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Abstract Peptide—drug conjugates (PDCs) have emerged as a promising modality in precision
oncology, enabling targeted delivery of cytotoxic payloads while minimizing off-target toxicity. The
integration of covalent warheads, such as those based on sulfur(VI) fluoride exchange (SuFEx) chem-
istry, enhances drug—target residence time and tumor accumulation. However, existing screening
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methods for covalent peptide (CP) libraries require post-translational warhead conjugation, limiting

Flexizyme;

Nectin-4; throughput. Here, we present an integrated mRNA display platform that incorporates covalent war-

Sulfur(VI) fluoride heads during ribosomal synthesis, enabling efficient screening of ultra-diverse covalent macrocyclic
exchange; peptide libraries (>10"? variants). This approach, using site-specific incorporation of N-chloroacetyl-

Fluorosulfate-L-tyrosine;
Peptide—drug conjugate
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D-phenylalanine and fluorosulfate-L-tyrosine, accelerated the discovery of irreversibly binding
(K; = 3.58 umol/L) Nectin-4-targeting peptide CP-N1-N3 via proximity-triggered SuFEx. The peptide
was further conjugated to cytotoxic payloads, yielding the covalent PDC CP-N1-MMAE with potent
cytotoxicity (ICso = 43 nmol/L) against MDA-MB-468 cells. This platform establishes a new para-
digm for precision covalent drug discovery.
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1. Introduction

Peptide—drug conjugates (PDCs) have emerged as a promising
approach in precision oncology, facilitating specific delivery of
cytotoxic agents while reducing off-target damage'. The devel-
opment of novel peptide ligands with high affinity, selectivity, and
enhanced pharmacokinetics has been the primary focus of
research to enhance efficacy®. The addition of covalent warheads
into PDCs enables the creation of irreversible drug—target com-
plexes, hence extending the target’s residence duration and
improving tumor-specific accumulation via receptor-mediated
endocytosis’. The latest developments in sulfur(VI) fluoride ex-
change (SuFEx) chemistry offer distinct benefits for warhead
design: its sulfonyl fluorine group remains inert in physiological
conditions and activates covalent binding only upon proximity to
specific nucleophilic residues of the target, achieving an optimal
equilibrium between stability and bioorthogonality*®. Despite the
advancements in structure-based drug design that have enabled the
application of sulfonyl fluoride therapeutic agents across several
modalities (small molecules, biologics, and nucleic acids)”l, a
universal methodology is still required to directly screen extensive
ligand libraries for their ability to establish covalent and selective
protein-ligand interactions.

Recent studies have sought to utilize peptide libraries con-
taining covalent warheads for direct screening'>'*. Nevertheless,
these strategies typically depend on the warhead conjugation
process following phage display, which considerably raises
screening complexity and restricts throughput. Conversely, mRNA
display technology has shown its special significance in using cell-
free translation systems to build a hyperdiverse peptide library
(>10" variants) and engineering a flexible enzyme (flexizyme)
that incorporates covalent warheads during translation'>”.
Various unnatural amino acids with covalent warheads are intro-
duced into the peptide-mRNA/cDNA complex, for example
dehydroalanine and p-benzoyl-L-phenylalanine. The in sifu inte-
gration strategy eliminates the necessity for further chemical
modifications and establishes an innovative platform for the effi-
cient discovery of highly selective covalent PDCs.

This report presents the development of an mRNA display
platform that combines a covalent warhead encoding strategy with
diverse macrocycle libraries, facilitating the identification of
optimal irreversible binders for target proteins (Fig. 1). The li-
braries were constructed by incorporating N-chloroacetyl-p-
phenylalanine (€**°f) at the initiator and fluorosulfate-L-tyrosine
(FSY) during the process of translation elongation. We conduct-
ed a proof-of-concept demonstration by screening covalent
macrocyclic peptides that target Nectin-4, confirming their spe-
cific and efficient covalent interaction with cells exhibiting high
Nectin-4 expression. The best candidate peptide CP-N1-N;
demonstrated a great binding affinity (K; = 3.58 pumol/L) and
facilitated irreversible covalent conjugation to Nectin-4 through
SuFEx click reaction on the cell surface. Based on these findings,
we designed and synthesized peptide—drug conjugate (PDC)—
CP-N1-MMAE, using copper-free strain promoted azide-alkyne
cycloaddition (SPAAC) chemistry. This covalent PDC exhibited

strong covalent binding to MDA-MB-468 cells and displayed
significant cytotoxicity (ICsy = 43 nmol/L), effectively inducing
cancer cell death. The findings underscore the therapeutic promise
of covalent PDC as advanced Nectin-4-targeted anticancer agents,
demonstrating improved target specificity and efficacy. The inte-
grated screening platform presented here provides an effective
strategy for identifying covalent macrocyclic peptide drugs tar-
geting various therapeutic areas, thereby establishing a model for
precision covalent drug development.

2. Results and discussion

2.1.  Design and selection of covalent mRNA display library to
Nectin-4

To establish a universal methodology for covalent peptide (CP)
screening, we integrated the sulfonyl fluorine warhead into the
mRNA display strategy (Fig. 1). This warhead serves as an
optimal reactive electrophile for chemical modification due to
its ability to target multiple nucleophilic residues—notably
tyrosine (Tyr), histidine (His), and lysine (Lys)—via SuFEx
click chemistry'®, FSY, a side chain-modified tyrosine
analogue extensively utilized in covalent protein engineering
through genetic codon expansion (GCE) in Escherichia coli and
mammalian cells'®2°, promised to serve as a covalent building
block for incorporating the fluorosulfate group into ribosomally
synthesized  peptides. We designed and synthesized
fluorosulfate-L-tyrosine cyanomethyl ester (FSY-CME) as a
substrate for the flexible in vitro translation (FIT) system17
(Fig. 2A and B). This compound can be enzymatically charged
onto the optimized unnatural tRNA®"E2.,; by flexizyme eFx,
forming unnatural aminoacyltRNA  FSY-tRNA*™E2. .
(Fig. 2A). Concurrently, we designed another FIT
substrate, N-chloroacetyl-p-phenylalanine cyanomethyl ester
(F'A°f.CME), for aminoacylation to tRNA™®, which only
recognized the initial AUG codon (Fig. 2B). Incorporation of
N-chloroacetyl-p-phenylalanine (<'A°f) at the first position by
adding “"f-tRNA™°' .y enables reaction with a designed
downstream cysteine residue to form a thioester bond for pep-
tide cyclization (Fig. 2A). Microhelix RNA assays confirmed
aminoacylation efficiencies of approximately 80% and 40% for
CIACf and FSY, respectively (Fig. 2C). To validate site-specific
incorporation during in vitro translation, we designed a model
mRNA template encoding a hemagglutinin (HA) tag flanked by
two direct upstream AUG codons for unnatural amino acid
(UAA) insertion. Mass spectrometric analysis confirmed suc-
cessful FSY incorporation into the target peptides. (Supporting
Information Fig. S1A). Using this construct, we adapted an
mRNA display-based protocol to enrich full-length products,
followed by quantitative polymerase chain reaction (qPCR)
detection. This approach revealed a translational efficiency of
~80% for FSY, comparable to that of methionine under iden-
tical conditions (Fig. S1B and S1C).
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Figure 1

Schematic illustration of covalent macrocyclic peptide screening and antitumor PDC development via mRNA display. FSY is

incorporated into peptides via the FIT system to generate high-diversity mRNA display libraries. Following multiple rounds of selection, top-

ranking candidates are identified by next-generation sequencing. Leading candidates are synthesized via solid-phase peptide synthesis (SPPS)
and utilized to construct covalent PDCs by conjugating to cleavable linkers and cytotoxic payloads. The resulting covalent PDCs can stably bind
their target on the cell surface, undergo endocytic trafficking to lysosomes, and release their cytotoxic payload intracellularly to induce apoptosis

in target cells.

We next engineered high-diversity libraries compatible with
mRNA display for de novo biopanning of covalent peptide binders.
These libraries comprised 8—12 amino acid variable regions
encoded by degenerate NNK codons, with the reactive FSY
warhead strategically incorporated at random positions through
NNK-randomized AUG codons. Additionally, “A°f-tRNA™® .,
was added into ribosomally peptide synthesis system for library
cyclization by reaction with downstream designed cysteine residue
(Fig. 1). Subsequently, our biopanning workflow leveraged cova-
lent macrocyclic peptide libraries through four optimized steps: (i)
in vitro translation and ““°f-mediated cyclization, (ii) target
crosslinking with biotinylated protein and streptavidin capture, (iii)
stringent washing (5 mol/L. guanidine hydrochloride) to eliminate
non-crosslinked species, and (iv) next-generation sequencing
(NGS) analysis for enriched binder identification (Fig. -

After establishing a method for discovering novel covalent
binders, we applied this approach to screen the extracellular
domain (ECD) of Nectin-4—a protein overexpressed in multiple
cancers, including breast, lung and ovarian malignancies®'. After
six selection rounds, qPCR quantification revealed a significant
increase in library enrichment, demonstrating the efficacy of
iterative selection (Supporting Information Fig. S2). NGS analysis
of the final enriched libraries identified candidate covalent peptide
sequences. Among the top 100 peptides ranked by NGS fre-
quency, 62 contained FSY incorporation sites, with 4 peptides

incorporating two FSY residues. The highest-ranked candidates
dominated the NGS results (>80%) and exhibited significant
sequence homology. These peptides consistently incorporated
FSY at the second amino acid position and shared the conserved
sequence motif “fXNAFPVRxLxxWC” (“” = b-Phe,
“X” = FSY and “x” = variable residues) (Fig. 2D), demon-
strating the efficacy of our high-throughput method for identifying
covalent macrocyclic peptide binders targeting Nectin-4.

In parallel, we screened for non-covalent Nectin-4 binders
using the random non-standard peptides integrated discovery
(RaPID) strategy. This involved omitting FSY-tRNA®"E2,
during translation and employing milder wash conditions post-
affinity selection (Supporting Information Fig. S3A). Compara-
tively, DNA recovery also increased significantly after six selec-
tion rounds (Fig. S3B). NGS identified potential non-covalent
candidates for validation. Top-ranking peptides exhibited partial
sequence similarity with covalent candidates, particularly peptide
NP-N7, which featured conserved basic residues (Fig. S3C). We
synthesized the top 7 candidates and evaluated their binding af-
finity for Nectin-4 by surface plasmon resonance (SPR). NP-N7
exhibited the strongest binding (Kp = 0.362 pumol/L) (Support-
ing Information Fig. S4/°

After high-throughput screening, we focused on developing a
mild and efficient method for orthogonal introduction of sulfonyl
fluoride groups to specific tyrosine residues on solid-phase
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Figure 2  Selection, identification, and preparation of macrocyclic peptide candidates. (A) Scheme diagram of tRNA unnatural aminoacylation
by the FIT system. (B) Structures of two unnatural amino acid substrates used for in vitro translation, FSY-CME (top) and Clacg CME (bottom).
(C) Flexizyme-assisted loading of FSY-CME and “"*°f-CME onto truncated tRNA (mhRNA) assessed by PAGE; yields were determined by band
intensity ratio. (D) Top 10 peptide candidates identified in NGS results. Left was the evolution tree by phylogeny analysis, “f” = p-Phe, and
“X” = FSY. (E) Synthesis routine of covalent macrocyclic peptides. (F) Structure of azide-modified covalent macrocyclic peptides. (G) Single-
cycle kinetics SPR sensorgrams of Nectin-4 ECD with covalent macrocyclic peptides, CP-N1-N3 or CP-N9-N3.
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Figure 3  Verification of the covalent binding of macrocyclic peptides to Nectin-4. (A) Scheme diagram of proximal covalent binding
between macrocyclic peptides and Nectin-4. (B) In-gel fluorescent imaging of the Nectin-4-macrocyclic peptide covalent binding product. Nectin-
4 ECD (1 pmol/L) was incubated with peptides (50 pmol/L) at 37 °C for 24 h, followed by the click reaction with DBCO-Cy3 for fluorescent
imaging (top) and Coomassie brilliant blue staining (middle). Cy3 fluorescent signals were quantified by Image J (bottom), and CP-N1-N; and
CP-NO9-N; were finally chosen as peptide candidates (red bars). (C) In-gel fluorescent imaging of dose- and time-dependent labeling of CP-N1-Nj
binding to Nectin-4 ECD. Nectin-4 ECD was separately treated with CP-N1-Nj at the indicated concentration for 4 h or with 10 pmol/L CP-N1-
Nj for different time intervals, followed by the click reaction with DBCO-Cy3. (D) Immunofluorescent cell imaging of Cy3-conjugated peptides
binding to MDA-MB-468 cells. MDA-MB-468 cells were treated with 10 pmol/L Cy3-conjugated peptides at 4 °C for 1 h. Scale bar = 10 pm.
(E) Irreversible binding of covalent peptides to the Nectin-4 on MDA-MB 468 cells. MDA-MB-468 cells were treated with 10 umol/L. Cy3-
conjugated peptides at 37 °C for 3 h, followed by washing with weak washing buffer or strong washing buffer 3 times. Scale bar = 10 pm.

peptide synthesis (SPPS) resins, enabling the synthesis of macro-
cyclic peptides for downstream functional characterization and
therapeutic development (Fig. 2E). Previous work has reported
strategies employing orthogonal protecting groups on tyrosine side
chains using o-nitrobenzyl, allyl, and tert-butyldimethylsilane
(TBS)?, as well as sulfonyl fluoride modification and subsequent
sulfonic acid derivatization>. Motivated by these results, we
designed an orthogonal tyrosine-protecting group strategy that

facilitated chemoselective modification under mild conditions.
Specifically, we prepared resin-bound peptides containing TBDPS
(t-butyldiphenylsilyl)-protected tyrosine residues via Fmoc SPPS.
The silyl protecting group was removed under mild conditions using
a KF aqueous solution/DMF mixture, followed by introduction of
sulfonyl fluoride group at the side chain of specific tyrosine site via a
N-[4-[bis(fluorosulfonyl)amino]phenyl]acetamide (AISF)**/
2,3,4,6,7,8,9,10-octahydropyrimido[ 1,2-alazepine (DBU) system.
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Figure 4  Evaluation and mechanistic analysis of tumor apoptosis induced by covalent PDCs. (A) Scheme diagram of covalent PDC-induced
target cell killing, including CP-N1-MMAE and CP-N9-MMAE. (B) Cell viability test after the incubation of CP-N1-MMAE. MDA-MB-
468 cells were treated with CP-N1-MMAE at the indicated concentration at 37 °C for 72 h, followed by detecting cell viability by CCK-8 assay.
Quantification data were normalized to the signal of the group without incubation. Data are presented as mean + SD (n = 6). (C) Disruption of
tubulin organization induced by CP-N1-MMAE. MDA-MB-468 cells were treated with CP-N1-MMAE at the indicated concentration in culturing
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The linear peptide was cleaved from the resin with trifluoroacetic
acid (TFA), and subsequently cyclized under dilute conditions,
yielding head-to-tail macrocyclic peptides (Fig. 2E). We investi-
gated the rationale for selecting TBDPS group as the tyrosine side-
chain protecting group (Supporting Information Fig. S5) and opti-
mized the reaction conditions for sulfonyl fluoride installation in
small-molecule models (Supporting Information Table S1).

Based on our established routine of peptide modification, we
synthesized the top seven candidate peptides with FSY incorporation
(Fig. 2D and E). For the continuous functional modification and
extensive applications, we modified their C-termini with both
polyethylene glycol (PEG) and L-azidonorleucine (K1) (Fig. 2F).
The modified azide group served as a versatile handle for subsequent
bioconjugation via strain-promoted azide-alkyne cycloaddition
(SPAAC) click chemistry, facilitating linkage to diverse molecules
such as fluorescent dyes or cytotoxic agents. SPR analysis further
characterized binding, identifying CP-N1-N; (Kp = 2.82 pumol/L)
and CP-N9-Nj; (Kp = 6.40 umol/L) as the tightest binders among the
candidates (Supporting Information Fig. S6). Meanwhile, in the
single-cycle kinetics experiments with longer binding time (800 s),
the binding curves did not return to baseline after washing steps
(200 s), which demonstrated the irreversible binding of covalent
peptides (Fig. 2G). Fitting by a two-state reaction model, we ob-
tained more accurate values of dissociation constants (CP-N1-Nj5:
K; = 3.58 pmol/L; CP-N9-N3: K; = 4.94 umol/L). It also proved
that our covalent peptide screening technique provided an effective
routine for covalent binder identification.

2.2.  Verification of the covalent binding of macrocyclic peptides
to Nectin-4

Following screening and synthesis, we sought to experimentally
validate the covalent interactions between selected peptides and
the target protein. Upon peptide-mediated target engagement, the
sulfonyl fluoride warhead reacts via SuFEx click chemistry with
proximal nucleophilic residues (Tyr, His, Lys), enabling covalent
bond formation'® (Fig. 3A). This proximity-driven ligation
mechanism significantly reduces the off-target interactions while
ensuring high binding specificity. The sulfur(VI)-fluoride bonds
exhibit exceptional stability against biological degradation path-
ways'®, enabling irreversible target engagement with potential
applications in covalent drug discovery®>2°.

Pervious SRP results could validate that covalent crosslinking
between Nectin-4 and covalent peptide candidates (Fig. 2G). To
confirm the covalent crosslinking effects, we incubated top seven
CP candidates (10 pmol/L) with purified Nectin-4 ECD (1 pmol/L).
Resulting protein-peptide conjugates were then labeled with
dibenzocyclooctyne-Cy3 (DBCO-Cy3) via SPAAC for fluorescent
quantification. In-gel fluorescence analysis revealed successful
covalent conjugation for six candidates (CP-N1-N3 to CP-N9-N3,
excluding CP-N8-N3), with CP-N1-N3, CP-N4-N; and CP-N9-Nj3
demonstrating particularly robust labeling efficiency (Fig. 3B).
Competition experiments with 5 pmol/L BSA (bovine serum al-
bumin) (5 X molar excess over Nectin-4 ECD) showed negligible

off-target labeling (<5% signal intensity vs. Nectin-4), confirming
exceptional target specificity of our covalent peptides (Supporting
Information Fig. S7A). We also tested the crosslinking with other
members in Nectin family, Nectin-1, 2 and 3, which performed
much lower level (about 6 times) of binding of covalent peptides
rather than Nectin-4 (Fig. S7B), confirming the high specificity.
Beyond labeling efficiency and target specificity, CP-N1-Nj3 and
CP-N9-Nj; exhibited the most favorable binding kinetics in SPR
analysis, with equilibrium dissociation constants (K;) of 3.58 and
4.94 pmol/L respectively, prompting their selection as lead can-
didates (Fig. 2G). These peptides share high sequence similarity,
differing only at position 12 (lysine in CP-N1-Nj3, arginine in CP-
NO-N3). Dose—response profiling (0.8-50 pmol/L) established
concentration-dependent Nectin-4 engagement for both leads,
with near-identical potency (CP-N1-N3 EC5o = 36 + 8 umol/L;
CP-N9-N3; ECsp = 33 + 8 umol/L) (Fig. 3C and Fig. S7C). Ki-
netic dissection revealed rapid target engagement, achieving half-
maximal labeling within 86 =+ 23 min (CP-N1-N3) and
108 £ 27 min (CP-N9-N3;) (Fig. 3C and Fig. S7C). These results
demonstrate that our screening platform successfully identifies the
covalent peptides capable of irreversible Nectin-4 engagement
in vitro, with CP-N1-N3 and CP-N9-N; emerging as optimal
candidates due to their combined attributes of exceptional binding
kinetics and absolute target specificity.

As a therapeutic target protein, Nectin-4 was overexpressed in
various types of cancers?’. Given Nectin-4’s clinical significance in
breast and bladder cancer”®, we employed matched breast cancer
lines (MDA-MB-468, high expressor; MCF-7, low expressor) to
establish target-specific covalent labeling (Supporting Information
Fig. S8A). We then synthesized fluorescent probes by conjugating
DBCO-Cys3 to the C-terminal azide of CP-N1-N3 and CP-N9-Nj3
via SPAAC click reaction for cell incubation. At 10 pmol/L con-
centration, both CP-N1-Cy3 and CP-N9-Cy3 exhibited specific
subcellular localization patterns co-localizing with Nectin-4, sug-
gesting enhanced target engagement efficiency (Fig. 3D). Consis-
tent with Nectin-4-dependent binding, both peptides exhibited
minimal background labeling in MCEF-7 cells (Nectin-4 low), with
fluorescence intensity reduced by >95% compared to MDA-MB-
468 cells (Nectin-4 high), confirming target-specific covalent
engagement (Fig. S8B). For comparison, we similarly labeled the
high-affinity non-covalent binder NP-N7 (Kp = 0.362 umol/L)
identified via RaPID screening. Despite its 10-fold higher affinity
than CP-N1/CP-N9, NP-N7-Cy3 exhibited significantly weaker
cellular labeling than the covalent probes (Fig. S§B and S8C). This
disparity suggested the covalent warhead enhanced target
engagement efficiency. To confirm covalent cell-surface attach-
ment, we treated MDA-MB-468 cells with Cy3-labeled peptides
followed by stringent washing to disrupt non-covalent interactions.
Fluorescence imaging revealed retained binding for CP-N1 and
CP-N9 under denaturing conditions, while the NP-N7 signal was
completely abolished, demonstrating the covalent stabilization
conferred by the FSY warhead (Fig. 3E).

Collectively, we confirm that our screened covalent macrocy-
clic peptides can conjugate irreversibly with Nectin-4 on the

medium at 37 °C for 24 h. The red signals represent tubulin, and the blue signals represent the nuclear. Scale bar = 10 pm. (D) Cell apoptosis
induced by CP-N1-MMAE. MDA-MB-468 cells were treated with CP-N1-MMAE at the indicated concentration at 37 °C for 24 h, and then cells
were stained with Annexin V/PI for FACS detection. The Q2 area represents cells at late apoptosis, and the Q3 area represents cells at early
apoptosis. Data are presented as mean &= SD (n = 3). (E) Total apoptosis of MDA-MB-468 cells after PDC incubation. Data are presented as
mean + SD (n = 3). *P < 0.05. ****P < 0.0001. (F) The cleavage of caspase-3 and PARP induced by CP-N1-MMAE. MDA-MB-468 cells were
treated with CP-N1-MMAE at the indicated concentration at 37 °C for 24 h, with cell lysate detected by Western blotting.
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surface of MDA-MB-468 cells, which lays the foundation for us to
construct covalent PDCs.

2.3.  Evaluation and mechanistic analysis of tumor apoptosis
induced by covalent PDCs

Covalent peptides represent a transformative platform for next-
generation PDCs>**°. We proposed that covalent PDCs achieved
target cell killing through a four-step mechanism (Fig. 4A): (i)
The peptide ligand selectively identified and irreversibly cross-
linked with the target receptor where a reactive warhead forms a
covalent bond with specific receptor residues.  (ii)
Ligand—receptor complexes activated cellular endocytic
signaling, resulting in endosome formation. (iii) Endocytic vesi-
cles underwent directed fusion with lysosomes, wherein the linker
is hydrolyzed under enzymatic conditions, culminating in
controlled liberation of the therapeutic payload. (iv) The released
active drug reached intracellular targets to induce apoptosis®'.
Through covalent modification of macrocyclic peptides, covalent
PDCs irreversibly bind to targets, significantly extending target
residence time. This combination of efficient internalization and
resistance to lysosomal degradation substantially increase intra-
cellular drug concentrations within target cells*?.

As the prerequisite of PDC induced target cell killing, we
should validate the internalization of our covalent PDCs. We
employed Cy3-conjugated covalent peptides as structurally iden-
tical substitutes for the targeting binders. By treatment with a Cy3-
conjugated covalent peptides concentration gradient (CP-N1-Cy3
or CP-N9-Cy3, 0.1 to 10 umol/L), the increasing Cy3 signals
demonstrated successful, dose-dependent binding and continuous
internalization of MDA-MB-468 cells (Supporting Information
Fig. S9A and S9B). Fluorescence imaging revealed marked co-
localization of internalized Cy3 signals with lysosomes, con-
firming that CP-N1-Cy3 or CP-N9-Cy3 entered cells via endo-
cytosis (Fig. S9B). We also evaluated the non-covalent peptide
NP-N7-Cy3, which exhibited lower endocytosis efficiency
(Fig. S9A and S9B). These results prove that the peptide-dye
conjugates enter cell by endocytosis, and it provides a mecha-
nistic basis for selective release of our covalent PDCs.

Based on the confirmation of the cell endocytosis, we designed
covalent PDCs via SPAAC click chemistry. Azide-functionalized
CPs were conjugated to DBCO-Val-Cit-PAB-MMAE (mono-
methyl auristatin E)—a potent tubulin polymerization inhibitor
widely used in antibody-drug conjugate (ADC)/PDC payload
design, to generate our covalent PDCs, named CP-N1-MMAE and
CP-N9-MMAE (Fig. 4A). After cellular internalization, the prote-
ase cathepsin B (CTSB) selectively cleaved the Val-Cit-PAB linker
within lysosomes, releasing free MMAE molecules into the cytosol
to induce apoptosis through microtubule disruption (Fig. 4A).

We subsequently synthesized and purified covalent PDCs, CP-
NI1-MMAE and CP-N9-MMAE, via SPAAC click reaction. We
test the stability of covalent PDCs in mouse serum, which CP-N1-
MMAE (t;, = 4.41 h) performed much better than CP-NO9-
MMAE (#;, = 1.19 h) (Supporting Information Fig. S10). To
assess cytotoxic potency, we measured cell viability across con-
centrations (10 nmol/L to 10 pmol/L) in MDA-MB-468 cells.
Both conjugates induced a pronounced, concentration-dependent
reduction in  survival rates, with ICsy values of
43.45 + 4.00 nmol/L (CP-N1-MMAE) and 43.37 £ 4.53 nmol/L
(CP-N9-MMAE) (Fig. 4B and Supporting Information
Fig. S11A). These low ICs, values indicated robust cytotoxicity
against Nectin-4-expressing cells. For comparison, the non-

covalent PDC NP-N7-MMAE exhibited higher cytotoxic po-
tency (ICso = 8.37 &+ 1.32 nmol/L), yet failed to reduce viability
below 40% even at high concentrations (Fig. S11B). Under
identical conditions, covalent PDCs achieved approximately 80%
cell killing. The lower area under the dose-response curve (AUC)
(173.3 for CP-N1-MMAE, 215.2 for CP-N9-MMAE and 433.7 for
NP-N7-MMAE) of CP-N1-MMAE indicated stronger target cell
killing effect (Fig. 4B and Fig. S11). These findings demonstrate
the potential of covalent PDCs for efficient target cell killing and
highlighted how covalent binding enhanced drug efficacy, espe-
cially CP-N1-MMAE.

As a widely used cytotoxic payload in PDCs, MMAE disrupts
tubulin assembly and impedes cell cycle progression. To elucidate
the cytotoxic mechanisms of our PDCs, MDA-MB-468 cells were
treated for 24 h with escalating concentrations (from 0 to 10 pmol/L)
of CP-NI-MMAE, CP-N9-MMAE, and NP-N7-MMAE for
24 h. Immunofluorescent imaging revealed a progressive,
concentration-dependent reduction in tubulin signal, confirming
cell killing via tubulin—disruption pathways (Fig. 4C and Sup-
porting Information Fig. S12). We further evaluated apoptosis
induction by covalent PDC treatment. Annexin V/PI staining
analyzed by flow cytometry showed that 1 pmol/L of both two
covalent PDCs led to a marked elevation in the percentage of
apoptotic cells (approximately 60%) (Fig. 4D and E and Sup-
porting Information Fig. S13A—S13D), comprising in ~50%
early-stage and ~ 10% late-stage apoptosis (Fig. S13C and S13D).
This ratio increased significantly with higher concentrations.
Compared to covalent PDCs, NP-N7-MMAE exhibited compar-
ative lower potency and efficacy in inducing apoptosis
(Fig. S13B—S13D). Within apoptotic cells triggered by CP-N1-
MMAE, cleavage products of key apoptotic markers caspase-3
and poly ADP-ribose polymerase (PARP) increased to 5- and
1.5-fold, respectively, relative to untreated controls (Fig. 4F). All
three PDCs produced similar dose-dependent elevations in these
markers, with statistically significant enhancements observed
across concentrations (Fig. 4F and Supporting Information
Fig. S14). These findings collectively indicate that covalent
PDCs eliminate target cells through the tubulin assembly disrup-
tion and apoptosis induction.

3. Discussion

Covalent drugs, which lock onto targets through permanent covalent
tethering, have garnered significant attention in drug development®’.
Compared to established covalent small molecules and protein drugs,
covalent peptides offer distinct physicochemical properties and lower
production costs, positioning them as a prominent focus in phar-
maceutical research. The sulfonyl fluoride warhead employed here
undergoes SuFEx click chemistry to covalently engage diverse nat-
ural amino acids—including Tyr, His, and Lys—with broad appli-
cability'®. This proximity-driven reaction operates without
exogenous activation, enhancing its drug development potential.
Despite the fact that the traditional fluorosulfate modification stra-
tegies rely on rational site-specific design® or the warhead conjuga-
tion process following phage display'?, our technology innovates by
incorporating the noncanonical amino acid FSY at random positions
during in vitro translation using degenerate codon libraries (Fig. 1).
This enables de novo screening of covalent macrocyclic peptides,
dramatically expanding screening throughput and diversity. High-
salt wash steps during screening efficiently remove non-covalently
bound peptides, improving selection efficacy. In the NGS results,
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the top 10 candidates occupied over 70% of total sequencing quan-
tity, which shared high level of peptide sequence similarity (Fig. 2D).
As the top of the list, CP-N1-Nj3 performed robust covalent linkage to
target protein Nectin-4 (Figs. 2G and 3B), and the covalent PDC
derived from this moiety, CP-N1-MMAE, demonstrated high po-
tency in killing target cells (Fig. 4B). These findings prove the high
efficiency and accuracy of our screening platform.

The past decade has seen significant advances in SuFEx
chemistry, enabling robust covalent modification of both small
molecules and biologics. Small molecule fluorosulfates can be
efficiently synthesized through late-stage modification of phenolic
precursors’, while genetic code expansion techniques permit site-
specific incorporation of fluorosulfonyl amino acid into pro-
teins®', However, fluorosulfate modification remains challenging in
peptide synthesis. To address compatibility with SPPS, we imple-
mented a protection/deprotection strategy for precise tyrosine
modification without compromising cyclization (Fig. 2E). This
synthetic breakthrough enables downstream production of screened
covalent macrocyclic peptides, completing the integrated workflow.
Furthermore, C-terminal modifications—for example, azide or
alkyne as bioorthogonal handles—allow versatile functionalization
via click chemistry (Fig. 2E). We exemplify this with fluorescent
dye-labeled covalent peptides and cytotoxic PDCs. Additional ap-
plications could include covalent peptide-radionuclide conjugates
(PRCs) and targeted protein degradation platforms®.

As a high-value oncology target, Nectin-4’s tumor-selective
expression profile renders it an ideal candidate for developing
ADCs and PDCs>*. Enfortumab vedotin, the first-in-class Nectin-
4-targeting ADC, demonstrated significant overall survival benefit
in a phase III trial for advanced urothelial carcinoma, securing full
FDA approval in 2021**. Despite the considerable promise of
Nectin-4-targeted therapies, clinical translation of PDCs faces
substantial challenges. The underwhelming clinical data for
zelenectide pevedotin (BT8009), Bicycle therapeutics’ Nectin-4-
targeted peptide—drug conjugate, in the Duravelo-1 phase 1/2
study reveal fundamental challenges associated with conventional
PDC therapeutics®: (i) inadequate non-covalent binding affinity
leading to low tumor accumulation; (ii) short target occupancy due
to the absence of covalent modification. Consequently, developing
covalent macrocyclic peptide-PDCs, leveraging irreversible
binding to enhance tumor targeting and drug delivery efficiency,
offers a promising strategy to overcome these limitations and
provide novel therapeutic solutions for Nectin-4-overexpressing
cancers. In our study, we designed covalent PDC CP-N1-Nj,
which performed effective target cancer cell Kkilling
(ICs9 = 43.45 4+ 4.00 nmol/L) (Fig. 4B). In contrast to the pre-
viously mentioned ADC, enfortumab vedotin, our covalent PDC,
with its lower molecular weight (~4 kDa), may offer superior
tumor penetration. Additionally, CP-N1-MMAE demonstrates
high stability, with a half-life (#;,) of 4.4 h in mouse serum,
comparable to the bicycle peptide-based PDC BT8009 (Fig. S10).
Thus, further structural optimization of these covalent PDCs could
yield next-generation Nectin-4-targeting anti-tumor therapeutics.

4. Conclusions

In summary, we established a comprehensive workflow for
screening and synthesizing fluorosulfate-containing covalent
macrocyclic peptides. This led to the discovery of two potent
covalent peptide binders, CP-N1-N3 and CP-N9-Nj3, which bound
Nectin-4 with high specificity and efficacy via SuFEx click re-
action. Therapeutically, our engineered covalent PDC CP-N1-

MMAE effectively induced apoptosis in Nectin-4-expressing
cells, demonstrating their significant potential as next-generation
antitumor therapeutics targeting Nectin-4. Furthermore, our
high-throughput covalent peptide screening methodology is
readily applicable to diverse target proteins, providing a powerful
platform for developing novel covalent therapeutics.

5. Experimental
5.1.  Materials and instruments

Unless otherwise stated, chemical synthesis reagents were purchased
from commercial sources including Leyan, Bidepharm, Innochem
and GL Biochem. All solvents were reagent grade or HPLC grade
(Innochem or Adamas). LC—MS spectra were performed on a Wa-
ters SQ Detector 2 mass spectrometer coupled to an Acquity ultra
performance liquid chromatography (UPLC) system (Waters,
UPLC—MS, Singapore). Purity analysis was carried out on Waters
2998 using a Waters XBridge® BEH C-18 (4.6 mm x 150 mm,
2.5 um) at a flow rate of 1.0 mL/min for analytical HPLC (Waters,
Arc-HPLC, Singapore). Purification of peptides on a semi-
preparative scale was performed on a Hanbon (Jiangsu Hanbon
Science and Technology Co., Ltd., NU3000C, Huai’an, China) using
ChromCore Prep C18 OBD column (5 pm, 120 A,
21.2 mm x 250 mm) at a flow rate of 10 mL/min. All peptides were
separated by RP-HPLC using acetonitrile with 0.1% (v/v) TFA with
water as mobile phases.

5.2.  Synthesis of macrocyclic peptides and PDCs

Synthesis was performed manually on Rink Amide MBHA resin
(Bidepharm, BD216754, Shanghai, China) under the standard
Fmoc protocol. Detailed synthetic procedures and characterization
of purified covalent macrocyclic peptides are provided in Sup-
porting Information

Add DBCO-Val-Cit-PAB-MMAE (1.1 equiv.) to the N,N-
dimethylformamide (DMF) solution of macrocyclic peptide for
2 h at room temperature. The peptides were purified by prepara-
tive RP-HPLC.

5.3.  Cell lines and cell culture

MCEF-7 cells were purchased from the CellCook (Guangzhou Cell-
cook Biotech Co., Ltd., catalog# CC0302, Guangzhou, China) and
MDA-MB-468 cells were purchased from the Procell (Procell Life
Science&Technology Co., Ltd., catalog# CL-0290, Wuhan, China).
Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium
(DMEM) medium were purchased from Gibco (Thermo Fisher
Scientific, USA). Non-essential amino acid (NEAA), MEM medium
and insulin were purchased from CellCook (Guangzhou Cellcook
Biotech Co., Ltd., catalog# CM1008L, CM2015 and CM1007,
Guangzhou, China). MDA-MB-468 cells were maintained in
DMEM plus 10% FBS and penicillin, streptomycin. MCFE-7 cells
were cultured in MEM plus 10% FBS and penicillin, streptomycin
with 10 pg/mL insulin and 1 x NEAA. All cell lines were cultured at
37 °C and 5% CO, unless otherwise stated.

5.4.  Preparation of unnatural aminoacyl-tRNA

Aminoacylation was performed by mixing 5 mmol/L “A°f-CME
or FSY-CME with 600 mmol/LL MgCl,, 20% DMSO, 25 umol/L
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eFx and 25 pmol/L initiator tRNA™® ¢\, or elongator tRNAZSE?

and 50 mmol/L HEPES-KOH (pH 7.5). The mixture was incu-
bated for 2 h on ice. The resulting aminoacyl-tRNA was purified
by ethanol precipitation. Pellets were washed twice with 70%
ethanol containing 0.1 mol/L sodium acetate (pH 5.2), frozen with
liquid N, and stored at —80 °C.

5.5.  mRNA display for Nectin-4 binding peptide screening

The selection strategy of mRNA display was conducted as previ-
ously described®®*”. Briefly, DNA libraries were transcribed
in vitro to generate cognate mRNA libraries, which were ligated to
a puromycin linked oligonucleotide. Ribosomal synthesis of the
macrocyclic peptide library from the puromycin-linked mRNA
library was performed using the PUREfrex 2.0 kit (GeneFrontier
Corporation, Kashiwa-shi, Japan), with a custom “Solution I”
supplemented with 19 amino acids (-Met), '*°f aminoacylated
initiator tRNA™®,; and FSY aminoacylated tRNA&SE?,
Following translation, the resulting mRNA-peptide library was
reverse transcribed to generate peptide-mRNA/cDNA libraries,
which were panned against 200 nmol/L biotinylated human
Nectin-4 ECD immobilized on magnetic beads. The magnetic
beads were washed three times with PBS containing 0.01% Tween-
20 (PBS-T) followed by two washes with 5 mol/L guanidine hy-
drochloride on ice and three times with PBS-T to eliminate residual
guanidine hydrochloride. Then the fused peptide-mRNA/cDNA
was isolated from the beads, with cDNA amplified by PCR, puri-
fied by ethanol precipitation and transcribed as above to produce
the enriched mRNA library for the next round of selection.

For the second and subsequent rounds of selection, three iter-
ative counter-selections were used to remove peptides with affinity
for the streptavidin beads. The final enriched cDNA was processed
into Illumina-compatible libraries with VAHTS ssDNA Library
Prep Kit (Vazyme, catalog# ND620, Nanjing, China), followed by
sequencing performed by Azenta (Nanjing, China) using a next-
generation sequencer (Illumina, NovaSeq 6000150 PE, USA).

5.6.  Surface plasmon resonance (SPR)

SPR experiments were performed using a Biacore 1K and CM5
chips (Cytiva, USA). Experiments were performed at 25 °C in
PBS-T. Nectin-4 ECD (50 pg/mL, Sino Biological, catalog#
19771-HO8H, Beijing, China) was fixed to RU ~900. A 5-point
double dilution series was prepared for each peptide. For cova-
lent binding peptides, a single-cycle kinetic experiment with a
contact time of 30 s (short time) or 800 s (long time) and a
dissociation time of 200 s was performed at a flow rate of
30 pL/min. For non-covalent binding peptides, a multi-cycle ki-
netic experiment with a contact time of 60 s and a dissociation
time of 60 s was performed at a flow rate of 30 uL/min. Between
cycles, the chip was regenerated according to the manufacturer’s
protocol. Kinetic and affinity analyses were performed using
Biacore 1K Evaluation software (Cytiva, USA).

5.7.  In-gel fluorescent crosslinking test

For labeling, 1 pmol/L Nectin ECD protein (Nectin-1, catalog#
PV1-H5223-100ug; Nectin-2, catalog# PV2-H52E2-100ug;
Nectin-3, catalog# PV3-H52E4-100ug; Nectin-4, catalog# NE4-
H52H3-100ug, ACRO Biosystems, Beijing, China) was incubated
with the indicated concentrations of each chemical probe for an-
notated time at 37 °C. After protein labeling, 10 pL of resulting

mixtures were added to 1 pL of freshly prepared 50 pumol/L
DBCO-Cy3 in DMSO. Protein samples were analyzed by SDS-
PAGE (4%—12%) running at 180 V in an electrophoresis chamber
under the ambient temperature. In-gel fluorescence was visualized
using a chemiluminescence imaging system (Tanon Science and
Technology, Tanon 5200, Shanghai, China) followed by staining
using Coomassie.

5.8.  Immunofluorescent imaging

For testing the covalent binding of peptides, 10 umol/L. Cy3-
conjugated peptides were separately added to MDA-MB-
468 cells, which were cultured at 37 °C and 5% CO, in the dark
for 4 h, followed by washed with weak washing buffer (Hank’s
Balanced Salt Solution, HBSS, pH 7.4) or strong washing buffer
(500 mmol/L. NaCl, 3% Tween-20, 100 mmol/L glycine, pH 3.0)
for three times at room temperature for 10 min.

For testing the tubulin dynamics, MDA-MA-468 cells were
incubated with different concentration of PDCs (0, 0.1, 0.5 and
1 umol/L) at 37 °C for 24 h, followed by fixation with 4% form-
aldehyde and permeabilization with 0.1% Triton X-100 in
1 x PBS. Then cells were stained with anti-tubulin antibody
(1:1000, Biodragon, catalog# B1052-50 pL, Suzhou, China), Alexa
Fluor. 568-conjuagted Goat anti-Mouse IgG (H + L) (1:1000,
Thermo Fisher Scientific, catalog# A11004, USA) and Hoechst
33258 (1:1000, Beyotime, catalog# C1011, Shanghai, China).

All fluorescence was visualized on a Zeiss LSM 880 Confocal
Laser Scanning Microscope (ZEISS, Germany) using a
20 x objective. The IF imaging results were processed by ZEISS
ZEN (ZEISS, Germany).

5.9.  Western blotting

MDA-MB-468 cells were seeded in 12-well plates and incubated
at 37 °C, 5% CO, for 24 h. PDCs were diluted from a 20 mmol/L
stock solution to 0, 0.1, 0.5,1, 5 and 10 pumol/L and added to cells,
and then incubated for 24 h. After cell processing, cells were
collected and lysed by RIPA lysis buffer (Beyotime, catalog#
P0013, Shanghai, China) containing protease inhibitors (Beyo-
time, catalog# SC0078, Shanghai, China). Proteins were separated
by SDS-PAGE and performed Western blotting against target
proteins caspase-3 (Cell Signaling, catalog# 9662S, Boston,
USA), cleaved caspase-3 (Cell Signaling, catalog# 9661T, Boston,
USA), PARP (Cell Signaling, catalog# 9542T, Boston, USA),
B-actin (Beyotime, catalog# AF0003, Shanghai, China) and the
secondary antibody (Beyotime, catalog# A0208, A0216,
Shanghai, China). The protein bands were scanned on an imaging
system with an Enhanced Chemiluminescence Kit (Beyotime,
catalog# P0018, Shanghai, China). The results were processed by
Image J (National Institutes of Health, USA).

5.10.  Fluorescent activated cell sorting (FACS)

For testing the endocytosis of fluorescent dye-conjugated covalent
peptides, MDA-MA-468 cells were incubated with different
concentration of CP-N1-Cy3, CP-N9-Cy3 or NP-N7-Cy3 (0, 0.1,
0.5, 1, 5 and 10 pmol/L) at 37 °C for 4 h. Then cells were
collected and resuspended in 1 x PBS and then quantified the Cy3
signals by NovoCyte® flow cytometer (ACEA Biosciences, USA).

For testing the cell apoptosis induced by PDCs, MDA-MA-
468 cells were incubated with different concentration of PDCs (0,
0.1, 0.5, 1, 5 and 10 pmol/L) at 37 °C for 24 h. Then cells were
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collected and resuspended in 1 x PBS and then stained with the
Annexin V-FITC/PI kit (Aladin, catalog# A266226-50T,
Shanghai, China). Stained cells were quantified for the FITC
and PI signals by NovoCyte® flow cytometer. The FACS results
were processed by FlowJo v10 (BD Biosciences, USA).

5.11.  PDC stability test

To test the stability, 100 pmol/L PDCs (CP-N1-MMAE, CP-N9-
MMAE or NP-N7-MMAE) were dissolved in 95% mouse serum
(Biosharp, catalog# BL1053A, Hefei, China), and incubated at
37 °C for different time (0, 1, 2, 3, 6 and 12 h). Serum proteins
were removed by addition with equal volume of acetonitrile and
centrifugation. Retained PDCs were monitored by RP-HPLC
(Waters 2998, USA).

5.12.  Cell viability test

Cells were cultured in 96-well plates with 100 pL. of medium at a
density of 10* per well. Following a 72 h treatment with the
indicated PDCs at different concentrations (0, 0.001, 0.003, 0.01,
0.03, 0.1, 0.3, 1, 3 and 10 pmol/L), cell counting kit-8 (CCK-8)
solution (APExBIO, catalog# K1018, Shanghai, China) was added
and incubated for 2 h at 37 °C. The viability of cells was evaluated
by measuring absorbance at 450 nm.
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