEP reduction, which is insignificant for the life cycle of phages. (E) Graphical representation of
the panning cycle of the OPA cyclized phage library against several proteins.

infectivity was observed compared to the untreated phage
supernatant (Fig. 2D). The collective findings emphasize that an
OPA concentration of 300 uM stands as the optimal dose for
modifying the peptide library while preserving phage activity.

Discovering cyclic peptide ligands for protein tyrosine
phosphatase

The successful compatibility of the OPA-cyclization strategy
with phage life cycles encourages us to explore the phage
display against proteins (Fig. 2D). A designed 7-mer phage
library, KX7C, was engineered to the pIII protein (Fig. 2C).
Subsequent breeding, modification, and panning (Fig. 2E) of
the library are carried out according to the fixed procedures (see
ESIt). PTP1B was chosen as the prime target due to its pivotal
role in various cellular functions,”®* including the regulation of
the endoplasmic reticulum unfolded protein response by
dephosphorylating EIF2AK3/PERK,* thereby inhibiting its
kinase activity. It exerts influence over CKII- and p60c-src-
induced signal cascades.* Notably, PTP1B negatively modulates
the insulin metabolizing pathway, and its overexpression is
implicated in the reduction of phosphorylation of the insulin

© 2024 The Author(s). Published by the Royal Society of Chemistry

receptor.’** Previous studies have associated mutations in the
PTP1B gene with the development of diabetes.***® These
multifaceted roles position PTP1B inhibition as an attractive
strategy for developing therapeutics targeting type 2 diabetes
and multiple cancers.*”*®* Recombinantly expressed PTP1B,
featuring an N-terminal His tag (Fig. S11), was immobilized on
an Elisa plate for panning the cyclized KX7C library. Real-time
monitoring of phage titers revealed a significant increase after
each round of panning during continuous biological screening
and reinfection (Fig. 3A). In order to improve the specificity of
the peptide, it is essential to reduce the amount of protein to
improve the rigor of the screening. After four rounds of
screening, 20 selected samples were sequenced to characterize
potential PTP1B binders (Fig. S21). Sequencing results identi-
fied several enriched peptides, including a highly enriched
sequence denoted as M1. To assess the affinity of the selected
peptides, two representative sequences (M1 and M2) with
a single LHW motif (Fig. 3B) were chosen for linear precursor
synthesis. Cyclization reactions were then performed, and their
ability to bind PTP1B was characterized using Bio-Layer Inter-
ferometry (BLI): a detector immobilized with biotinylated

Chem. Sci, 2024, 15, 1847-11855 | 11849
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Identification of cyclic peptide binders of PTP1B. (A) The phage titers were measured from the phage that remained after each round of

screening target PTP1B. The increasing phage titers revealed the continuous enrichment of peptides after each round of panning. (B) Enriched
peptide sequences were obtained by the final round of screening against PTP1B. The Ky value of the binder with PTP1B via curve fitting is shown
on the right side of the diagram. (C) Crystal structure of the non-peptide inhibitor binding to PTP1B (pdb 1PXH). (D) Bio-layer interferometry assay

results (fit) of M1_OPA and M1_SS binding PTP1B.

PTP1B was sequentially added into the polypeptide solution at
increased concentrations eliciting a variation of wavelength
shift and kinetic parameters of the interaction. The experiments
demonstrated that the tested cyclic M1 (M1_OPA) interacted
with PTP1B with a Ky of 1.9 + 0.3 pM (Fig. 3D). Assessing the
role of cyclization for binding, the linear precursor (M1_SS, Kg =
9.2 4+ 0.9 uM) showed a four-fold reduction in affinity compared
to its cyclic counterpart (Fig. 3D and S4t). Despite sequence
similarity, M2_OPA (Kg = 81 £+ 9 uM) displayed a significant
reduction in PTP1B binding affinity (Fig. S51), while its linear
precursor, M2_SS, was unable to bind to target proteins. Then,
an in vitro enzyme inhibition experiment was performed to
determine the inhibition activity of M1_OPA to PTP1B. The
activity of M1_OPA was detected by measuring the changes in
the yield of p-nitrophenyl generated by hydrolyzing pNPP using
PTP1B. The results revealed that cyclic peptides could inhibit
the dephosphoric function of PTP1B to some extent (IC5, =
10.43 + 1.06 uM) in vitro, while its linear precursor, M1_SS,
lacks this ability with an ICs, of 54.76 + 4.21 uM (Fig. S67).

The exploration of interaction pattern of cyclic peptide with
PTP1B

PTP1B, a critical regulatory unit in multiple signaling pathways,
exerts both positive and negative regulatory effects on related
proteases through its various catalytic domains. Four active sites,
namely the catalytic (A) site, and B, C, and D sites, have been
identified as promising targets for the development of highly
selective and effective PTP1B inhibitors.* The A site represents the
primary function of binding the dianionic pTyr residue, while the

1850 | Chem. Sci,, 2024, 15, 11847-11855

B site is a noncatalytic-binding pocket, and the C site features
a wide, flat area that is fully exposed to the surface of the protein
and is suitable for binding inhibitors with large molecular size.*
To elucidate the active pocket holding the selected cyclic binder,
M1_OPA, we conducted molecular docking studies and molecular
dynamics simulation with PTP1B using the known crystal struc-
ture (Fig. 3C), focusing on the A, B, C, and D sites. Anticipatedly,
the high-scoring patterns predominantly featured ligands occu-
pying the B site and extending into the A site. Published complex
structures of the PTP1B-substrate obtained by X-ray diffraction
revealed that ABC-type small molecule inhibitors could establish
salt bridges and hydrogen bonds with specific residues (Arg 24,
Asp 29, and Asp 48) at the B site and the C site, simultaneously
binding to the groove of the A site. Similarly, the chimerism of
M1_OPA to these two grooves prevented the tyrosine-phosphory-
lated substrate (insulin receptor kinase, IRK) from contacting
PTP1B (Fig. 4A). The cyclic peptide extended toward the edge of the
active pocket, with the indole benzene ring forming hydrogen
bonds and conjugation interactions with residues Asp 29, Arg 24,
His 25, and Asp 48. In particular, the cyclization group, isoindole,
contributed to affinity by providing conjugated interactions
(Fig. 4A). MD simulation study also showed a similar binding
mechanism of the ligand-receptor complex with docking (Fig. 4C
and S8%). To further confirm this hypothesis, three key amino
acids (His25, Asp 29 and Asp 48) of PTP1B that appeared in the
simulation result were mutated to H25A, D29A and D48A using
site-directed mutagenesis. Subsequent affinity characterization
showed that the binding ability of the mutant protein to the
M1_OPA (25.3 £ 3.9 uM) was significantly reduced (Fig. 4B). This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Confirmation of interaction pattern of M1_OPA binding to the PTP1B. (A) Binding interface in dimensional space. M1_OPA is adapted to
the B and C sites of PTP1B. (B) Bio-layer interferometry assay results (fit) of M1_OPA binding to PTP1B,, mutant (H25A, D29A and D48A). (C)
PTP1B-M1_OPA contact histogram (salt bridges, water bridges, hydrophobic interaction, and hydrogen bonds) from 120 ns MD trajectories. The
ordinate represents the percentage of time that the protein interacts with the ligand during the simulation time.

preliminary analysis sheds light on the inhibitory mechanism of
the cyclic peptide binding to PTP1B. Considering the unique
mechanisms by which PTP1B induces IRK dephosphorylation via
the B site and C site, targeting this catalytic reaction becomes
crucial for discovering highly specific cyclic peptide drugs for the
treatment of type 2 diabetes. The insights gained from this study
lay the groundwork for the development of tight-binding inhibi-
tors in the subsequent exploration.

Selection of cyclic peptides binding to NEK7

Our attention turned to NEK7 as we sought to uncover the
potential of the cyclic peptide library. NEK7 plays a pivotal role
in regulating the NLRP3 inflammasome within macro-
phages,*>** and its dysregulation has been implicated in
inflammatory responses through the activation of inflamma-
somes in various pathways, including NF-«B signaling, ROS
signaling, and lysosomal destabilization.**™** Perturbation of
these signaling pathways accelerates cancers.*® Recognizing
NEK?7 as a key factor, efforts are underway to develop potent
anti-inflammatory and anticancer drugs, with a current
emphasis on Computer-Aided Drug Design (CADD) for devel-
oping non-peptide inhibitors (Fig. 5A).* In our approach,

© 2024 The Author(s). Published by the Royal Society of Chemistry

purified NEK7 (Fig. S91) was immobilized on microplates, and
the cyclized KX7C library underwent screening over four
rounds. The identification of 20 randomized clones (Fig. S107)
revealed multiple repeated sequences, indicating their enrich-
ment after panning (Fig. 5B and S11+).

To characterize their activity, the linear structures of these
sequences were synthesized, and the corresponding cyclic
peptides were prepared. The peptides were then assessed for
NEK?7 binding using BLI (Fig. S117). The results demonstrated
that N1_OPA (Fig. 5C) exhibited binding to NEK7 with an
affinity of 2.1 £+ 0.2 pM (Fig. 5D). Subsequent glide docking also
revealed the potential pockets of N1_OPA binding to NEK7,
which was formed by the Pro 92, Lys 96, ASP 175, Thr 172 and
Lys 176 (Fig. S127). Surprisingly, the lack of interaction
observed with N1_SS underscored the necessity of OPA-cycli-
zation for effective binding (Fig. 5D). The remaining peptide
sequences, N2 (Fig. S131) and N3 (Fig. S141) were considered
false positives due to their low binding capacity.

Screening for cyclic peptides of the hKeap1

In our pursuit of uncovering the potential of the cyclic library in
targeting proteases involved in protein-protein interactions, we

Chem. Sci., 2024, 15, 11847-1855 | 11851
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conducted phage panning against hKeap1. As a transcriptional
regulator, hKeapl influences the cellular oxidative stress
response by upregulating gene expression.”® The binding of
hKeap1 to Nrf2 (Fig. 6A) plays a pivotal role in regulating the
ubiquitination of this substrate, initiating a cascade of signal
responses.*’ Interfering with this interaction has been demon-
strated to modulate responses to oxidative stress signals,*
offering a promising avenue for discovering inhibitors to treat
diseases associated with inflammatory responses and neuro-
degeneration.”>** hKeap1, featuring an N-terminal His tag, was
expressed (Fig. S15T) and immobilized on a plate for screening
the KX7C cyclic peptide library (Fig. 2C). Following four cycles of
panning (Fig. 6C), 20 randomly selected clones from the output
population underwent sequence identification (Fig. S137).
Similar to the results observed with PTP1B, the panning process
enriched several sequences (Fig. 6D), which were then synthe-
sized through solid-phase peptide synthesis. The purified linear
precursors were processed using OPA to generate the desired
cyclic peptides. A BLI assay was employed to verify the binding
affinity of peptides hitting hKeap1 (Fig. S16 and S17t). Among
the synthesized peptides, Hkl_OPA demonstrated a low
micromolar binding capacity to Keapl (K4 = 4.3 = 0.5 uM)
(Fig. 6B). Notably, the precursor peptide Hk1_SS showed no
interaction with the target protein (Fig. 6B), indicating the
success of panning towards the OPA-modified cyclic peptide
library in generating the expected cyclic ligands. Because of
false positive hits, other tests on the remaining cyclic peptides,
Hk2 (Fig. S18t) and Hk3 (Fig. S1971), did not exhibit significant
affinity binding to Keapl (up to 100 puM). Subsequently, the
binding basis of Hkl_OPA to Keapl was further explored
through molecular docking studies, revealing that the cyclic
peptide ligand adapts to the Nrf2 binding pocket of hKeap1
(Fig. S2071). In previous reports, a variety of potent cyclic peptide
ligands targeting hKeapl had been found by phage display.
Most of these peptide molecules contain conserved sequences
“ETGE” derived from Nrf2. However, the only active peptide
Hk1_OPA, KQTATGRGC is significantly different from the re-
ported active sequence and contains only “TG”. The reasons for
weak binding affinities probably resulted from the defects in the
method of library construction, which leads to the loss of a large
number of affinity sequences during the amplification of
random sequences.

Conclusions

In summary, we have developed a display platform by inte-
grating ortho-phthalaldehyde (OPA) onto phage particles using
a three-step strategy, resulting in the generation of genetically
encoded cyclic peptides featuring the isoindole skeleton. The
OPA-cyclization has been proven to be highly chemoselective
under physiological conditions. While OPA cyclization applied
to phage-display remains challenging, we successfully loaded
OPA into the N-terminal of pIII to gain the KX7C cyclic peptide
library without compromising the infectivity of phage particles.
The efficacy of our display platform was substantiated by its
application in developing ligands for protein targets associated
with various diseases. The discovery of a peptide ligand binding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to PTP1B with single-digit micromolar dissociation constants
(K4q) and inhibiting the dephosphorylation activity of PTP1B
with 10.43 + 1.06 pM showecases the potential of our platform.
Molecular docking and mutagenesis studies further revealed
that the cyclic peptide engages with the unique B and C sites of
PTP1B, providing a distinct approach compared to small
molecules. Expanding our exploration, we identified ligands for
hKeap1 and NEK?7, thereby affirming the versatility and adapt-
ability of the OPA-cyclization strategy for diverse phage display
applications. While the short random sequences investigated in
this study limited the affinity of the discovered ligands to the
single-digit micromolar range, we anticipate that expanding the
size of the randomized peptide segment holds promise for
achieving higher affinity. In addition, there are some limita-
tions for the OPA-cyclization strategy derived from the necessary
proteolytic digestion and CBT blocking steps, due to the
inherent regioselectivity of OPA for recognizing other N-
terminal amino, Lys, and Cys in pIII proteins or randomized
sequences, resulting in operational complexity of this method.
Here, our contribution lies in seamlessly integrating the
advantages of OPA-cyclization, such as the accessibility of
linkers without complex chemical processes and simplicity of
crosslinking reaction, into the generation of side-chain cyclized
libraries for phage display, thus extending the applications of
phage display. We believe that the click cyclization-based high-
throughput integration platform holds promise for facilitating
the discovery of potent macrocyclic peptides targeting a broader
range of challenging biological entities in future research.
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