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Covalent protease inhibitors serve as valuable tools for modulating protease activity and are essential
for investigating the functions of protease targets. These inhibitors typically consist of a recognition
motif and a covalently reactive electrophile. Substrate peptides, featuring residues capable of fitting into
the substrate pockets of proteases, undergo chemical modification at the carbonyl carbon of the P1
residue with an electrophile and have been widely applied in the development of covalent inhibitors.
In this study, we utilized a DNA-encoded peptide library to replicate peptide binder sequences and
introduced a vinyl sulfone warhead at the C-termini to construct the DNA-encoded peptide covalent
inhibitor library (DEPCIL) for targeting cysteine proteases. Screening results toward 3CL protease

Received 29th April 2024, demonstrated the efficacy of this library, not only in identifying protease inhibitors, but also in

Accepted 29th May 2024 discovering amino acids that can conform to aligned protease pockets. The identified peptide
DOI: 10.1039/d4cb00097h sequences provide valuable insight into the amino acid preferences within substrate binding pockets,

and our novel technology is indicative of the potential for similar strategies to discover covalent
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Introduction

Proteases play pivotal roles in a myriad of cellular processes,
ranging from protein degradation and immune response mod-
ulation to signal transduction and cell cycle regulation.’?
Dysregulation of protease activity has been implicated in various
pathological conditions, including cancer,® inflammation,* and
neurodegenerative disorders.” Covalent inhibitors that can per-
manently bind to proteases can be used to modulate their
activities and be applied in agent development for tracing pro-
tease targets. Covalent inhibitors of proteases have emerged as a
compelling avenue in therapeutic intervention, offering unique
advantages that address challenges associated with conventional
reversible inhibitors.*”

The screening of synthetic compound libraries has been the
conventional method applied in the discovery of covalent
protease inhibitors.>® Numerous covalent inhibitors of proteases
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inhibitors and profile binding preferences of other proteases.

have been discovered using this approach, providing useful tools
for protease research.'®' In order to generate more selective
protease inhibitors, reactive electrophiles have been purposely
incorporated at the C-terminus to convert substrates into
inhibitors.'* Several covalent inhibitors were developed using
this method and have proven useful in studying protease
functions in various applications.” ™

For enabling large-scale screening of covalent libraries,
protease reactive warheads have been incorporated in both
phage-displayed peptide libraries'® and DNA-encoded small
molecular and peptide libraries."”*® The subsequent discovery
of covalent inhibitors from these libraries has demonstrated
the effectiveness of ligands obtained from combinatorial
libraries. GSK has validated the principle of irreversible screen-
ing by specifically enriching a positive on-DNA Rupintrivir
compound spiked into a random library."® WuXi AppTec has
introduced the acrylamide warhead to the N-termini of a
peptidic DEL library and discovered a covalent inhibitor with
an ICs, of 1.9 M after 16 hours of preincubation.* X-Chem has
established the DELvalent platform and validated the selection
of irreversible ligands against several challenging protease
targets.>!

In this work, based on reported peptide DEL extension
technologies, we developed a novel format of DNA-encoded
peptide covalent inhibitor library (DEPCIL) for discovering
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protease covalent inhibitors more efficiently and profiling amino
acid binding preferences simultaneously. DEPCIL peptides not
only possess a format of inhibitors that can potentially fit better
into the active sites of proteases, but also the increased diversity
resulting from the incorporation of both canonical and non-
canonical amino acids can improve the binding affinity of
peptides to the target and lead to the discovery of more potent
inhibitors. Furthermore, screening with such libraries can also
unveil information on the defined preferences of all substrate
residues of the target protease, which is crucial for understanding
the substrate recognition pockets of the target protease.

We demonstrated the DEPCIL strategy for screening the SARS-
CoV-2 3CL protease (Mpro) by using an in-solution covalent
inhibition and His-Tag-facilitated immobilization approach.
The main 3C-like protease (3CLpro) plays an essential role in
cleaving viral polyproteins to generate functional non-structural
proteins and plays a crucial role in the assembly, replication, and
transcription of the virus.>? The 3CL protease has no homologous
proteins in humans, and it is a valid drug target for inhibiting
viral replication and developing anti-COVID-19 drugs.>*** Several
reported covalent inhibitors of 3CL protease exclusively bind to
the catalytic residue Cys145 located at the substrate pocket with a
covalent warhead. Nirmatrelvir is an orally active 3C-like protease
inhibitor developed by inserting a nitrile at the C-terminus
of a non-canonical peptide binder.”> Bofutrelvir is a covalent
inhibitor of 3CL protease carrying an aldehyde warhead at the
C-terminus.”® In this study, screening using DEPCIL resulted in
the discovery of P3C-1, a covalent inhibitor exhibiting an ICs, of
172.7 £ 4.12 nM, and unveiled the substrate binding charac-
teristics of the 3CL protease. P3C-1 holds promise for the
development of crucial therapeutics to combat SARS-CoV-2
and potential future pandemics. The screening results demon-
strated the efficiency of DEPCIL technology for discovering
protease inhibitors compared to related methods. DEPCIL also
provides hints for developing other formats of covalent peptide
libraries targeting other proteases.

Results and discussion
Design of DEPCIL

The hydrolysis of a peptide substrate by a protease is initiated
with the nucleophilic attack from the active site residue of the
protease to the carbonyl carbon of the P1 residue of the sub-
strate peptide. The substrate peptide can be transformed into a
covalent inhibitor by introducing an electrophile to replace the
P1 carbonyl carbon (Fig. 1A). This substitution facilitates a
covalent attachment to the active site residue, achieving pro-
tease inhibition. Currently, this chemical modification strategy
is the most commonly employed method for developing cova-
lent inhibitors of protease and for studying the positional
preferences of individual substrate pockets.?””*® However, to
achieve a relatively potent inhibitor often requires a substantial
amount of medicinal chemistry efforts to perform a series
of modifications to find sequences where all residues that
can fit the pockets of the target.?>*° In this study, we employed
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a DNA-encoded peptide library for the discovery of covalent
inhibiting peptides against cysteine proteases.

A number of previous studies have reported building DNA-
encode small molecular and peptide based covalent inhibitor
libraries of proteases.'””'® In contrast to incorporating the
warhead at the sidechain of an amino acid or the N-terminus
of the DEL peptide library, we chose to insert the warhead at the
C-terminus of the peptide library to develop a novel format
of DNA-encoded peptide covalent inhibitor library (Fig. 1B).
Previous studies have indicated that potent peptide binders of
protease generally adopt a substrate-like binding pattern, with
individual residues occupying the pockets of the protease.**>
In the complex structures of peptide inhibitors with protease
targets, the atom closest to the active site residue is the
carboxylic terminal carbon. Incorporating the warhead at the
carboxylic group of a P1 residue allows individual residues in
the substrate peptide to align with the substrate recognition
pockets of the target protease. This strategy offers several
advantages. Firstly, it closely mimics the process of substrate
binding and the nucleophilic attack from the catalytic residue.
Aligned peptide sequences can bind to all of the target protease
substrate sites, positioning the C-terminal at the center of the
active site. This methodology is expected to reveal substrate
binding pocket preference properties that may be challenging
to study using other methods. Secondly, the incorporation of
non-canonical amino acids supplements the limited natural
amino acids. Natural amino acids generally lack the ability to
surpass the improvements inherent in sequences shaped by
natural evolution. Non-canonical amino acids, however, have
demonstrated greater potential for expanding the scope of
further enhancements.*® HATU-activated amide coupling and
T4 ligations are compatible with various chemical moieties,
enabling the incorporation of diverse noncanonical amino
acids. Consequently, this approach generates a broader struc-
tural and spatial diversity, facilitating the discovery of more
potent binders and reducing the likelihood of binding to off-
target proteins (Fig. 1C).

Generation of P1-vinyl sulfone conjugate

Cysteine 145 is the key catalytic residue for 3CL protease to
exert hydrolytic activity. The most commonly used covalent
functional groups of cysteine proteases are acrylamide, vinyl
sulfone and aldehyde, among others."” The olefin part of vinyl
sulfone can react with the sulfhydryl group in cysteine to form a
covalent bond and has been applied in a large number of
bioactive molecules and drug candidates.** The Wittig reaction
was employed to couple aldehyde with sulfide phosphate, for
the generation of a vinyl sulfone (VS) electrophile. Recognizing
the significance of the P1 residue in the binding of the target
protease, we sequentially reduced protected (3S)-y-lactam
alanine,® which was then reacted with diethyl iodomethyl
phosphate to produce (3S)-y-lactam vinyl sulfone (P1-VS). Addi-
tionally, we coupled a hydrophilic and flexible polyethylene
glycol trimer (PEG3) linker to the C-terminus of the lactam vinyl
sulfone warhead. This modification allows the generated pep-
tide library to freely adopt the proper position in space to fit

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The principle of covalent inhibition of cysteine protease and application of DEPCIL library screening. (A) The mechanism of covalent inhibition
involves coupling reaction between the active site cysteine residue (yellow shadow) and a peptide-based inhibitor containing multiple residues binding to
substrate recognition pockets and a vinyl sulfone warhead conjugated at the C-terminus. The nucleophilic attach between the active site cysteine and
the vinyl sulfone group quenched the activity of the cysteine protease. (B) Chemical structure of the designed inhibitor library comprising a vinyl sulfone,
a (35)-y-lactam alanine amino acid, and a peptide library of four random amino acid lengths. (C) Schematic representation of the procedure for
discovering inhibitors of cysteine protease by applying the vinyl sulfone peptide inhibitor library. Here, peptide inhibitors that react with the target
protease can be recovered and sequenced to unveil the sequence information of the peptide. Following DNA tag sequencing, peptide synthesis, and
inhibition testing, the inhibitor can be discovered. (D) Procedure for constructing the DNA-encoded library of covalent inhibitors of cysteine proteases by

incorporating the vinyl sulfone warhead and extending peptide residues.

into the active site of the screened protease. Finally, an Fmoc
protection group was introduced at the N-terminus of the
P1-VS-PEG for being able to be used as a building block in
the DNA-encoded library synthesis (Fig. S1, ESIY).

Construction of DEL Library bearing a VS at the C-terminus

With the synthesized Fmoc-P1-VS-PEG-COOH in hand, we
applied it in the synthesis of the DEPCIL library following the
general DNA-encoded library (DEL) peptide library preparation
procedure. First, the stability of P1-VS in subsequent DEL was
examined. We subjected compound 9 to 95 °C incubation for
16 hours in the BOC deprotection buffer utilized for DEL
construction and subsequently analyzed the samples using

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

LCMS. The results revealed that the integrity of the vinyl sulfone
moiety was preserved (Fig. S2, ESIt). To efficiently incorporate the
VS warhead into the DEPCIL, the Fmoc-protected P1-VS amino
acid was reacted with the headpiece to generate a universal
starting building block. For ensuring purity, the product under-
went additional purification through precipitation and ultra-
filtration. LCMS analysis of the Fmoc-P1-VS-PEG3-HP product
confirmed a purity of >95% (Fig. S3, ESIt), and quantification
using UV absorption indicated a yield of 94.2%.

Considering that most proteases recognize substrates through
short central recognition sequences, we decided to construct the
DEPCIL library with a length of four residues (Fig. 1D and Fig. S4,
ESI{).*® Amino acids with sidechain protection suitable for DEL
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construction and exhibiting diverse properties, such as hydro-
philic/hydrophobic, positive/negative charge, varying sizes, aro-
matic/aliphatic, were selected for library construction (Table S1,
ESIt). These building blocks were assessed for coupling efficiency
by reacting them with the headpiece, and only those demonstrat-
ing a coupling efficiency greater than 80% were selected for use
(unpublished data). The presence of the VS warhead at the
N-terminus of the headpiece did not affect the efficiency to
couple amino acid to the amino group. The remaining steps of
library construction followed standard DEL library synthesis
procedures. Firstly, in each cycle, we selected 37 amino acids
with various properties that exhibited promising coupling
efficiency. Following acylation reaction to conjugate amino
acids onto the primary amine, 37 unique DNA tags were ligated
to headpiece. After pooling, deprotection of Fmoc, and purifi-
cation, the cycle-1 product was split into 37 wells for carrying
out the next round of synthesis. After four rounds of synthesis,
a covalent DEL with a library size of 1.87 million was achieved.

We also optimized barcode tags to ensure sufficient distance,
preventing overlap due to PCR and NGS errors. DNA tags
(Table S2, ESIt), 9 bases in length, were designed with a
minimum of 3-base difference, using a previously reported
Python script (reference: https://github.com/pelinakan/UBD).
The DNA tags were customized and synthesized with 5’ phos-
phorylation and a two-base overhang at 3’ end for enabling
T4 ligation. During the extension reaction steps of library
construction, each coupling reaction was monitored with
PAGE analysis until complete reaction achievement. The
expected sizes of molecular upper shifts could be observed
for each round of DNA tag attachment (Fig. S5A, ESIY).

To minimize the impact of DNA damage during the final
step of DEPCIL library deprotection, which aimed to remove side
chain protection groups, a mild condition of heated sodium
acetate solution was applied to remove the ¢-butyloxycarbonyl
(BOC) from the side chains of free amine side chains.?” Followed
by another precipitation purification, a final DNA sequence for
the PCR primer binding was incorporated to achieve the expected
DEPCIL library (Fig. S5B, ESI).

Screening of 3CL inhibitors

The defined S1 to S5 pockets of 3CL cysteine protease fit the
format of the designed DEPCIL library. The covalent linkage
between inhibitors and the target protease provided an oppor-
tunity to selectively identify active inhibitors through the
enrichment of the target protein, subsequently leading to the
identification of the carried DNA tag. Conversely, weak non-
covalent interactions with nonspecific peptides allowed for the
elimination of peptides that did not form stable covalent
interactions with the target.

We designed the target 3CL protease carrying a His-tag
for both purification and inhibitor immobilization with Ni
NTA resin. Following codon optimization, gene synthesis, and
expression construct building in the pET28b vector, the 3CL
protease was well expressed in BL21(DE3) cells. A sufficient
amount of protease (1 mg, 500 mL 2YT expression media)
was achieved through affinity purification and size-exclusive
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chromatography. The obtained 3CL protease exhibited potent
efficiency in hydrolyzing a fluorogenic substrate based on the
native substrate protein sequence (Fig. S6, ESIf). Due to
the decreased hydrolysis efficiency of the 3CL protease after
immobilization on solid support, we decided to conduct the
screening process through in-solution inhibition followed by
enrichment with target protein immobilization.

To increase protease activity and enhance the binding and
selection of inhibitors that can covalently react with the target
protease, 10 pmol of the DEPCIL library was mixed with
140 pmol of 3CL protease in a buffer displaying maximum
3CL activity. The mixture was then incubated for an extended
time of 1 h at 37 °C. Additionally, to minimize nonspecific
binding to Ni NTA resin, sheared salmon sperm DNA was
applied to the resin to block unspecific interactions before
being utilized to immobilize the inhibitor-bound target 3CL
protease. By imidazole elution, the active DEPCIL members
binding to 3CL protease were recovered and quantified using
gPCR. This quantification was achieved by comparing with a
standard curve generated by plotting the Cq value against a
series of concentrations of DNA (Fig. S7A, ESIt). For the sake of
comparison, negative selection without 3CL incubation showed
a dramatic decrease of DEPCIL in binding to Ni NTA resin. The
recovered DNA with and without 3CL incubation was 4.11 pg pL
and 1.94 pg pL ', respectively, representing a 2.1-fold enrichment
for 3CL covalent binding (Fig. S7B, ESIY).

To unveil the sequence of the selected peptide, we applied
Ilumina NGS to sequence the selected peptides as many as
possible. The recovered DNA of DEPCIL was PCR amplified,
and a pair of universal sequencing adaptors for Illumina NGS
sequencing were attached to both ends. Following PAGE ana-
lysis (Fig. S8A and B, ESI}), the desired PCR product was
sequenced by an NGS service provider with sample pooling.
Upon receiving the acquired data, a quality filter with an error
cutoff of 1% was applied to retain accurate data, and this
process led to the discovery of 2 million independent DNA
sequences. A minimum redundancy of 2 for the discovered
peptides also indicated a high sequence recovery of the selected
peptides. Due to a minimum of 3 base differences designed in
the tags, the error of peptide sequences due to sequencing
could be as low as 0.05%. The discovered DNA sequences were
found to be in the expected format of the DEPCIL library
(Fig. S8C, ESIt) and were decoded with tools published on
GitHub (https://github.com/sunghunbae/decode). Duplication
statistics were analyzed and sorted according to the discovered
population to indicate the enrichment of the discovered peptides.
Details of the data analysis procedure was reported previously.
Highly populated peptides showed enrichment compared with
the corresponding population in the native library, indicating a
strong selection enforcement (Fig. S8D and E, ESIT).

Characterizing discovered inhibitors

The most highly enriched peptides were selected for synthesis
and tested for in vitro potency to inhibit the 3CL protease.
Multiple synthesis routines were performed to discover one
that could achieve the desired peptides in high yield. Fmoc-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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protected P1-VS was initially used as an amino acid and loaded
onto Wang resin. However, due to the low reactivity of the
phenol hydroxyl group, the yield of loading did not reach a level
sufficient for peptide synthesis. Consequently, we decided to
couple the P1-VS motif to the peptide in solution. Peptide
sequences comprising P2 to P5 residues were synthesized on
chlorotrityl resin and cleaved with N terminus BOC protection
and fully-protected side chains. The free C-terminal carboxyl
acid was then activated for coupling with the P1-VS warhead to
achieve the full-length inhibitor. After complete deprotection
with a cleavage cocktail K, the crude peptide was precipitated
with ethyl ether, and the precipitate was purified by HPLC to
obtain the final covalent inhibitor peptides (Fig. S9, ESIT).
Following lyophilization, the peptides were analyzed with
LCMS to confirm purity and molecular weight, ensuring suit-
ability for the activity test (Table S3, ESIf). To assess the
potency in inhibiting the 3CL protease, peptide solutions were
diluted to 10 uM and incubated with the 3CL protease, allowing
covalent binding. After coincubation at 37 °C for 10 min, the
fluorogenic substrate Dabcyl-KTSAVLQ | SGFRKM-Glu(Edans)
of 3CL was added, and the fluorescence signal was monitored
to indicate the residual activity of hydrolyzing the native
sequence. The top 10 most enriched peptides were tested for
inhibitory activity at a concentration of 10 pM, with the
majority showing weak inhibition. The most enriched peptide
sequence, P3C-1, inhibited at 98% (Fig. 2A). We suspect that the
prevalence of weak binders may stem from bias resulting from
library distribution and PCR amplification of DNA tags. This
bias issue is less pronounced in other selection technologies
such as phage display, mRNA display, and yeast display, which
entail amplification and competitive binding across multiple
selection rounds. A correlation trend of selection frequency and
inhibition rate could be observed (Fig. 2B and C). To determine
the half-inhibition potency, the inhibiting peptide was further
subjected to kinetic test, and the half inhibitory ratio (ICs,) was
calculated. Peptide P3C-1, with a sequence of Gln-Val-Orn-Leu-
(3S)-y-lactam alanine-VS, exhibited the highest potency with an
ICs0 of 1.60 pM after 10 min of pre-incubatio.

Positional preference of 3CL

In addition to the inhibitor discovered by DEPCIL screening,
the properties of the substrate binding pockets were even more

A Name  BB4 BB3 BB2 BB1 ICs0(uM) B Y 10
P3C-1 GIn Val Orn Leu 1.48%0.14 é
P3C-2 Val Pro Aoc2 Phe 68.8+13.3 T
P3C-3 hCit Pen(Acm) Aoc2 Val > 100 3
P3C4  Leu Chg Gly Aoc2  >100 < 05
P3C-5  4Pal hCit ~ Ser(TBDMS) Ser(tBu) > 100 2
P3C-6 Leu Ser(TBDMS) Met(O2) Ser(tBu) > 100 %
P3C-7 hPhe(3-CN)  His om Leu >100 ® 49
P3C-8 4Pal Lys Glu Ser(tBu) > 100
P3C-9 Aoc2  Ser(TBDMS) Gin Aoc2 90.4 +20.6
P3C-10 Aoc2 Cys(pMeOBzl) Lys(Me)2 Cit 97.8+11.6
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important to uncover. Since the increased binding of peptides
could be a contributor to facilitating the rapid reaction between
DEPCIL members and the target protease, we analyzed inhibi-
tion correlated with mutations at individual residues, for study-
ing protease substrate sites individually. Based on the sequence
of peptide P3C-1, single mutation peptides with variations at P2
to P5 were selected from the discovered peptides. Each series of
peptides were calculated for discovery frequency, and the
inhibition rate was tested for the synthesized peptide inhibitors
(Fig. S10, ESIT). As expected, the results indicated that the P2
amino acid (corresponding to building block1, BB1) is crucial
for the binding of peptides to 3CL, and the replacement of
leucine with other amino acids almost eliminated inhibitor
activity (Fig. 3A and B). In contrast, the S3 pocket (corres-
ponding to BB2) can adapt to quite a range of amino acids;
the replacement with amino acids of different properties did
not dramatically change the activity of the mutant peptides
(Fig. 3C and D). The S4 pocket (corresponding to BB3) of 3CL is
also quite conservative, and valine was the only potent peptide
discovered in the selections. The discovery rate of the valine
substituent also dominated (Fig. 3E and F). The S5 pocket
(corresponding to BB4) also accepts a quite range of amino
acids with different properties (Fig. 3G and H), due to its
remote location from the active site and open position to
solvent exposure.

Comparison with native peptide

To better understand the efficiency of DEPCIL for discovering
better inhibitors, the discovered inhibitors were compared with
naturally evolved peptide sequence. Although there are a num-
ber of covalent inhibitors of 3CL protease, we chose the
naturally evolved peptide sequence due to its well-established
structure activity relationship (SAR). The native substrate
sequence of the 3CL peptide, the peptides composing P1-P5
of the 3CL native substrate protein, were conjugated with VS for
the generation of a control peptide. To minimize the difference
caused by S1 site binding, the P1 glutamine from the native
peptide was also converted to (3S)-y-lactam alanine for a
comparison of the binding properties of peptide sequences
selected from the developed DECPIL library (Fig. 4A). P3C-1
presented a conserved P2 leucine as the native sequence. The
replacement of native alanine with noncanonical Orn at the P3

Screening output C Inhibition @10 pM (%)

N
o
o

Inhibition Rate (%)
3

o

N NS o AL 9 N
(ARAR R R AR AR AR AR A
TTLTTLTLTLTLTLTRR

Peptide Name

Peptide Name

Fig. 2 The sequence of enriched peptides and the characterization of discovered inhibitors. (A) Top 10 most enriched peptide sequences discovered
in the 3CL screening. Amino acid names used in each building blocks (BBs) were indicated. (B) Selection frequencies of the top 10 discovered peptides.
(C) Inhibition rate of the inhibitors carrying the sequence of the top 10 sequences.
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Name BB4 BB3 BB2 BB1 1C50 (uM)
P3C-1 GIn Val Orn Leu 1.60 + 0.08
P3C-11 G Val O Phe(4-NH2) N.A.
P3C-12 GIn Val Orn Met(02) N.A.
P3C-13  GIn Val orn Ala N.A.

Name BB4 BB3 BB2 BB1 1C50 (uM)
P3C-1 Gln Val Orn Leu 1.60 +0.08
P3C-14  GIn Val Lys(Me)2 Leu 4.73 £0.62
P3C-15  GIn Val GIn Leu 3.10 £ 0.65
P3C-16  Gin Val Aoc2 Leu 5.95+0.57
P3C-17 Gln Val 4-Pal Leu 3.72+0.16

Name BB4 BB3 BB2 BB1 1C50 (uM)
P3C-1 GIn Val Omn Leu 1.60 + 0.08
P3C-18 GIn D-3-Pal Omn Leu N.A.
P3C-19 Gin Lys(Me2) Orn Leu N.A.
P3C-20 Gin Orn(Ac) Orn Leu N.A.
P3C-21 GIn Gly Orn Leu N.A.

Name BB4 BB3 BB2 BB1 1C50 (uM)
P3C-1 GIn Val Orn Leu 1.60 £ 0.08
P3C-22 Leu Val Orn Leu 1.45+0.12
P3C-23 Ser Val Orn Leu N.A.

P3C-24 Lys Val Orn Leu 3.16 £ 0.20
P3C-25 Gly Val Orn Leu N.A.

P3C-26 Pro Val Orn Leu 1.50 + 0.36
P3C-27 Orn Val Orn Leu 1.90 £ 0.36
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Fig. 3 Analysis of subsite characteristics by testing inhibitors with variants at P2—P5 positions. (A), (C), (E) and (G) Discovered peptides with variations in
the P2, P3, P4, and P5 residues for comparing their positional preferences. (B), (D), (F) and (H) Comparison of the discovery (left) and inhibition (right) rates

of peptide inhibitors with corresponding mutations.

position, alanine with valine at the P4 position, and serine with
glutamine at the P5 position enhanced the inhibition 1.5-fold
(Fig. 4B). The most potent inhibitor showed a similar sequence
as the natural substrate with critical residue conserved. These
data suggested that the DEPCIL technology can identify con-
formations that can present both key anchor residues and less
critical residue for binding to the target.

Interactions between noncanonical peptide and 3CL protease

To determine the covalent binding ability of P3C-1 with 3CL
protease, mass spectrometry of intact protein was used to
determine the relative molecular weight of the target. By
comparing the molecular weight changes of the protein before
and after inhibition, it was possible to determine whether

696 | RSC Chem. Biol., 2024, 5, 691-702

covalent binding had occurred. The experimental results
revealed that in the Tris-HCl buffer (pH 7.4), the covalent
functional group VS of P3C-1 reacted with active site cysteine
to form the C-S bond (Fig. 4C). Upon pre-incubation of P3C-1
with 3CL for 10 minutes, 1 hour, and 12 hours, the residual
protease activity significantly decreased, indicating an ICs, of
172.7 £+ 4.12 nM after 12 hours of pre-incubation. The time-
dependent inhibition further confirmed the covalent binding
between P3C-1 and the 3CL protease (Fig. 4D).

MD study of interactions between inhibitor and the 3CL
protease

To determine how the discovered noncanonical peptide can better
bond to the 3CL protease, we analyzed this peptide-protein

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison with native 3CL substrate-based inhibitor. (A) Chemical structure of the inhibitor discovered by DEPCIL screening (top) and the
native sequence inhibitor (bottom), comprising the natural substrate sequence with substitution of the P1 residue for (35)-y-lactam alanine and the
incorporation of vinyl sulfone at the C-terminus. The structures shared a common C-terminus structure, separated by a green dashed line. (B) Inhibition
curves for both inhibitors. (C) Analysis of the binding properties of the developed covalent 3CL protease inhibitor, showing the inactive mass of
3CL protease before (black) and after (blue) the incubation with developed covalent inhibitors. (D) Time-dependent inhibition of the 3CL pro-
tease by compound P3C-1. The kinetics of residual protease activity of 3CL treated with a series of concentrations of P3C-1 for pre-incubation
times of 10 minutes, 1 hour, and 16 hours were plotted, and the ICsq values were calculated to be 1.60 + 0.08 uM, 483.7 + 21.2 nM, and 172.7 + 4.12 nM,

respectively.

interaction using structural information. We applied molecular
dynamics (MD) to simulate the interactions between P3C-1 and the
3CL protease, using the high-resolution structure of 3CL protease
bound to a five-residue substrate peptide as a template (7T70,
chain B). While the power of MD calculations for the de novo
prediction of ligand-protein interactions are limited, there are
several reasons why MD simulations are nonetheless informative
for predicting the interactions between P3C-1 and 3CL protease.
First, the covalent linkage between P3C-1 and 3CL protease largely
defines the orientation in which the peptide can bind to the target
protein, thus narrowing the chemical space to explore and improv-
ing the probability of discovering relevant interactions. Second, the
critical residues in P3C-1 are similar to the native 3CL substrate
sequence of SAVLQ, allowing us to generate a more reliable initial
conformation of P3C-1. To perform the MD simulations, we
covalently linked the VS of P3C-1 to the active-site cysteine of
3CL protease to generate input files that were loaded into the
Assisted Model Building with Energy Refinement (AMBER) bio-
molecular simulation package. The complex structure was sub-
jected to MD simulation in explicit TIP3P solvent models with
ff14SB and general AMBER force field (GAFF) parameter sets. After
100 ns of production simulation, the binding of P3C-1 to 3CL
protease reached a constant and stable state. The energy of the
system remained constant, and the structure converged to a single

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

low-energy state for the complex. This predicted structure showed
P3C-1 stably bound to the 3CL protease in the primary substrate-
binding pocket (Fig. 5A). The side chains of residues besides the
N-terminal Gln1 adopted a conformation similar to that of the
native substrate peptide. The side chain of P1 (35)-y-lactam ring
adopted the S1 pocket of 3CL protease and aligned with the native
substrate P1 glutamine (Fig. 5B). Leu in P3C-1 matches the
positioning of the P2 Leucine in the substrate peptide, forming a
hydrophobic center with H41, Y54 and M165 that forms the S2
pocket of the 3CL protease. Val replaced the P4 Alanine in the
substrate peptide by forming multiple hydrophobic interactions
with M165, L167, and F185 in the S4 pocket. This could explain the
preference for hydrophobic residues at P2 and P4 positions. The
substitution of native Ala in the P3 position with Orn introduced
extra hydrogen binding with E166, explaining the increased effi-
ciency of P3C-1 binding. The flexible end of P3C-1 appeared to
have a weak interaction with Q189, which could elucidate the
relatively broad tolerance profile observed for the P5 amino acids.
However, the optimized MD structure supports the finding of the
contribution of noncanonical amino acids to strengthening the
interaction with 3CL protease and enhancing the binding of P3C-1
to the active site (Fig. 5C and D). Overall, the MD simulations
confirmed that stable and low-energy conformations can be found
in which the binding of selected P3C-1 peptide aligns the

RSC Chem. Biol., 2024, 5, 691-702 | 697
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Fig. 5 MD analysis of the binding of the P3C-1 inhibitor at the active site of 3CL protease, compared with the binding of native substrate sequences.
(A) AMBER simulated structure of P3C-1 bound to the 3CL protease active site, with a covalent bond formed between VS warhead and active site cysteine
145. (B) Aligned structures of simulated P3C-1 and 3CL substrate peptide bound at the active site. (C) Diagram representing the interaction between
P3C-1 and 3CL protease by formed hydrophobic (red radiations), H-bonding (green dashed lines), and electrostatic interactions (red dashed lines).
(D) Diagram representing the interaction between 3CL protease with the natural substrate bound by formed various interactions.

C-terminal at the center of the active site and enforces the covalent
modification by the active-site cysteine residue.

Conclusions

In summary, we believe that our DEPCIL screening approach
could be used to construct highly diverse non-canonical cova-
lent inhibitor libraries and applied to discovering peptides for
inhibiting proteases and unveiling substrate pocket prefer-
ences. Our results suggest that this DEPCIL approach works
well for 3CL protease by applying the vinyl sulfone warhead,
and it is likely that the same library could be used for screening
against other targets that contains a reactive cysteine. For
example, a number of proteins were found to have mutation
with free cysteine on surface and DEPCIL can also be applied
for screening for covalent inhibitors.*®*° This DEPCIL strategy
could be expanded to similar methods for constructing cova-
lent inhibitor libraries for profiling a broad range of proteases
by substituting the vinyl sulfone warhead with corresponding
reactive electrophiles. Thus, this DEPCIL screening approach
has a high potential for enhancing the discovery and screening

698 | RSC Chem. Biol., 2024, 5, 691-702

of non-canonical covalent ligands in various chemical biology
research fields.

Materials and methods

Chromatographic separations were performed by automated
flash chromatography using SepaBean T equipped with Sepa-
Flash UltraPure irregular silica columns (40-64 pm, 60 A,
Santai, Science Inc., Shanghai). Commercial plates (HTPLC
Silica Gel 6-GF254, Leyan, Qingdao) were used for analytical
thin-layer chromatography to follow the progress of reactions.
Unless otherwise specified, "H NMR spectra and *C NMR
spectra were obtained on a Varian Mercury 400-MHz console
connected with an Oxford NMR AS400 actively shielded magnet
spectrometer at room temperature. Chemical shifts for 'H or
13C are given in ppm (§) relative to tetramethylsilane as an
internal standard. Mass spectra (m/z) of chemical compounds,
peptides, and proteins were recorded on a 1260 Infinity II LC
6230 TOF MS system (Agilent Technologies, America) or an
ACQUITY Arc SQ Detector 2 system (Waters, America). Reverse-
phase HPLC (RP-HPLC) purifications were performed using a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1260 Infinity II preparative HPLC equipped with a semi-prep
C18 column (5 pm, C18, 100 A, 250 x 10 mm liquid chromato-
graphy column; Agilent Technologies, America) eluted over
a linear gradient from 95% solvent A (water and 0.1% trifluor-
oacetic acid) to 100% solvent B (acetonitrile and 0.1%
trifluoroacetic acid).

Unless otherwise noted, chemicals were purchased from
Sigma Aldrich, J&K Chemical, or Sinopharm and were used
without further purification. Protected Fmoc-amino acids
and coupling reagents were purchased from Bidepharm and
GL Biochem (Shanghai, China) Ltd. DPAL were purchased
from Generalbio (Anhui, China). RinkAmide-MBHA resin
(0.458 mmol g~ ') was purchased from GL Biochem (Shanghai)
Ltd (Lot. Nr. GLS220524-4910).

DEPCIL construction

Fmoc-VS-PEG-COOH coupling with HP. In a 15 mL centri-
fuge tube, HP solution (1.57 mM, 3.51 mL) was diluted with
reaction buffer (500 mM sodium borate buffer, pH 9.1, 2.75 mL).
In a second tube, Fmoc-VS-PEG-COOH (200 mM in DMA,
100 eq.), HATU (200 mM in DMA, 100 eq.), and DIEA (200 mM
in DMA, 100 eq.) were mixed to generate the activated Fmoc-VS-
Peg-COOH. Subsequently, this activated compound was trans-
ferred to the tube containing HP. The coupling process took place
at room temperature for 1 hour under vigorous shaking. The
progress of the coupling reactions was monitored using LCMS
analysis until full conversion was achieved.

Fmoc deprotection of Fmoc-VS-PEG-HP. Fmoc-VS-Peg-HP
(5.50 pumol) was dissolved in water (5.50 mL) to create a
1 mM solution. Piperidine was added to the system to achieve
a final concentration of 5% v/v, and the reaction was mixed by
shaking at room temperature for 1 hour. The completion of Fmoc
deprotection was confirmed by mass spectrometry. DNA was
precipitated by adding NacCl (5 M, 1/10 v/v) and ethanol (2.50 v/v).
The contents were mixed and subsequently frozen at —80 °C for
over an hour. The tube was then centrifuged at 4000 rpm at 4 °C
for 30 minutes. Carefully removing the supernatant, the remain-
ing precipitation was subjected to freeze-drying.

Primer ligation. In a mixture comprising VS-PEG-HP
(4.90 mM, 1.04 mL, 1 eq.), T4 Buffer (10x, 2.04 mL), and water
(12.23 mL), prime (2.29 mM, 4.45 mL, 2 eq.) were added and
cooled to 4 °C. T4 ligase (8000 U, 0.61 mL, 0.12 eq.) was
introduced, and the reaction proceeded at 16 °C for 16 hours.
After performing 12% PAGE analysis to confirm the completion
of the ligation reaction, DNA precipitation was achieved by
adding NaCl (5 M, 1/10 v/v) and ethanol (2.50 v/v). The contents
were mixed and subsequently frozen at —80 °C for over an hour.
The tube was then centrifuged at 4000 rpm at 4 °C for
30 minutes. Carefully remove the supernatant, and the remain-
ing precipitation was subjected to freeze-drying.

General protocol for DNA tag ligation. The DNA mixture
obtained from the preceding step (2 mM, 1 mL, 1 eq.), along
with T4 Buffer (10x, 800 pL), and water (3940 pL), was evenly
distributed into 37 wells of a 96-well plate. Following this,
DNA tags (2 mM, 18.5 pL, 1.5 eq.) were added to each well,
and the plate was gently shaken and mixed to ensure an even
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distribution. At 4 °C, T4 ligase (8000 U, 7 uL, 0.12 eq.) was
introduced into each well, and the plate underwent thorough
oscillation and centrifugation to settle the liquid at the bottom
of the wells. The reaction proceeded at 16 °C for 16 hours, and
12% PAGE detection was performed to confirm the completion
of the ligation reaction. To precipitate the DNA, NaCl (5 M,
1/10 v/v), and ethanol (2.50 v/v) were added. The contents were
mixed and subsequently frozen at —80 °C for over an hour.
After centrifuging the tube at 4000 rpm at 4 °C for 30 minutes
and discarding the supernatant, the remaining precipitation
was subjected to freeze-drying.

General protocol for Fmoc amino acid coupling. Dissolve the
product (37 nmol) of previous step in individual wells in water
(74 pL) and adjust the pH by adding reaction buffer (500 mM
sodium borate buffer, pH 9.1, 74 pL, 1000 eq.). In a second
96-well plate, Fmoc-protected amino acids (200 mM in DMA,
100 equivalent), HATU (200 mM in DMA, 100 eq.), and DIEA
(200 mM in DMA, 100 eq.) were combined to activate the amino
acids before being transferred to the respective wells of the first
plate to react with the products from previous step. This
activation process was carried out at room temperature for
1 hour under vigorous shaking.

General protocol for pool. The amino acid-coupled products
present in the 96-well plate were collected and combined in a
50 mL centrifuge tube. To ensure complete recovery of the
product, successive washes were performed on each well using
3 x 200 pL of 50% DMA and 3 x 200 pL of water. Approximately
12.5 mL of liquid was recovered after combining all the solutions.
DNA precipitation was achieved by adding NaCl (5 M, 1/10 v/v)
and cooled ethanol (stored at —80 °C, 2.50 v/v) to the tube. The
contents were mixed and subsequently frozen at —80 °C for over
an hour. The tube was then centrifuged at 4000 rpm at 4 °C for
30 minutes. Carefully discard the supernatant, and the remaining
precipitation was subjected to freeze-drying.

General protocol for Fmoc deprotection. After pooling, the
library (approximately 2 pmol) was dissolved in water (2 mL) to
make a 1 mM solution. Piperidine was added to the system to
achieve a final concentration of 5% v/v, and the reaction was
mixed by shaking at room temperature for 1 hour. DNA
precipitation was achieved by adding NaCl (5 M, 1/10 v/v) and
ethanol (stored at —80 °C, 2.50 v/v). The contents were mixed
and subsequently frozen at —80 °C for over an hour. The tube
was then centrifuged at 4000 rpm at 4 °C for 30 minutes.
Carefully remove the supernatant, and the remaining precipita-
tion was subjected to freeze-drying.

General protocol for filtration & purification. The Fmoc-
deprotected library (1 pmol) was dissolved in water (1 mL) to
obtain a 1 mM solution. Subsequently, the solution was loaded
onto an Amicon Ultrafiltration device (4 mL volume, 10 K
cutoff). To dilute the library, 2 mL of water was added, and
centrifugation was carried out at 10 000 rpm for 30 minutes to
reduce the volume to less than 1 mL. This wash step was
repeated three additional times to remove impurities. Finally,
the remaining solution was recovered, and quantification was
performed based on the DNA absorbance using a Nanodrop
spectrophotometer.
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Boc deprotection. After four cycles of library construction,
NaoAC (75 eq., 75 mM) and MgCl, (0.5 eq., 1 mM) were added
and incubated at 90 °C for 16 hours. The completion of Fmoc
deprotection was confirmed by 12% PAGE detection. DNA
precipitation was achieved by adding NacCl (5 M, 1/10 v/v) and
ethanol (stored at —80 °C, 2.50 v/v). The contents were mixed
and subsequently frozen at —80 °C for over an hour. The tube
was then centrifuged at 4000 rpm at 4 °C for 30 minutes.
Carefully remove the supernatant, and the remaining precipita-
tion was subjected to freeze-drying.

Recombinant 3CL protein purification

A gene encoding SARS-CoV-2 Mpro was synthesized and sub-
cloned into the vector pET28b. To obtain the main protease
with authentic N- and C-termini, the construct designed for
SARS-CoV-2 Mpro followed a similar approach as previously
describe,’" and the gene sequence was verified by Sanger
sequencing. The sequence-verified expression vector was
then transformed into E. coli strain BL21 (DE3). A transformed
single clone was cultured at 37 °C in 10 mL LB medium with
kanamycin (50 pg mL ") for 8 h and diluted 1: 100 into 500 mL
fresh LB medium supplied with 50 pg mL™" kanamycin.
Induction of the overexpression of the Mpro gene was initiated
by adding 0.5 mM isopropyl-p-thiogalactoside (IPTG) at 1 °C
when the OD600 reached 0.6. After 16 h, cells were harvested by
centrifugation at 5000g, 4 °C for 8 min. The pellets were
resuspended in 50 mL buffer R (20 mM Tris, pH 7.8, 150 mM
NacCl) and lysed by sonication on ice. The lysate was clarified by
centrifugation at 10000g at 4 °C for 30 min, and the super-
natant was loaded onto a HisTrap column. The column was
washed with 15 mL buffer A (buffer R with 50 mM imidazole) to
remove unspecific binding proteins, followed by elution using
5 mL buffer B (buffer R with 500 mM imidazole). HiPrep
Sephacryl S-100 HR gel-filtration chromatography (GE Healthcare)
was employed to further purify the fractions with a running
condition of buffer R. Fractions containing the target protein
were pooled and mixed with PreScission protease (P2302,
Beyotime) following the manufacturer’s instructions, resulting
in the target protein with authentic N- and C-termini. The
PreScission-treated Mpro was applied to BeyoGold™GST-tag
Purification Resin (P2251, Beyotime) and nickel columns to
remove the GST-tagged PreScission protease, the His-tag, and
proteins with uncleaved His-tag. Fractions containing the target
protein were pooled and concentrated using Amicon Ultra 15
centrifugal filters (10 kD, Merck Millipore) at 2300g, 4 °C. The
purified protein concentration was determined via BCA protein
assay and was >90% pure, as estimated by a 12% SDS-PAGE.

Covalent peptide synthesis

The first amino acids loading. 2-Chlorotrityl chloride resin
(40 mg) was swelled with 1 mL anhydrous DCM for 30 min,
followed by the addition of a solution of Fmoc-AA-OH (3.0 eq.)
and DIPEA (4.0 eq.) in DCM to the filtration dried resin. The
coupling reaction was mixed in a frit inserted syringe at room
temperature for 1 h. After 5x DCM and 5x DMF washes,
methanol (32 pL) was added to block the unreacted chloride
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for another 1 h. Then 2 mL of 20% piperidine/DMF solution
was added to deprotect Fmoc for two periods of 15 min. After
5x washes with DMF, the first amino acid loaded resin was
used in the following synthesis.

Residue extension. With the amino acid loaded resin from
the previous step, a solution of Fmoc-AA-OH (2.0 eq. resin),
HATU (2.0 eq. resin), DIPEA (4.0 eq. resin) in DMF was added
and reacted at room temperature for 1 h. Following the
completion of amino acid coupling and filtration to remove
reaction solution, 20% piperidine/DMF solution was added to
deprotect Fmoc for two periods of 15 min. The resin was then
washed with DMF 5 times for getting the resin ready for next cycle
of amino acid coupling. The coupling, washing, deprotection, and
washing steps were repeated for another two cycles to complete
the synthesis of the peptide chain in solid phase. During the last
cycle of peptide synthesis N-terminally BOC protected amino acid
was applied and 20% HFIP/DCM solution was then added to
cleave the fully protected peptide off the resin.

Warhead coupling. The fully protected peptide was dissolved
in DCM, followed by the addition of DCM solutions of PyBOP
(3.0 eq.), HOBT (3.0 eq.), DIPEA (10.0 eq.), and compound 9
(3.0 eq.). The coupling reaction was carried out at room
temperature for 1 h. After reaction completion, DCM was
removed by a rota evaporator, and further precipitated by
cooled diethyl ether and washed to obtain crude peptide.
1 mL cocktail K was then added to the crude peptide to remove
both protection group on side chains and BOC at the N-
terminus. Following incubation at room temperature for 3 h,
the crude peptide was diethyl ether precipitated and washed.
After being confirmed by LCMS test, the desired covalent
peptide inhibitors were purified in HPLC with a C18 column.

Measurement of SARS-CoV-2 3CL protease inhibition

The potency of peptides to inhibit SARS-CoV-2 3CL protease
was quantified by measuring its residual activity to hydrolyze
a fluorogenic substrate peptide designed from its native
substrate protein. The Dabcyl-KTSAVLQ | SGFRKM-Glu(Edans)
substrate was synthesized according to a previous publication,*
and the increase of Edans fluorescence signal was recorded to
reflect the activity of 3CL protease. The half inhibition con-
stants IC5, were determined by incubating different concen-
trations of peptides with fixed concentration of 3CL protease
(25 nM), and the enzymatic assays were performed at 25 °C in
50 mM Tris, pH 7.3, 1 mM EDTA, and 1 mM DTT buffer. In a
384-well black plate was placed 20 pL protease and 20 pL of
different concentrations of peptides were added (0-10 uM
final concentration at 2-fold serial dilutions). After being
incubated at 37 °C for 10 min, 20 pL of 150 uM substrate
was added to allow hydrolysis by the residually active 3CL
protease. Fluorescent signal (excitation 340 nm, emission
490 nm) was read in 10-min intervals, which were plotted
against time to calculate the rate of 3CL hydrolysis in the
presence of different peptide inhibitors. The acquired data
were analyzed in the GraphPad Prism software 9.0 and fit
according to Y = bottom + (top-bottom)/(1 + 10*((log IC5, — X) X
HillSlope)) equation to calculate the ICs, values.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Peptide inhibitors mechanism research

To assess the covalent binding ability of the synthesized pep-
tide molecules to SARS-CoV-2 3CLpro, Electrospray Ionization
Quadrupole Time-of-Flight Mass Spectrometry (ESI Q-TOF MS)
was employed to determine the exact molecular mass of the
protein. By comparing the relative molecular mass changes of
the protein before and after inhibitor binding, the occurrence
of covalent binding can be ascertained. The experimental setup
involved reacting SARS-CoV-2 Mpro at a concentration of 4 uM
with inhibitors at a concentration of 100 pM. The reaction was
conducted in a buffer consisting of 50 mM Tris (pH = 7.3),
1 mM EDTA, and 1 mM DTT. After 12 hours of reaction time,
10 pL aliquots were extracted and subjected to electrospray mass
spectrometry using a Waters Acquity ESI Q-TOF instrument. The
obtained mass spectra were then analyzed to determine any
changes in the molecular mass of the protein resulting from
inhibitor binding. This methodology allows for the identification
and confirmation of covalent binding events between the synthe-
sized peptide inhibitors and SARS-CoV-2 3CLpro through precise
mass measurements.

AMBER molecular dynamics simulation

The initial structure of the peptide inhibitor was minimized
with the Gaussian 16 software package and parameterized with
GAFF. Tleap was used for generating MD simulation input files,
and the linkages between cyan and cysteine residues in the
active site of 3CLP™ were manually specified. P3C-1 inhibitor
adopting random positions were built. Force field parameters
for the 3CLP™-inhibitor complex and surrounding atoms were
taken from GAFF, and partial charges were calculated with the
HF/6-31G* RESP charge method. All structures were first mini-
mized by holding the conformation of the 3CL protease,
followed by whole-system minimization. Then, the system
was heated to 300 K before equilibration on the whole system.
The production equilibration was run at 300 K with constant
pressure and periodic boundary for 100 ns. Langevin dynamics
was used to control the temperature using a collision frequency
of 1.0 collision per ps. The final structures were analyzed by
using the VMD package, and a common final structure was
presented by using the pymol package. All the calculations were
performed by the AMBER biomolecular simulation package
(code available at https://ambermd.org/) and were compiled
in a GPU accelerated workstation.

Data availability

Supplementary information and chemical compound informa-
tion are available in the online version of the paper.
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