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ABSTRACT: Macrocyclic peptides are promising scaffolds for the
covalent ligand discovery. However, platforms enabling the direct
identification of covalent macrocyclic ligands in a high-throughput
manner are limited. In this study, we present an mRNA display
platform allowing selection of covalent macrocyclic inhibitors using
1,3-dibromoacetone-vinyl sulfone (DBA-VS). Testcase selections
on TEV protease resulted in potent covalent inhibitors with diverse
cyclic structures, among which ¢TEV6-2, a macrocyclic peptide
with a unique C-terminal cyclization, emerged as the most potent
covalent inhibitor of TEV protease described to-date. This study
outlines the workflow for integrating chemical functionalization—
installation of a covalent warhead—with mRNA display and
showcases its application in targeted covalent ligand discovery.

B INTRODUCTION

Inhibitors that covalently target nucleophiles in biomacromo-
lecules, most notably cysteine residues in proteins, have
revolutionized chemical probe design and modern drug
discovery.' > The ligandability and functionality of cysteine
residues across the proteome have been extensively profiled
using unbiased approaches, indicating which cysteines are
likely to be viable and useful targets for covalent inhibitors."
Fragment-based covalent probes can be identified and used as
a starting point for inhibitor design and to confirm functional
outcomes in cellulo.>” "' However, extensive screening efforts
are still necessary to identify the fragment-based probes
targeting a specific cysteine-of-interest, and advanced develop-
ment of fragments into potent inhibitors remains a time- and
labor-consuming process.

Macrocyclic peptides are useful scaffolds for ligand
discovery, as their peptidic nature and constrained conforma-
tion allow them to target both deep pockets and shallow
protein surfaces with high specificity and affinity.'”~"* More
importantly, the ability to easily generate large numbers of
random peptides, modify those peptides for diverse structures,
and perform selections with various high-throughput enrich-
ment-based technologies enables rapid discovery of macro-
cyclic ligands that bind to targets of interest.”~>* While
previous successes and current clinical trials of macrocyclic
peptides primarily focus on noncovalent macrocyclic li-
gands,”>™*" covalently targeting cysteine residues with macro-
cyclic peptide scaffolds holds promise for identification of
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highly specific ligands capable of targeting a functional cysteine
residue of interest. Pioneering work has demonstrated the
feasibility of direct identification of potent covalent macro-
cyclic ligands with display technologies, for example, using
cysteine-targetin§ warheads in cyclic peptide libraries with
phage display.”°~>® More recently, the incorporation of
covalent warheads has been successfully applied to mRNA
display usin§ non-natural amino acids for covalent ligand
selection.”” ™" Beyond the identification of useful cysteine-
targeting covalent scaffolds for chemical probe discovery or
early stage drug development, these efforts, although still
sparse, have nonetheless revealed the power of display
technologies with macrocyclic peptides in covalent ligand
discovery.

Here we present a tractable mRNA display workflow that
allows cyclization and cysteine-targeting covalent warhead
installation via a chemical linker, 1,3-dibromoacetone-vinyl
sulfone. Using this workflow, we demonstrate the direct
selection of functional covalent ligands targeting TEV protease,
a testbed cysteine hydrolase. We discovered a highly potent,
covalent TEV protease inhibitor, cTEV6-2, which contains an
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Figure 1. mRNA display platform using the DBA-VS linker for covalent ligand selection. (A) Schematic of TEV cleavage assay for assessing the
cyclization efficiency on peptides containing Cys-Glu-Asn-Leu-Tyr-Phe-Gln-Ser-Cys (CENLYFQSC) displayed on mRNA. (B) Fluorescence gel
from TEV cleavage assay with mRNA-peptide in (A) after a 30 min treatment of 1,3-dibromoacetone-vinyl sulfone (DBA-VS, 0—3000 yM) or 1,3-
dibromoacetone-vinyl sulfone (DCA-VS, 0—3000 yM). n = 2. (C) MALDI traces of 10 uM somatostatin (Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-
Thr-Phe-Thr-Ser-Cys) with or without a 30 min treatment of 205 M DBA-VS in TE, pH 8.0, with 0.2 mM TCEP. (D) Schematic and (E) gPCR
result of biotin conjugation assay on cDNA:mRNA-peptide encoding Cys(NNK),Cys library for assessing the efficiency of thiol-targeting warhead

installation after a 30 min treatment with 205 yM DBA-VS, n = 3.

unusual C-terminal cyclization, with the strongest potency
reported to-date for this target.

B RESULTS AND DISCUSSION

Establishing an mRNA Display Platform for Covalent
Macrocyclic Ligand Discovery with 1,3-Dibromoace-
tone-vinyl Sulfone. To leverage the mRNA display platform
for discovering covalent inhibitors, we chose to use a small
molecule linker that both cyclizes the peptide via a bis-
electrophilic moiety and installs a covalent cysteine-targeting
warhead in one step. We coupled this with a dicysteine peptide
library displayed on mRNA for functionalization and selection,
reasoning that this combination will allow full utilization of the
high selectivity and target affinity of macrocyclic peptides,*
and also enable them to target both surface and internal
cysteine residues on a given target protein.m’?’3 Chemical
cyclization on a dicysteine library has previously been
established for both noncovalent and covalent ligands with
phage display,”*~>***73” as well as noncovalent ligands with
mRNA display.””**~** However, similarly designed covalent
warhead installation has not been adapted to mRNA display,
where substantially larger library sizes are available to, in
principle, enhance the selection scope and hit rate.”>*

The use of a trireactive linker—two reactive sites for
cysteine modification and one with a relatively inert covalent
warhead—requires tandem purification during selection. This
necessitates a high efficiency approach with low bias toward
specific sequences and minimal perturbation to the structure of
the desired nucleic acid-peptide conjugate. Inspired by
previous work,””***> we covalently ligated a DNA tag
comprised of a poly-A tail, fluorophore, PEG spacer, and
puromycin,*® with the 3’ end of mRNA (Table S1). This DNA
tag allows for reversible purification by oligo-dT beads via the
universal poly-A tail,”” and also mediates the fusion of the

translated peptide with the encoding mRNA in a high-salt
environment.”® Moreover, the fluorophore facilitates tracking
of the translated product and modification on ligated mRNA
via a fluorescence gel. To prevent unwanted cross-linking of
the covalent warhead with proteins present in in vitro
translation and reverse transcription reactions, cyclization
was performed after reverse transcription. The entirety of
library preparation, from ligated mRNA to a fully function-
alized library, including three purifications via oligo-dT beads
and recovery by gentle heating, can be carried out in standard
Eppendorf or PCR tubes and completed in less than 3 h
(Figure S1A).

After confirming the tractability of the system via
fluorescence gel and establishing the library preparation
workflow (Figure S1 and Supplementary text), we used a
1,3- dichloroacetone-vinyl sulfone (DCA-VS) linker to both
cyclize and introduce a cysteine-targeting vinyl sulfone
warhead. The DCA-VS linker has been é)reviously used to
generate phage-encoded peptide libraries.”® We evaluated the
cyclization efliciency of the covalent warhead-bearing linker on
mRNA-peptide conjugates via the TEV cleavage assay (Figure
1A). In brief, mRNA encoding a TEV cleavage motif
(ENLYFQS) flanked by two cysteine residues was ligated
with the DNA tag and translated in vitro to obtain the
corresponding mRNA-peptide conjugate. After incubating
mRNA-peptide with various concentrations of DCA-VS linker,
excess TEV protease was added to the reaction mixture.
Cyclization was quantified via fluorescence gel; linear, ie,
nonreacted, peptides were cleaved in the presence of TEV and
reduced in size, while cyclized peptides were not. At DCA-VS
concentrations less than 20.5 uM, we observed 10% cyclized
product, with peak levels of cyclization (30%) occurring at 205
uM DCA-VS. Higher linker concentrations led to unwanted
polymerization (Figures 1B and S2).
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Figure 2. Selection with Cys(NNK),Cys (n= 9, 12, 15) library on TEV protease. (A) Schematic of improved mRNA display workflow using
Cys(NNK),Cys (n = 9, 12, 15) library on TEV protease. (B) Multiple sequence alignment of TEV protease-preferred sequences from among the
top 20 hits in Figure S7B. Peptides with representative core sequences in each group were selected for further validation and are indicated with

purple triang]es.

We reasoned that a more reactive cyclizing moiety would
improve cyclization at lower linker concentrations, with
minimal side product generation.49 We synthesized 1,3-
dibromoacetone-vinyl sulfone (DBA-VS), which contains a
dibromo-imine moiety that is, in principle, more reactive than
the dichloro-imine moiety of DCA-VS. Facile synthesis of
DBA-VS was achieved over 3 steps (see Methods). With DBA-
VS in hand, we examined the reactivity of DBA-VS with
cysteines on a model peptide, somatostatin (Ala-Gly-Cys-Lys-
Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys). MALDI con-
firmed the formation of the expected cyclized product on
somatostatin. Importantly, we did not observe any byproduct
formation on nucleophilic residues other than cysteine on
somatostatin, even in the presence of 20-fold excess DBA-VS
linker (Figure 1C), confirming cysteine-specific cyclization of
the dibromo-imine moiety without cross-reactivity of the vinyl
sulfone warhead with cysteines on the peptide. Using the TEV
cleavage assay, we then evaluated DBA-VS and DCA-VS in
paralle] on the CENLYFQSC peptide displayed on mRNA.
Compared with DCA-VS, DBA-VS showed a wider effective
concentration window and higher cyclization efficiency (53%
cyclization at 20.5 uM and 40% at 205 uM DBA-VS,
respectively) with no observable polymerization (Figures 1B
and S2). DBA-VS can therefore serve as a more suitable linker
for covalent inhibitor selection via the mRNA display. To
further evaluate the performance of DBA-VS on a random
library in the context of mRNA display, we treated both 25 nM
of a fully functionalized CysX,Cys (X = NNK) library
(generated with 205 yM DBA-VS for 30 min) and an
uncyclized library with 50 mM biotin-PEG-SH for 2.5 h,
enriched biotinylated species with streptavidin beads, and
quantified recovered cDNA by quantitative PCR (qPCR)
(Figure 1D). We observed 40% cDNA recovery from the
DBA-VS-treated library versus 3% cDNA recovery from the
uncyclized library, confirming installation of thiol-targeting
covalent warhead via DBA-VS on the random library displayed
on mRNA (Figure 1E).

Pilot Selection on TEV Protease with Cys(NNU),Cys
Library. We next used the well-studied TEV protease as a

benchmark to test our covalent mRNA display platform. We
first performed mRNA display on TEV protease with the
Cys(NNU),yCys library (NNU library). NNU codons exclude
stop codons and include 15 out of 20 natural amino acid
residues, and NNU libraries have been proven useful in
previous mRNA display selections.””*” We performed four
rounds of selection using the NNU library, starting with ~4 X
10" unique sequences and enrichment with immobilized TEV
protease (Figure S3A). We incubated the library with TEV
protease overnight in the first two rounds to efficiently capture
as many binders as possible, and added a counter selection
(empty streptavidin beads) starting from the second round to
remove nonspecific binders. As with previously described
covalent peptide selections,””*’ we also performed a
denaturing wash with S M guanidine before cDNA elution in
every round to remove as many noncovalent binders as
possible.

We observed first a decrease and then an increase in cDNA
recovery over four rounds (Figure S3B). A comparative
pulldown revealed TEV protease-dependent enrichment at the
fourth round (Figure S3C,D). However, next-generation
sequencing (NGS) data revealed that although the “two-Cys”
structure was, for the most part, retained, there were no
apparent consensus sequences in the NNU randomized region
(Figure S4). The majority of enriched species instead shared a
previously defined TEV protease binding motif, EPLY, in the
designed constant region encoding an HA tag
(YPYDVPDY),”® not the NNU randomized region. This was
likely due to a mutation or deletion of the HA tag-encoding
sequence, which we had included to detect the translated
product during our previous workflow optimization.

Selection on TEV Protease with Cys(NNK)g;,5Cys
Library. The unexpected enrichment of the EPLY motif
outside the randomized region suggested that while our
workflow was able to enrich binders, a more restricted quality
control over translation is required during selection to obtain
desired covalent ligands. The restricted preference of TEV
protease to the EPLY motif, which is excluded in the NNU
library, necessitates a library with better codon coverage to
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Figure 3. Discovery of covalent inhibitors for TEV protease via selection. (A) Sequences and structures of five representative hits and TEV13*¢
synthesized for validation. (B) Covalent engagement of molecules in (A) with 150 nM TEV protease after a 1 h incubation at 30 °C examined by
the size change of TEV protease on SDS-PAGE followed by Western Blot. n = 2. (C) Evaluation of molecules in (B) against 150 nM TEV protease
enzymatic activity using S M CyS-ENLYFQGK(QSY21)-NH, after a 1 h preincubation at 30 °C. Data represent mean + S.D., with individual

data points shown, n = 3.
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Figure 4. CTEV6-2 as potent covalent inhibitor to TEV protease. (A) ICy, under 15-, 30-, and 60 min preincubation of cTEV6-2 with 150 nM
TEV protease using S uM CyS-ENLYFQGK(QSY21)-NH, at 30 °C, n = 3. (B) Covalent engagement of cTEV6-2 with 150 nM wild-type TEV
protease or TEV protease C151A mutant after a 1 h incubation at 30 °C examined by the size change of TEV protease on SDS-PAGE, followed by
Western Blot, n = 2. (C) Structures of cTEV6-2 and ncTEV6-2. (D) Dose—response curves of cTEV6-2 and ncTEV6-2 on 150 nM TEV protease
enzymatic activity using S uM CyS-ENLYFQGK(QSY21)-NH, after a 1 h preincubation at 30 °C. Data are the mean + S.D., n = 3.

successfully select the desired structures. Furthermore, this
illustrates that randomized codon selection needs to be
carefully chosen with the inherent preferences and properties
of the target of interest taken into consideration. As a result, we
next performed a selection on TEV protease with an improved
workflow. First, we used a Cys(NNK),Cys library (n = 9, 12,
15; NNK library) to improve the coverage of both amino acids
(20 out of 20 natural amino acids are possible using this
randomization approach) and lengths. Second, inspired by
previous optimizations of mRNA display,”"*> we replaced the
first oligo-dT purification with HA tag-mediated enrichment
after the in vitro translation step to ensure that only species
with intact HA tag sequences are carried forward. We
performed selections starting with ~5 X 10'? unique sequences
through binding to the immobilized TEV protease. As in our
initial selection, we incubated the library with TEV protease
overnight in the first two rounds, then 1 h in the rest,

24056

counterselected with empty streptavidin beads in the last five
rounds, and performed a denaturing wash with 5 M guanidine
in all rounds. Starting from the third round, we added an extra
counter selection, an excess of a “dead” TEV protease mutant
(C151A), during panning to remove any binders that prefer
surface-exposed cysteine residues on the TEV protease (Figure
2A) and bias selections to the active site. In total, we
conducted six rounds of selection until we observed a constant
increase in cDNA recovery (Figure SSA). To evaluate the
selection, we performed a comparative pulldown following the
sixth round using the same modified library pool against
several negative controls (e.g, empty beads or an easily
precipitated membrane protein such as ZDHHC2), along with
the positive selection (TEV protease). We also enriched the
unmodified pool against TEV protease (Figure SSB). Positive
selection resulted in 1.398% cDNA recovery, significantly more
than any of the other negative controls tested, indicating the
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enrichment is specific to TEV protease and dependent upon
linker modification (Figure SSC).

Examination of the enriched sequences by NGS revealed
convergence of an —ExLxI/V— motif in the NNK randomized
region, flanked by two fixed cysteine residues as designed
(Figure S6). This is consistent with previously reported
ﬁndings.26 We also noted a newly emerging motif, —EPLC(1/
V)(W/Y)G—, which features a consistent third cysteine
residue flanking an (I/V)(W/Y)G motif with the C-terminal
cysteine. To eliminate nonspecific binders, we only selected
the TEV protease-preferred, but not negative control-preferred,
species among the top 20 hits in our NGS data set (Figure
S7A,B), from which we synthesized five representative
candidates according to multiple sequence alignment (Figures
2B and 3A). Included in this five-candidate panel was cTEV6-
2, a derivative of the most enriched sequence among the
conserved three-cysteine species. We inferred the C-terminal
cyclization of ¢cTEV6-2 from AlphaFold3 predictions with its
parental sequences TEV6 (MCDNEPLCIWGCG),” in which
the EPLCIWGC sequence fits well into the substrate binding
pocket of TEV protease, while the N-terminal cysteine did not
engage with TEV protease (Figure S8A,B). Additionally, the
two C-terminal cysteine residues are positioned in proximity to
the active site C151 in TEV protease (Figure S8C), suggesting
the cyclization on these two cysteine residues is more likely to
result in covalent modification on the C151 on TEV protease.

We then evaluated the covalent binding properties and
functional effects of the candidate panel on TEV protease
activity. Of the five hits tested, we observed covalent labeling of
TEV protease from c¢TEV2-2, 3, and 6-2 at 10 uM via TEV
protease gel shift assay, where the covalent engagement of
macrocyclic molecules can be visualized by the change in size
of TEV protease in denaturing SDS-PAGE followed by
Western Blot (Figures 3B and S9). While we observed weak
covalent labeling at 10 #M, we did not measure any inhibition
with the previously reported TEV13 at 10 M under these
assay conditions. In addition, we observed TEV protease
inhibition by those peptides capable of labeling TEV protease,
including ¢cTEV2-2, cTEV3, and ¢TEV6-2, at both 1 and 10
uM (Figure 3C), confirming our mRNA display platform is
able to generate inhibitors that covalently engage with the
target of interest.

Calculated IC;gs following 1 h of preincubation confirmed
that cTEV2-2 (6.655 uM, 95% CI 4.281—10.39 uM), cTEV3
(2527 uM, 95% CI 16.60—40.12 M), and cTEV6-2 (81.7
nM, 95% CI 65.6—102 nM) are more potent inhibitors than
TEV13 (>50 uM). In addition, time-resolved ICs, decreases
for ¢TEV2-2, ¢TEV3, and c¢TEV6-2 from TEV protease
selection are in line with the feature of covalent inhibition
(Figures 4A and S10). We therefore focused our next efforts
on cTEV6-2, which is the best performer in both our initial
labeling screen and ICy, measurements.

cTEV6-2 as Potent Covalent Inhibitor Targeting the
Active Site of TEV Protease. We first measured the k;,,../K;
of cTEV6-2 on TEV protease as 7.70 X 10° M~" min~" (Figure
S11), which is consistent with rapid inhibitory saturation of
TEV protease. We then assessed the mechanism of the
inhibition of cTEV6-2. A gel shift assay with TEV protease and
the C151A dead mutant confirmed that cTEV6-2 exclusively
labels the active site cysteine residue (Figure 4B). This
observation is in line with the AlphaFold3 modeling we
performed with TEV6 (MCDNEPLCIWGCG) during vali-
dation,™ confirming computational predictions can help in

determining the structure of cyclic peptide inhibitors. In
addition, from prediction alignment, we found that the core
motif of linear TEV6 resembles both the TEV protease
substrate (ENLYFQS) and the linear form of TEV13
(ACFMQEPLYICG). Specifically, TEV6 overlaps with the
—QEPL— motif in linear TEV13, and the C-terminal of TEV6
can mimic the glutamine residue in the TEV protease substrate
(Figure S8D).

To further evaluate the necessity of covalency, we
synthesized and tested ncTEV6-2, in which the vinyl sulfone
warhead is reduced to an ethyl sulfone (Figure 4C). Although
ncTEV6-2 is a stronger inhibitor of TEV protease than
iodoacetamide-alkyne (IA-alkyne), a promiscuous cysteine-
targeting probe that did not inhibit TEV protease up to 50 M
(Figure S13A), ncTEV6-2, showed significantly reduced
potency than cTEV6-2 (Figure 4D), with an ICg, = 19.45
uM (95% CI 14.43—26.93 yM) upon 1 h of preincubation,
indicating the covalent warhead is required for the strong
inhibition of cTEV6-2. To investigate the specificity of cTEV6-
2, we challenged human cathepsins S and L, two human
cysteine hydrolases, with cTEV6-2 in vitro, which showed ICss
> 50 uM upon 1 h treatment with cTEV6-2 (Figure S12). To
further evaluate the proteome-wise specificity of cTEV6-2, we
incubated 1 yM cTEV6-2 with HEK293T cell lysate with or
without a 100 nM TEV protease spike-in for 1 h, followed by
treatment with a dose gradient of cysteine-targeting
iodoacetamide-fluorescein (IA-FITC) (Figure S13B). IA-
FITC showed strong labeling in HEK293T cell lysate but no
labeling on TEV protease, which aligns with our in vitro
enzymatic assay results with IA-alkyne. We also observed
complete modification of TEV protease in cell Iysate upon 1 h
treatment with 1 uM c¢TEV6-2, with no fluorescence loss from
IA-FITC labeling across the proteome (Figure S13C),
suggesting while ¢cTEV6-2 covalently binds to TEV protease
with high affinity, it has minimal significant covalent off-targets
in the human proteome. Overall, these data demonstrate that
our optimized mRNA display workflow can generate potent
and specific covalent inhibitors to TEV protease.

B CONCLUSIONS

Taken together, this study showcases a strategy to apply
mRNA display for selecting covalent enzyme inhibitors with
high site-specificity and potency by chemical functionalization
with DBA-VS, a trireactive linker with a bis-electrophilic
cyclizing moiety. Our case study of TEV demonstrates that the
combination of mRNA display and DBA-VS linker-mediated
functionalization yields covalent macrocyclic peptide ligands
that effectively target the active site of a model cysteine
hydrolase. Compared with phage display,”® we identified
cTEV6-2, a noncanonical C-terminal-cyclizing macrocycle that
is the most potent inhibitor of TEV protease currently
described, without the need for secondary sequence
optimization. The distinct cyclic structures of three covalent
inhibitors identified in this study — c¢TEV2-2, ¢TEV3, and
cTEV6-2 — also suggest the potential of mRNA display to
identify structurally diverse covalent macrocyclic ligands from a
single selection. Resonating with other work expanding the
chemical potential of mRNA display,””** our work with TEV
protease showcases the power of using the vast library sizes
and diversity possible with mRNA display to identify scaffolds
for potent covalent inhibition.

Our study also raises important technical considerations that
warrant careful evaluation in future applications. For our TEV
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protease selections, we observed an enrichment of conserved
three-cysteine species (Supporting Information Figure S6),
which might result in the coexistence of multiple cyclic
structures, with or without covalent warhead, originating from
the same sequence during the selection. We demonstrated the
feasibility of identifying the effective covalent targeting
structure using a computation-assisted approach. Specifically,
we predicted the structure of ¢cTEV6-2 using AlphaFold3 on
the parental linear sequence TEV6 to inform and prioritize
molecules for secondary screens. Additionally, the innate
preferences of a target of interest for a particular macrocycle
size are critical. Intriguingly, we found that both ¢TEV6-2 and
cTEV2-2, the molecules with the strongest covalent inhibition
in our screen, share a five-amino acid residue cyclic structure.
Finally, the possible formation of cyclic structures without a
covalent warhead (for example, a bicyclic peptide with all
three-cysteine residues reacted with the same DBA-VS linker)
necessitates the need of a denaturing washing step in every
round of selection for covalent ligands, as was found in the
previous studies.”

The workflow described in this study can be further adapted
for broad diversification with nucleic acid- and peptide-
compatible chemistry in the mRNA display. For example,
covalent warheads targeting other nucleophilic moieties in
biomolecules,”*>° like serine or lysine,”*** can be introduced
to the mRNA display platform via cyclization using similar
library and linker design. While not tested in the current study,
our workflow in principle can also be used to directly integrate
late-stage chemical modifications into mRNA display for
diverse purposes.’®”’~°" We demonstrated the success of
peptide chemical modification without interference from other
mRNA display components by oligo-dT- and HA tag-mediated
separations. Although this required additional steps, we
showed that these modifications of the mRNA display library
can nonetheless be achieved within several hours. In addition,
the high separation efficiency and ease of operation make these
separations suitable for automation, ostensibly reducing the
overall labor. Moving forward, we anticipate that the strategy
outlined in this study will complement current mRNA display
toolkits and help expand the scope of ligandability and
ligandable targets for future chemical probe development and
drug discovery.
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