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Phage display is a powerful technology for discovering macrocyclic peptide ligands. Many phage display-revealed
peptide inhibitors comprise disulfide crosslinks, which unfortunately exhibit vulnerability to reduction and
proteolysis. Lanthipeptides are a family of ribosomally synthesized peptides that harbor thioether cyclization
instead of disulfides. Lanthipeptide libraries have been constructed on phage; however, only with the use of
the Lan enzyme that demands specific recognition sequences. Here, we present an enzyme-free strategy for
constructing lanthionine-bridged macrocyclic peptide libraries on M13 phage. Our strategy involves selective
and reversible masking of the N-terminal cysteine (NCys), followed by Cys-to-Dha conversion and subsequent

cyclization upon NCys deprotection. We have specifically optimized the chemistry for each step to allow easy

iig:gtz ij Zéttz Kj\e;rcuharzyozzoeze preparation of lanthipeptide libraries. The utility of such libraries is demonstrated by panning against Keapl as
a model protein. To the best of our knowledge, this is the first demonstration of a Lan enzyme-free

DOI: 10.1039/d6sc01577h construction of lanthipeptide libraries on phage, which presents a significant addition to the increasing
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Introduction

Phage display is a popular screening technology for discovering
peptide probes and inhibitors for various protein targets.' Many
natural peptides such as neurotoxins and hormones are stabi-
lized by intramolecular disulfide bonds.>* Phage libraries of
disulfide-cyclized peptides have also been increasingly adopted
for probe and inhibitor discovery.*® Unfortunately, disulfide
bonds are unstable in reducing environments and also prone to
disulfide exchange, which imposes a major limitation on the
use of disulfide-cyclized peptides as therapeutics.*” By contrast,
thioether bridges are free of these problems, offering a non-
reducible, non-exchangeable alternative to disulfides.*** Nature
provides an inspiring example of this crosslink with lanthi-
peptides, which are members of ribosomally synthesized and
post-translationally modified peptides (RiPPs). For lanthipep-
tide biosynthesis, serine or threonine residues are enzymati-
cally dehydrated to dehydroalanine (Dha) or dehydrobutyrine
(Dhb), which then undergo cyclase-mediated intramolecular
Michael addition to form the (methyl)lanthionine linkage. Such
thioether-bridged peptides have been shown to maintain
stability and bioactive conformation in many cases.

Lanthipeptide libraries have been developed on both phage and
yeast display platforms by harnessing enzymes for lanthipeptide
biosynthesis (Fig. 1A).*® However these enzymatic approaches
encounter several limitations: displaying peptides on the N-
terminus of pIII required Tat export as well as exogenous leader
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collection of cyclization chemistries that expand the chemical space of phage display.

peptide cleavage,” while an attempt for C-terminal display affor-
ded low display valency on plII (0.3 copies per virion), which
diminishes the chance of enriching weak binders in early rounds."®
Furthermore, the enzyme processing steps impose sequence bi-
ases: even the broadly tolerant LanM and LanBC systems exhibit
kinetically preferred sequences for dehydration and cyclization."**
Chemical installation of a lanthionine bridge necessitates the use
of a pre-made lanthionine in solid phase peptide synthesis (Fig. 1B)
or carefully designed nonnatural amino acids, which cannot be
extended to genetically encoded peptide libraries.”*

We report herein a biocompatible and enzyme-free route to
install lanthionine bridges directly on phage display libraries
(Fig. 1C). With a CX,C peptide on phage, the N-terminal
cysteine is transiently masked as a thiazolidine, and then the
internal cysteine is converted to Dha via alkylation-elimination
under mild conditions. Unmasking of the N-terminal cysteine
triggers intramolecular thia-Michael addition to forge a non-
reducible thioether bond. We demonstrate the applicability of
this protocol with model peptides, phage coat proteins, and
bacteriophage. Importantly, this three-step protocol minimally
compromises phage infectivity to give libraries that can be used
in standard panning workflows. As a case study, we screened
a lanthionine-bridged CX,C library against Keap1, which yiel-
ded Keap1-Nrf2 inhibitors of nanomolar potency.

Results and discussion
Dehydroalanine (Dha) installation

To create lanthipeptide libraries, our first objective was to
establish a phage-compatible method for installing
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Fig.1 Strategies for generating lanthionine-cyclized peptide libraries. (A) Phage or yeast display of lanthipeptide libraries requires co-expression
of Lan enzymes, as well as fixed sequences for leader peptides and proximal regions of the key Ser/Thr/Cys residue. (B) Chemical lanthipeptide
synthesis typically uses a premade lanthionine in solid phase peptide synthesis, which cannot be extended to genetically encoded libraries. (C)
Our three-step thioether macrocyclization strategy enables facile construction and screening of lanthipeptide phage libraries.

dehydroalanine (Dha), a prerequisite for forging a lanthionine
bridge on displayed peptides. Several reports describe chemical
strategies for site-specific conversion of a native residue
(cysteine or serine) to Dha on proteins to study ubiquitination
or to generate antibody-drug conjugates.”**® These prior
reports underscore the utility of Dha as a versatile handle for
bioconjugation. However, these Dha conversion methods have
not been successfully applied to modifying phage-displayed
proteins or peptides, where preserving phage infectivity is
paramount. To install Dha on phage, we evaluated three
methods for Cys-to-Dha conversion on a model peptide to begin
with. These methods utilize mesitylenesulfonylhydroxylamine
(MSH),** 2,5-dibromohexanediamide (DBHDA),”” and methyl-

2,5-dibromopentanoate (MDBP),*® respectively, to induce
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desulfurization (Fig. 2A). All three reagents enabled clean
conversion of the cysteine residue on the model peptide to Dha,
as quantified by LC-MS analysis, albeit with distinct reaction
time and reagent concentration (Fig. S6-S8 and Schemes S3-
S5). Encouraged by these results, we quantitatively assessed the
impact of each reagent on phage viability through titering.
Treatment with MSH proved profoundly detrimental, resulting
in a 10° fold reduction in viable phage titer compared to the
non-treated control (Fig. 2B). This massive loss of infectivity is
likely due to the off-target reactivity of MSH on the virion
surface. In addition to cysteines, MSH can react with other
nucleophiles, including imidazoles (His), carboxylates (Asp/
Glu), and amines (Lys/N-terminus), leading to nonselective N/
S-amination or oxidative/deamination events.* Consequently,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemically induced Cys-to-Dha conversion. (A) Dha conversion from an internal cysteine on a model peptide. (B) Phage infectivity
change encountered by the three Dha conversion strategies. (C) Dha conversion from an internal cysteine on a model protein of SrtA (C153A and
K159C) by MDBP. (D) Reaction kinetics of the MDBP-induced Dha formation.

MSH was excluded from further exploration. DBHDA was
tolerated but suboptimal, incurring a substantial (12-fold)
diminution in phage titer. MDBP was much better tolerated:
under conditions that afforded quantitative Dha conversion,
the loss in phage infectivity was just 2.5 fold, which makes
MDBP the best reagent for inducing Cys-to-Dha conversions.
Encouraged by its minimal toxicity, we decided to better
understand the MDBP-induced Dha formation in the context of
proteins, which present a complex mixture of nucleophiles.
Specifically, we engineered a sortase A (SrtA) variant, which has its
catalytic cysteine mutated to alanine (C153A) and a solvent-
accessible lysine mutated into cysteine (K159C). Kinetic analysis
of the SrtA modification monitored by LC-MS revealed rapid Dha
product accumulation upon treatment with MDBP (Fig. 2D and
S19-526). Interestingly, these kinetic studies revealed two key
intermediates: the initial thioether conjugate (Intermediate 1) and
a subsequent sulfonium salt (Intermediate 2), which undergo
elimination to form Dha (Fig. 2C). This delineated reaction
pathway confirms the alkylation-elimination mechanism and
suggests efficient progression through both steps. For compar-
ison, DBHDA demonstrated slower kinetics and less complete
conversion under identical conditions (Fig. S9-S18). Furthermore,
while the initial thioether intermediate (Intermediate 1) was
detectable, the subsequent sulfonium salt intermediate (Inter-
mediate 2) was conspicuously absent. We rationalize that the
bulkier diamide scaffold of DBHDA introduces significant steric
encumbrance, which likely hinders the intramolecular cyclization
required to form the strained sulfonium ring, thereby slowing the
elimination step. Overall, MDBP exhibited rapid and quantitative
conversion kinetics on both peptide and protein substrates,
which, together with its excellent phage compatibility, makes it
uniquely suitable for chemical modification of phage libraries.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Lanthionine cyclization

With a phage-compatible method for Dha installation in place,
we next optimized a three-step strategy to achieve lanthionine
macrocyclization on phage. Our strategy builds on readily
accessible CX,C phage libraries. The internal cysteine is con-
verted to Dha while the N-terminal cysteine (NCys) is preserved
for subsequent cyclization. Specifically, we take advantage of
the differential reactivity of NCys to protect it using an aldehyde
that reacts with NCys to form a quasi-stable thiazolidine.***
With NCys protected, the internal cysteine can be converted to
Dha using MDBP and optimized conditions described above.
Subsequent deprotection of the NCys elicits macrocyclization to
give a thioether linkage (Fig. 3A). We first tested this protocol
with model peptides (Fig. 3B). Initial screening of various
aldehyde reagents, including 2-formylphenylboronic acid
(FPBA), salicylaldehyde (SA), and benzaldehyde (BA), revealed
FPBA as the most effective NCys masking reagent - it afforded
quantitative protection of the N-Cys residue within 30 minutes
under mild aqueous conditions (pH 7.4), without detectable
side reactions (Fig. S28, S33 and S38).**** The FPBA protected
peptide was then subjected to MDBP treatment, which elicited
>90% Cys-to-Dha conversion, while the protected NCys
remained entirely intact (Fig. S39). The thiazolidine depro-
tection and subsequent cyclization were triggered by simply
raising the pH, yielding a lanthionine-bridged macrocycle in
quantitative yield. Importantly, this protocol proved sequence-
tolerant, giving high-yield lanthionine macrocyclization across
multiple model peptides differing in NCys-Dha spacing and
side-chain composition (Schemes $18-22). To confirm the
postulated lanthionine formation, we synthesized two lanthi-
peptides using a pre-made lanthionine as a building block in
solid phase peptide synthesis (SPPS) (Schemes S21 and 22).

Chem. Sci.
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Fig. 3 Enzyme-free lanthipeptide synthesis. (A) Schematic of the lanthionine-bridged peptide macrocycle formed from NCys and Dha via
intramolecular Michael addition. (B) Model peptides with different sequences and loop sizes used to evaluate the generality of our thioether
macrocyclization protocol. Corresponding LC-MS traces are detailed in the SI. (C) Lanthipeptide synthesis with a precursor peptide-plll fusion.
Sequence of treatments: (1) factor Xa cleavage; TCEP reduction (1 mM, ammonium bicarbonate, pH 8.0); (2) FPBA (1 mM, PBS, pH 7.4, 30 min, r.t.);
(3) MDBP (1 mM, sodium phosphate, pH 8.5, 37 °C, 1 h); (4) basic incubation (pH 10, 37 °C, 1 h) for NCys deprotection/cyclization. Stepwise mass-
spec data are shown to reveal a clean and efficient conversion. (D) Assessing the efficiency of thioether macrocyclization of a CX,C library via
a phage capture assay. Assayed groups include: non-reduced phage library labeled by IA-biotin (right), TCEP-reduced phage library labeled by
IA-biotin (middle), and thioether phage library treated with TCEP and then IA-biotin (left).
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Then the lanthipeptides synthesized via SPPS (positive controls)
and those made through our NCys-Dha cyclization were
comparatively analyzed via LC-MS. The results show that our
NCys-Dha cyclized peptides and their corresponding positive
controls coelute as a single peak on LC-MS and exhibit identical
mass-spec signatures. We acknowledge that our NCys-Dha
cyclization protocol may produce a pair of diastereomeric
peptides with mixed stereochemistry at the Dha position. While
more detailed stereochemical characterization is warranted for
future studies, our results presented above showcase a robust,
stepwise yet streamlined chemical method that achieves site-
specific lanthionine bridging with no need for a Lan enzyme.
We further extended the workflow to a protein, specifically to
a recombinant pIIl of the M13 phage that has the peptide
CAGSLMPTWGC fused at its N terminus (Fig. S52). The
recombinant pIII fusion was first reduced with TCEP in
ammonium bicarbonate buffer (pH 8.0), and then processed
sequentially: (i) FPBA (1 mM) in PBS (pH 7.4, 30 min, r.t.) to
form the NCys thiazolidine; (ii) MDBP (1 mM) in sodium
phosphate buffer (pH 8.5, 1 h, 37 °C) to convert the internal Cys
to Dha; and (iii) NCys deprotection and spontaneous cyclization
under basic conditions (pH 10, 1 h, 37 °C). Stepwise LC-MS
monitoring confirmed each transformation and showed that
the lanthionine-bridged, macrocyclized pIIl protein was the
major product (Fig. 3C and S53-S55). To probe the applicability
of our lanthionine cyclization protocol to phage, we constructed
a CX;,C phage library with a factor Xa cleavage site immediately
upstream of the CX,C insert.>* Factor Xa cleavage followed by
TCEP reduction prepares the phage library for the three-step
macrocyclization. We next evaluated the efficiency of on-
phage lanthionine cyclization using a streptavidin-capture
ELISA, which was developed by Derda and coworkers to report
iodoacetamide-biotin (IA-biotin) labeling of accessible thiols.*
As positive controls, we treated the reduced CX,C phage library
with IA-biotin and subjected to streptavidin pulldown with
streptavidin-coated wells (Fig. 3D) and streptavidin-coated
beads (Fig. S60). Efficient phage pulldown was observed for
both cases. The phage library without TCEP reduction served as
a negative control, which encountered little pulldown in the
ELISA assay performed in the 96-well plate (Fig. 3D). Then, the
CX,C library was subjected to the three-step protocol for lan-
thionine modification. The resulting, putative thioether library
was subjected to TCEP reduction and then pulldown with
streptavidin-coated wells. This experiment gave a
percentage of (<15%) pulldown readout, indicating an efficient
thioether formation that leaves few disulfide phage around.
To gain a full picture of our lanthionine cyclization protocol,
we titered the phage population after each step of the phage
modification protocol. A small extent of phage loss (<5-fold,
Fig. S56) was observed for all steps, accumulating to ~50 fold
reduction in phage population throughout the whole modifi-
cation protocol. We note that the phage loss is not necessarily
caused by the toxicity of the chemical reagents used. Instead,
there are a number of phage precipitation steps throughout the
phage modification protocol, which inevitably cause mechan-
ical losses of phage. Importantly, we performed amplicon
sequencing of the library before and after the lanthionine

low
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cyclization, the results of which suggest no clear sequence bias
in the phage loss. Specifically, we treated the naive CX,C library
with the lanthionine cyclization protocol and then subjected the
library to reduction and TCEP pulldown to remove any
remaining disulfide-cyclized phage. The resulting thioether
library and the naive library were submitted for amplicon
sequencing (Fig. S57). The amplicon sequencing reads (>100
000) of both libraries revealed no more than 5 copies of any
unique sequence (Table S3). In fact, for the naive library, 97.4%
of the amplicon reads represent unique sequences, and an
essentially identical number (97.8%) was obtained for the thi-
oether library. We further analyzed the amino acid composition
of each randomized position of the library peptides. Both the
naive library and the thioether library give a dispersed distri-
bution with every amino acid present at significant percentages
at every position, again indicating a diverse sequence space for
both libraries (Fig. S58). There is no discernible difference in
amino acid composition patterns between the two libraries,
indicating that no significant sequence bias was introduced by
our lanthionine cyclization protocol. Lending further evidence
to this conclusion, we randomly isolated ten phage colonies,
which were subjected to lanthionine cyclization and then phage
titering (Fig. S59). The ten colonies afforded comparable phage
counts, again indicating a lack of sequence bias in our lan-
thionine cyclization protocol.

Lanthipeptide library screening to identify protein-protein
interaction inhibitors

To assess the utility of our lanthionine-bridged phage library,
we conducted phage selections against Keap1l as a case study
(Fig. 4A). Keap1 is the substrate adaptor of a CUL3 E3 ubiquitin
ligase that targets Nrf2 for ubiquitination and proteasomal
degradation.***” Disrupting the Keap1-Nrf2 interaction stabi-
lizes Nrf2, drives its nuclear accumulation, and activates the
antioxidant response element, a pathway of broad interest in
diseases marked by oxidative or electrophilic stress.***® Not
surprisingly, inhibition of the Keap1l-Nrf2 interaction has
attracted significant attention in recent literature.**** We con-
structed a CX,C phage library with a generic sequence of HAtag-
IEGRCX;C-GGGS-pllIl. This library was converted into a lanthi-
peptide library using the abovementioned protocol and scre-
ened against Keapl. For phage panning, Keapl was
recombinantly expressed with an N-terminal His-tag and then
chemically biotinylated using biotin-NHS. The biotinylated
Keapl protein was immobilized on streptavidin-coated
magnetic beads for phage selections. The enrichment of the
Keap1-binding phage was monitored by titering the output
population in each round, which was further analyzed via next
generation sequencing (NGS). Four rounds of selection were
carried out (Fig. 4B), including a negative selection against the
streptavidin beads for Round 1 (R1). We observed a steady
increase in output phage count. The NGS results revealed a clear
winner sequence, dubbed FK1, which constitutes 93% of the R4
output population. Interestingly, a closer examination of the
FK1 abundance in our NGS data revealed a consistent enrich-
ment across the rounds of selections. Specifically, FK1 was seen

Chem. Sci.
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Fig. 4 Lanthipeptide phage library screening against Keapl yields a nanomolar inhibitor. (A) Crystal structure of the Keapl Kelch domain in
complex with the Nrf2 peptide (PDB 2FLU). (B) Output/input ratio of phage panning indicating gradual enrichment of Keapl binding clones. (C)
Phage retention by Keapl or streptavidin coated beads. (D) Fluorescence polarization-based binding profiles of various FK1 peptides towards the
target protein Keapl. *: FAM labelled peptide. (E) FK1 peptides’ inhibition of Keap1-Nrf2 interaction; a fluorophore labeled peptide (Fam-bAla-
DEETGEF) was used as a Nrf2 mimic. Each data point in (D) and (E) represents the mean value of three independent measurements.

only once (out of >233 000 reads in amplicon sequencing) in the
round 1 output population, and its population percentage
increased to 0.2% in R2, 56% in R3 and then 93% in R4
(Fig. S61). Similar to what we did with the naive library, we
analyzed the amino acid composition at each randomized
position during the phage panning process. As expected, clear
sequence convergence was seen in the plotted results of amino
acid compositions (Fig. $62).

To validate the enriched FK1 as a specific Keap1 binder, we
first validated the FK1 phage by a phage-retention assay,
comparing the retention of the lanthionine-bridged FK1 phage
with its disulfide-cyclized precursor on bead-immobilized
Keapl. The two phage variants showed comparably high
retention, indicating that installing the lanthionine staple
preserves target binding and phage infectivity relative to the
disulfide precursor. As negative controls, a blank phage and
a sortase-binding phage W7M showed no retention on Keap1l
(Fig. 4C). Furthermore, both FK1 variants failed to bind strep-
tavidin beads alone. Collectively, these results demonstrate that
the lanthionine-bridged FK1 phage is indeed enriched through
specific interactions with Keap1l. We next chemically synthe-
sized fluorescein-labeled FK1 peptides in linear, disulfide-
cyclized, and lanthionine-bridged formats, with fluorescein
installed on a C-terminal diaminopropionic acid (Dap) residue
preceded by a -GGG- linker (Fig. S63-S68). The binding affinity
of these peptide variants to Keapl was quantified by fluores-
cence polarization (FP). Briefly, a fixed concentration of peptide
was incubated with serial dilutions of Keapl. FP values were
recorded using a fluorescence plate reader and plotted against
protein concentration to generate a binding curve. Ky values
were extracted via curve fitting (Fig. 4D and S76). Satisfyingly,
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the thioether-bridged FK1 (FK1_te) was found to exhibit nano-
molar affinity (K4 = 0.08 uM), whereas the linear peptide was
~20 times weaker, with a K4 of 1.5 uM. The disulfide-cyclized
FK1 (FK1_ss) also gave a slightly higher Ky compared to the
thioether variant. To ensure the validity of these binding data,
we resorted to a flow cytometry-based method for assessing
Keap1 binding of peptides. Specifically, Keap1 coated magnetic
beads were treated with fluorophore-labeled peptides at varied
concentrations. The extent of peptide binding was quantified by
flow cytometry readout of bead fluorescence, which was then
plotted against peptide concentration (Fig. S77). Curve fitting
yielded similar Ky values as obtained from the FP assay. Again,
the thioether peptide showed close to 20 times stronger binding
affinity than the linear comparison.

To assess the chemical stability of the thioether linkage, we
evaluated the susceptibility of FK1_te to ring-opening under both
reducing and acylating conditions. FK1_te was incubated with 5
mM iodoacetamide (IA) in ammonium bicarbonate buffer (pH 8.0)
at room temperature, and aliquots were collected over time for LC-
MS analysis (Fig. S72). No IA adducts were detected throughout the
assay window, indicating negligible ring opening under strongly
alkylating conditions. Additionally, FK1_te was treated with 1 mM
TCEP under the same buffer conditions (Fig. S69). Similarly, no
mass shift or linearized peptide species were observed, confirming
that the thioether staple is chemically stable and resistant to both
nucleophilic reduction and acylation. To assess thermal/
proteolytic stability, FK1_te and FK1_ss control were incubated
in human serum at 37 °C and their integrity was analyzed by LC-
MS over time (Fig. S73-S75). The lanthionine-bridged peptide
showed markedly greater stability, with ~60% intact peptides
remaining at the 5 h time point, in contrast to the disulfide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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control, which had <20% remaining. Finally, the FK1 peptides
were assessed for their inhibitory activity of Keap1-Nrf2 binding
under reducing conditions (with the addition of GSH). Briefly, the
FK1 peptides without a fluorophore label were titrated into a pre-
formed complex of Keapl with a fluorescently labeled Nrf2. As
expected, the competition assay revealed an ICs, of 128 nM for
FK1_te, ~8 times lower than that of FK1_ss. Note that the IC5, of
FK1_ss is approaching the K4 of FK1_In, consistent with the di-
sulfide peptide undergoing reduction to give a linear peptide
under the experimental conditions (Fig. 4E). The contrast of these
two peptides highlights the advantage of the thioether-cyclized
peptide macrocycles.

Conclusion

We have established a Lan enzyme-free strategy to construct
lanthipeptide libraries on M13 phage. The workflow proceeds
sequentially with reversible NCys masking as a thiazolidine,
Cys-to-Dha  conversion, and  one-pot deprotection/
intramolecular thia-Michael cyclization. This three-step
protocol proved tolerant of various peptide sequences, mini-
mally compromised phage infectivity, and delivered highly
efficient disulfide-to-thioether conversions on model peptides,
proteins as well as bacteriophage. Applying this protocol to
phage display, we have successfully constructed a CX,C thio-
ether library, screening of which readily revealed a nanomolar
peptide inhibitor of the Keap1-Nrf2 interaction. Importantly, in
comparison to the disulfide precursor, the thioether peptide
inhibitor show superior potency under reducing conditions,
highlighting the intrinsic advantage of the thioether-bridged
peptide macrocycles. Conceptually, this strategy provides
a facile replacement for disulfide-cyclized peptides: libraries
with the design of CX,C can be retrofitted to their thioether-
stapled counterparts without altering selection workflows.
Practically, it expands the accessible chemical space for phage
display by coupling precise, site-selective Dha chemistry to
infectivity-preserving macrocyclization. Beyond the Keapl
benchmark, we envision that the platform is broadly applicable
to challenging proteins and especially suited for intracellular
PPIs, which demand reduction-safe inhibitors.
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