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Peptides are valuable for therapeutic development, with multicyclic peptides
showing promise in mimicking antigen-binding potency of antibodies. How-
ever, our capability to engineer multicyclic peptide scaffolds, particularly for
the construction of large combinatorial libraries, is still limited. Here, we study
the interplay of disulfide pairing between three biscysteine motifs, and
designed a range of triscysteine motifs with unique disulfide-directing cap-
ability for regulating the oxidative folding of multicyclic peptides. We
demonstrate that incorporating these motifs into random sequences allows
the design of disulfide-directed multicyclic peptide (DDMP) libraries with up to
four disulfide bonds, which have been applied for the successful discovery of

peptide binders with nanomolar affinity to several challenging targets. This
study encourages the use of more diverse disulfide-directing motifs for
creating multicyclic peptide libraries and opens an avenue for discovering
functional peptides in sequence and structural space beyond existing peptide
scaffolds, potentially advancing the field of peptide drug discovery.

Multicyclic peptides constrained through covalent crosslinkers can
maintain stable 3D structures without recourse to integrating non-
covalently interactive cores, thus possessing a greater surface-to-
volume ratio compared to proteins' . This makes multicyclic peptides
an attractive molecular modality for the development of pharmaco-
logical tools and therapeutic agents’”™. An especially intriguing
example is the naturally occurring disulfide-rich peptides (DRPs) with
conserved cysteine patterns, in which the interior is largely composed
of disulfide bonds'®?. Most of their non-cysteine residues can be
mutated without damaging structural integrity, enabling functional
diversification of these DRPs through molecular evolution to bind
various biological targets® *. However, the conservativeness of their
disulfide frameworks limits the structural diversity of naturally
occurring DRPs to several most ubiquitous folds, including the inhi-
bitor cystine knot, the cystine-stabilized o/p fold, and the three-finger
toxin fold**~?%, Recently, computational methods have been developed
to de novo design DRPs with stable structures and useful functions®
Although powerful, most of these designed DRPs rely extensively on

non-covalent interactions to configure globular cores, thus exhibiting
alesser surface-to-volume ratio compared to naturally occurring ones,
which in turn leads to lower effective utilization of amino acid residues
while designing functional binders to targets.

In addition to naturally occurring and computationally designed
DRPs, in recent years, we have developed a class of DRPs by taking
advantage of disulfide-directing motifs, including CXC, CPPC, and
CPXXC (C: cysteine; P: proline; X: any amino acid) to direct the oxi-
dative folding of random sequences® . A large diversity of DRPs have
been designed by simply altering the biscysteine motif/cysteine pat-
terns and the number of residues separating them*~%, Owing to their
high tolerability to extensive sequence manipulations, these DRPs are
suitable for serving as templates for developing peptide libraries,
based on which selective and high-affinity multicyclic peptide ligands
to cell-surface receptors have been developed®*%, Thus, these studies
have opened an avenue for designing and discovering multicyclic
peptides in sequence and structure space inaccessible previously by
naturally occurring scaffolds and computational designs. Despite this,
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our capability of designing multicyclic peptide scaffolds that are not
only diverse in structure but also tolerant to extensive sequence
manipulation is still limited. Notably, only three disulfide-directed
motifs were successfully identified over the past decade. The potential
for identifying additional motifs with robust capability of directing the
oxidative folding of peptides remains uncertain. This limitation poses a
significant obstacle to the development of more multicyclic peptide
binders and therapeutics. We believe that the design or discovery of
more disulfide-directing motifs holds the key to expanding the
sequence and structural diversity of multicyclic peptide libraries
essential for peptide ligand and drug discovery.

In this work, we studied the interplay of disulfide pairing between
each disulfide-directing motif (i.e., CXC, CPPC, and CPXXC) and

developed a range of tandem motifs with unique disulfide-directing
effects for designing diverse DRPs (or termed as disulfide-directed
multicyclic peptides: DDMPs; Fig. 1). These DDMPs contain up to four
disulfide bonds, which however are highly efficient in oxidative folding
with precise disulfide pairing. By taking these DDMPs as templates,
peptide libraries were developed using a phage display system, with
which peptide binders with nanomolar affinities to several challenging
targets, including tumor antigens and immune costimulatory recep-
tors, have been discovered. This study provides an approach to design
and discover multicyclic peptides with stable 3D structures and useful
functions by rationally combining different triscysteine disulfide-
directing motifs, thus inspiring the discovery of other disulfide-
directing motifs and more diverse combinations between them.
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Fig. 1| The design and oxidation of peptides containing tandem motifs.

a Chromatograms showing the mixed oxidation of 1 (SCKCGW), 2 (SCPPCGW), and
3 (GCPIECKWG). Experiments were repeated three times independently (Supple-
mentary Figs. 1-6). b Percentages of the heterodimers (orange), homodimers
(blue), and monomer (green) forming from mixed oxidation of peptides 1-3.

¢ Mixed oxidation to homodimers (up) and heterodimers (down). *denotes that
parallel and antiparallel dimers are abbreviated as dimers here. d The tandem

Functional DDMPs

combination of disulfide-directing motifs and the design of nine tandem motifs.
e Percentages of the parallel dimers (blue), antiparallel dimers (orange), and other
products (green) forming from oxidation of peptides 4-12 containing a tandem
motif. The cases of parallel and antiparallel dimers are shown after the column
graph. Experiments were repeated three times independently (Supplementary
Figs. 7-16). f The overall conception of this work from the design of triscysteine
motifs to the discovery of functional DDMPs.
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Results and discussion

Three peptides (1-3) bearing the CXC, CPPC, and CPXXC muotif,
respectively, were synthesized, and their oxidation in 30% (v/v) aqu-
eous dimethyl sulfoxide (DMSO) were examined using high-
performance liquid chromatography (HPLC) and mass spectrometry
(MS). Upon mixing any two of these peptides for oxidation, both
homodimers and heterodimers were observed (Fig. 1a and Supple-
mentary Figs. 1-6). Notably, the yields of heterodimers were lower
than those of homodimers, indicating that the heterodimeric pairing
of disulfide bonds is less favored but permissible (Fig. 1b and c). Based
on this finding, peptides bearing any two of the three disulfide-
directing motifs arranged in tandem (Fig. 1d, e.g., CPPCXC and
CXCPXXC; referred to as tandem motifs) were then designed and
synthesized to investigate oxidative disulfide pairing (4-12; Fig. 1e). We
refrained from exploring tandem motifs with two central cysteine
residues (e.g., CPPCCXC) due to the presence of four cysteine residues,
which would complicate disulfide pairing considerably. Consequently,
we opted to design motifs in concatenated tandem linkages, strategi-
cally sharing a central cysteine residue between the two tandem
motifs. As these tandem motifs contain three cysteine residues, in
theory, there will be up to eleven dimeric isomers with different dis-
ulfide connectivities that can form after complete oxidation. However,
in all cases, we observed the formation of both parallel and antiparallel
dimers as major products (disulfide connectivity: [I-I, II-II’, llI-1II'] and
[I-11r, -1, HI-1]; Fig. 1e and Supplementary Figs. 7-15), highlighting
the high propensity of disulfide pairing between each biscysteine
motif. Moreover, the formation of parallel dimers is significantly more
favorable than that of antiparallel dimers, facilitated by the homo-
genous pairing between each biscysteine motif (i.e., CXC-to-CXC,
CPPC-to-CPPC, and CPXXC-to-CPXXC). The CPPC motif, known for its
strong propensity to pair parallelly*>*, contributed to high yields of
parallel dimers for CPPC-bearing tandem motifs, including CPPCXC (4;
100%), CXCPPC (5; 83%), CPPCPXXC (6; 94%), and CPXXCPPC (7;
100%). In contrast, the CXCPXXC (8) and CPXXCXC (9) motifs are
particular for their capability of forming other disulfide pairing pro-
ducts and the relatively high yield of the antiparallel CPXXCXC dimer
(9; 23%). Considering that the CPXXC motif has a relatively high pro-
pensity to form antiparallel disulfide pairing®, the oxidation of a
mixture of 8 and 9 was further examined (Fig. 1e and Supplementary
Fig. 16), showing the generation of heterodimers with a yield of 32%,
which is notably higher compared to the formation of homodimers. In
addition, the predominant product among these heterodimers is the
antiparallel dimer, and the formation of other disulfide pairing pro-
ducts is significantly suppressed. We also examined tandem motifs
featuring two identical biscysteine motifs (peptides 10-12). All of these
peptides were oxidized to produce parallel dimers in relatively high
yields (Fig. 1e), though the formation of antiparallel dimers was also
observed for 10 and 11. These results clearly show that rational com-
binations of previously identified biscysteine motifs in tandem can
generate triscysteine motifs with distinct and unique capabilities for
directing disulfide pairing. The findings from these studies serve as the
foundation for the subsequent development of multicyclic peptide
scaffolds and libraries (Fig. 1f).

We further investigated the disulfide-directing effect of the tan-
dem motifs when they were incorporated into peptides in pairs (Fig. 2).
Initially, three peptides were synthesized, each containing two
CPPCXC or CXCPPC motifs separated by a 9-mer flexible peptide
segment (13-15). Their oxidations in buffers containing oxidized glu-
tathione (GSSG) were then analyzed using HPLC and MS (Fig. 2a and
Supplementary Figs. 17-19). All three peptides exhibited efficient oxi-
dation, yielding both parallel and antiparallel inter-motif pairings as
major products (i.e., disulfide connectivity: [I-1V, lI-V, llI-VI] and [I-VI,
II-V, 1I-1V]), which were characterized through trypsin digestion
analysis and standard product comparisons as described previously
(Supplementary Figs. 17-19)***, In brief, the peptides were digested by

trypsin under mildly acidic conditions (pH 6.0) to avoid disulfide
shuffling, and subsequently, the digested fragments were monitored
by HPLC and MS. To characterize the digested fragments containing
two disulfide bonds, we need to synthesize standard products of these
fragments using an orthogonal protecting group strategy. Interest-
ingly, while peptide 14, bearing two CXCPPC motifs (or 15, bearing a
CPPCXC and a CXCPPC motif), produced both folds in comparable
yields (30-40%), peptide 13, bearing two CPPCXC motifs pre-
dominantly formed the parallelly-paired fold (yield: 83%). We further
found that the yield can be increased to 95% when the central peptide
segment was extended to 15 residues (16; Fig. 2b and Supplementary
Fig. 20). These results align with previous findings that the backbone
loop-tension resulting from central peptide segments can facilitate the
antiparallel inter-motif pairing®™, providing an additional route for
regulating oxidative folding of peptides. Similar results were observed
from peptides with other tandem motifs that have a strong propensity
of pairing parallelly, such as the CPPCPPC and CXCXC motif (peptides
17 and 18; Supplementary Figs. 21, 22). Furthermore, we synthesized
and examined peptides containing two CPXXCXC or CXCPXXC motifs
(19-23). While the oxidation of 19, featuring two CPXXCXC motifs, led
to the formation of at least six different folds with variable yields
(Supplementary Fig. 23), other peptides with either one or two
CXCPXXC motifs could be efficiently oxidized to the two expectedly
paired folds (i.e., the parallel and antiparallel inter-motif pairings;
Fig. 2a, b and Supplementary Figs. 24-27). Notably, peptide 20, bear-
ing two CXCPXXC motifs, and 21, bearing a CXCPXXC and a CPXXCXC
motif, could both be oxidized to a third inter-motif paired fold (i.e.,
disulfide connectivity: [I-V, II-VI, IlI-1V]) with yields comparable to the
parallelly paired fold. However, peptides 22 and 23, bearing a
CPXXCXC and a CXCPXXC motif, only produced the two expected
folds without other major products (Supplementary Figs. 26, 27),
mirroring the results obtained from the oxidation of a mixture of
peptides 8 and 9 containing a CXCPXXC and a CPXXCXC motif,
respectively. To examine the disulfide-directing capability of these
triscysteine motifs on peptides featuring random amino acid sequen-
ces, peptides 24-26 were designed and synthesized. These peptides
were strategically designed to incorporate a random sequence
(-DISLFDE-) using peptides 13, 15, and 22 as templates. All three
peptides demonstrated remarkable efficiency in folding into the
expected disulfide connectivities (Fig. 2b and Supplementary
Figs. 28-30). Although not all possible combinations of tandem motifs
were explored herein, these results collectively demonstrate the
unique disulfide-directing effect of these triscysteine motifs in reg-
ulating the oxidative folding of peptides.

As described above, peptides with a pair of tandem motifs can
spontaneously fold into multicyclic structures constrained through
three inter-motif disulfide bonds. We further examined if the directed
peptide folding by tandem motifs can still be retained when an addi-
tional pair of cysteine residues is introduced into peptides. This
addition allows for the design of multicyclic peptides with more con-
strained and complex structures, which could serve as valuable tem-
plates for the de novo creation of multicyclic peptide libraries.
However, it has long been a formidable challenge to direct the oxida-
tive folding of peptides with up to four disulfide bonds due to the
potential formation of a large number of isomers with varying disulfide
connectivities. To illustrate this, we take a peptide template with two
CPPCXC motifs separated by a 15-mer segment as an example. In this
template, we introduced two cysteine residues at several different
positions, resulting in the design and synthesis of peptides 27-29
(Fig. 2c). Remarkably, all three peptides can be oxidized to a single
major product with negligible formation of other isomers (yields: 92%,
83% and 93%, respectively; Fig. 2c). In this major product, the two
CPPCXC motifs are parallelly paired, and the two additional isolated
cysteines formed an additional disulfide bond (Supplementary
Figs. 31-33). Therefore, the oxidative folding of peptides directed by
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13 CPPCXC CPPCXC 9 83 17 n.d.
14 CXCPPC CXCPPC 9 31 38 n.d.
15 CPPCXC CXCPPC 9 39 28 n.d.
16 CPPCXC CPPCXC 15 95 n.d. n.d.
17 CPPCPPC  CPPCPPC 9 63 37 n.d.
18 CXCXC CXCXC 9 41 55 n.d.
19 CPXXCXC  CPXXCXC 9 Low directing efficiency (~ 6 isomers)
20 CXCPXXC  CXCPXXC 9 19 63 13
21 CXCPXXC  CPXXCXC 9 27 49 21
22 CPXXCXC  CXCPXXC 9 30 58 n.d.
23 CPXXCXC  CXCPXXC 15 41 59 n.d.
24 CPPCXC CPPCXC 12 75 25 n.d.
25 CPPCXC CXCPPC 12 29 68 n.d.
26 CPXXCXC  CXCPXXC 12 43 48 n.d.
Cc
27: WGCPPCKCGGKGGCGGKWGCGGKWGCPPCKCGW
28: WGCPPCKCGKGCGGGKGGGCGGKWGCPPCKCGW
29: WGCPPCKCGKGCGGKGGCGGGKWGGCPPCKCGW
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Fig. 2 | De novo design of multicyclic peptide scaffolds directed by tandem
motifs. a Topological drawing shows major products obtained from the oxidation
of peptides directed by different pairs of tandem motifs and chromatograms
showing the oxidation of these peptides (13, 15, and 20). b Yields of different
disulfide pairing products obtained from the oxidation of peptides 13-26 directed

by different pairs of tandem motifs. nAA* denotes the number (n) of amino acid
(AA) residues in central sequences. n.d. denotes not detected in HPLC. ¢ The
sequence (left, up) and major oxidative product drawing (left, down) of peptides
27-29 directed by two CPPCXC motifs. Chromatograms (right) showing the oxi-
dation of peptides 27-29.
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tandem motifs proved to be highly efficient, which makes these
DDMPs with up to four disulfide bonds useful scaffolds for functional
peptide designs and the development of peptide libraries. Given that
the arrangement of CPPCXC motifs and other cysteine residues in
peptides can be rationally manipulated, and considering the avail-
ability of other tandem motifs, numerous DDMPs with diverse motif/
cysteine frameworks can be conveniently designed and synthesized in
the future, which would expand the structural diversity of DDMPs.

To expedite the discovery of functional peptides with the ability
to bind proteins, we extended our efforts to develop peptide libraries
using phage display technology®****.. Peptides 27-29 serve as tem-
plates, wherein all residues except prolines and cysteines were ran-
domly encoded using NNK codons (ran-CPPCXC, library size:
~1.0 x10% Fig. 3a and Supplementary Table 2). To demonstrate the
library is qualified for the discovery of peptide binders, we employed
Kelch-like ECH-associated protein 1 (Keapl) as a model protein target
for screening”*’. Following three rounds of biopanning and enrich-
ment of phages (Supplementary Table 3), we identified eight sequen-
ces containing an ETGE motif, known to mediate the interaction of
nuclear factor erythroid 2-related factor 2 (Nrf2) with Keapl**, from a
pool of 28 phage clones. It is noteworthy that the two most abundantly
enriched sequences do not contain the ETGE motif (Fig. 3a and Sup-
plementary Table 4), suggesting that the binding site of Keapl
for these peptides is different from that for Nrt2. To further validate
this observation, we synthesized a sequence found most abundantly
(K1) and a sequence containing the ETGE motif (K2), and subjected
them to oxidation in redox buffers. The oxidation of K1 and K2
resulted in the formation of a major DDMP each, denoted as K1-Ox
(93%) and K2-Ox (87%), respectively (Fig. 3b and Supplementary
Figs. 34, 35). K2-Ox can bind to Keapl with a nanomolar affinity (Fig. 3¢,
K; =62 nM), as determined by a reported fluorescence polarization (FP)
competition assay®. However, the affinity of KI-Ox cannot be deter-
mined under the same condition, where an ETGE-containing fluor-
escent peptide served as the reporter. Then, we synthesized
fluorescein-labeled versions of K1-Ox and K2-Ox as reporters (i.e., F-
K1-Ox and F-K2-0x, respectively). The oxidative folding yields of F-K1-
Ox and F-K2-Ox are still high (Supplementary Figs. 36, 37), indicating
the fluorescence labeling had minimal impact on the oxidation of these
DDMPs. The dissociation constant (Kp) of F-K1-Ox was determined to
be 58nM by fluorescence polarization (Fig. 3d), which exhibited a
relatively higher affinity compared to the Kp of F-K2-Ox (176 nM).
Furthermore, we assessed the binding of K1-Ox and K2-Ox to Keapl in
competition assays with F-K1-Ox and F-K2-Ox as reporters, respec-
tively. K1-Ox and K2-Ox exhibited submicromolar K; values when
competing against their respective fluorescent counterparts, but
mutual competitions between the two pairs were not observed (Fig. 3e
and f). These findings strongly suggest that the binding sites of the two
DDMPs with Keapl are distinct. Thus, our approach, which combines
peptide design and multicyclic peptide library construction guided by
CPPCXC motifs, not only validates known protein-binding sites but
also enables the rapid discovery of peptide binders with the ability to
bind both familiar and previously unknown binding sites of proteins.
This significantly broadens the scope for exploring protein-peptide
interactions and the development of functional peptides. We will fur-
ther demonstrate the robust applicability of our multicyclic peptide
libraries by selecting peptide binders to some other extracellular
protein receptors of broad therapeutic interest.

Overexpression of ephrin type-A receptor 2 (EphA2) has been
associated with metastasis in solid tumors, highlighting the potential
of targeting this receptor for cancer therapy®. This has spurred the
development of drugs, including small molecule compounds, anti-
bodies, and peptides**. Recently, we have successfully created EphA2-
binding DDMPs with low micromolar affinities and few isomers
through our CPXXC-directed phage library*. Herein we identified an
additional DDMP, designated as E1-Ox, from the CPPCXC-directed

phage library (Supplementary Tables 5, 6). Through HPLC analysis, we
confirmed that E1-Ox, containing four disulfide bonds, can be
obtained with an impressive nearly 100% yield by the direct oxidation
of E1in redox buffers (Fig. 3g and Supplementary Fig. 38). However, E1-
Ox only exhibited a low micromolar affinity to EphA2 (Kp =4.9 uM;
Fig. 3j and Supplementary Fig. 38) as determined by surface plasmon
resonance (SPR) sensorgram. To improve the binding affinity, we
divided the E1 sequence into three segments and constructed a sec-
ondary library (sec-EphA2), which was subsequently screened against
EphA2 (Fig. 3h and Supplementary Table 2). The results revealed that
sequences randomized at the N-terminus were significantly more
enriched than the other two types of sequence randomizations (Sup-
plementary Table 7). Following this discovery, we synthesized four
peptides and evaluated their oxidation and binding to EphA2. Notably,
three of these peptides (E2, E4, and E5) underwent oxidation to pro-
duce a singer product, as confirmed by HPLC analysis (Fig. 3i, Sup-
plementary Figs. 39, 41 and 42). In contrast, 76% of E3 was successfully
oxidized to E3-Ox without yielding other major products (Supple-
mentary Fig. 40). Then, these oxidized products (E2/3/4/5-0Ox) were
purified and assessed for their affinity to EphA2 through SPR (Sup-
plementary Figs. 39-42). While the dissociation constants of E2/3/4-
Ox closely resembled that of E1-Ox, E5-Ox exhibited a notable
improvement, binding to EphA2 with a Kp of 492 nM, indicating an
approximately 10-fold increase compared to E1-Ox (Fig. 3j). Our study,
moving forward, will focus on conducting multiple rounds of affinity
maturation experiments aimed at further enhancing the affinity of our
CPPCXC-directed DDMPs.

HER3, a member of the epidermal growth factor receptor family,
holds promise as a therapeutic target in various cancer types®. Nota-
bly, HER3 tends to form heterodimers with HER2, rendering HER2-
targeted therapy ineffective when HER3 is overexpressed*’. As a result,
there is a growing interest in the development of drugs that target
HER3, potentially serving as an effective strategy to overcome resis-
tance encountered in HER2-targeted treatments*. By applying the
CPPCXC-directed phage library to HER3, we achieved significant
enrichment of phages following three rounds of biopanning. From the
next-generation sequencing (NGS) data for the enriched phages
(Supplementary Table 3), we selected the top two sequences for the
synthesis of DDMPs, which were named H1-Ox and H2-Ox (Fig. 4a and
Supplementary Tables 8, 9). The reducing peptide H1 successfully
underwent oxidative folding into a single product (H1-Ox) with an
impressive 91% yield (Fig. 4b), which can bind to HER3 with a Kp, value
of 1.1 puM (Supplementary Fig. 43). However, it is worth noting that the
yield of the reducing H1 during solid-phase peptide synthesis (SPPS)
was very low due to the difficulty in coupling V10 after R11. This issue,
which was unique to this sequence, could potentially affect the further
application of H1-Ox. Despite a relatively lower yield for the oxidative
folding of H2-0x (61%), this peptide can bind to HER3 with a K value of
1.8 uM that is comparable to that of H1-Ox (Fig. 4b and Supplementary
Fig. 44). Subsequently, we conducted two rounds of affinity matura-
tion experiments using H2 as a template (Fig. 4a).

At first, A DDMP similar to H2-0x, named H2’-0x, was synthesized
and purified for NMR structural analysis. Solution structures were then
determined using 'H, 'H distance constraints derived from 2D NOESY
experiments (Supplementary Fig. 59 and Supplementary Table 15). H2"-
Ox has disulfide connectivity of [I-VI, II-VII, llI-VIII, IV-V], as identified
by abundant cross-peaks between Cys2-Hf and Cys25-Hf3, Cys7-Hp, and
Cys30-Ha, as well as Cysll-Hp and Cys17-Hp, indicating the parallel
orientation pairing of the two CPPCXC motifs as anticipated (Fig. 4c).
The disulfide pairing in H2-Ox was further confirmed using chymo-
trypsin digestion and HPLC analysis (Supplementary Fig. 59). This par-
allel arrangement resulted in the formation of a knot structure, which
exhibited certain similarities but remained distinct from the structure of
the homodimer of peptide 4 determined by solution NMR (Supple-
mentary Fig. 58). This observation implies that the dimeric CPPCXC
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motifs offer both rigidity and adjustability in shaping the overall DDMP
structures. Notably, the peptide ring between the two parallel motifs
exhibited some degree of twisting in space, creating a roller-coaster-
shaped cysteine pattern. Moreover, we observed the secondary a-
helical structure (from P15 to R23) and a hydrophobic core (L12, L18, and
V21) in H2-0x, providing valuable insights for designing secondary
libraries for further affinity maturation.

Then, we constructed a phage library that incorporated rando-
mizations, either within or flanking the o-helical segment, while pre-
serving the cysteine pattern and the hydrophobic core (sec-HER3,
Fig. 4a and Supplementary Table 2). After four rounds of biopanning
(Supplementary Table 3), we selected and sequenced 20 phage clones,
of which 17 shared the same amino acid sequence (Supplementary
Table 10). This peptide was then synthesized and oxidated into H3-Ox
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Fig. 3 | Design and biopanning of CPPCXC-directed library. a Diagram showing
phage surface-displayed peptides directed by tandem motifs (a pair of CPPCXC)
and selected sequences obtained from biopanning of the library (ran-CPPCXC,
Supplementary Table 2) against Keapl. b Chromatograms showing the oxidation of
K1 and K2 obtained from CPPCXC-directed library (ran-CPXXC, Supplementary
Table 2). ¢ Binding of K1-Ox and K2-Ox to Keapl was determined by competition
with F-ETGE (FITC-[3-A]-DEETGEF-OH) in a FP assay. Data are presented as

mean = s.d. from three independent experiments. d Binding of F-K1/2-Ox to Keapl
recorded using a fluorescence polarization assay. Data are presented as mean * s.d.

from three independent experiments. e and f Binding of K1-Ox and K2-Ox to Keapl
determined by competition with F-K1/2-Ox in an FP assay. Data are presented as
mean = s.d. from three independent experiments. g Chromatograms showing the
oxidation of EphA2-binding E1 obtained from CPPCXC-directed library (ran-
CPXXC, Supplementary Table 2). h Design of a secondary library (sec-EphA2,
Supplementary Table 2) against EphA2 to generate DDMPs with improved affinity.
i Chromatograms showing the oxidation of E5 obtained from sec-EphA2. j Yields
and dissociation constants of EphA2-binding DDMPs. SPR sensorgrams and other
information on E1-Ox to E5-Ox are shown in Supplementary Figs. 38-42.
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Fig. 4 | De novo design and affinity optimization of HER3-binding DDMPs. a The
flowchart of libraries designing and biopanning to generate HER3-binding DDMPs
with improved affinity. b Chromatograms showing the oxidation of H1 and H2
obtained from CPPCXC-directed library (ran-CPXXC, Supplementary Table 2).

c Solution structures of the lowest-energy NMR structures of H2’-Ox (PDB ID:
8WW1) and 4-0Ox (PDB ID: 8WVS). d Chromatograms (top) showing the oxidation
of H3 obtained from a secondary library (sec-HER3, Supplementary Table 2) and

SPR sensorgrams (down) showing the interaction of H3-Ox with HER3. RU
response unit. e Selected sequences obtained from biopanning of soft-
randomization library (trd-HER3, Supplementary Table 2). Highlighting of soft-
randomization difference with template H3. f Chromatograms (top) showing the
oxidation of H4 obtained from trd-HER3 against HER3 and SPR sensorgrams
(down) showing the interaction of H4-Ox with HER3.
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in a redox buffer (Fig. 4d and Supplementary Fig. 45). SPR sensorgrams
revealed that H3-Ox exhibited a nanomolar affinity to HER3
(Kp =344 nM; Fig. 4d), representing a ~ 5-fold improvement compared
to H2-Ox. Following this success, we further constructed a soft-
randomization phage library (trd-HER3) and applied it to HER3 bio-
panning (Supplementary Tables 2, 3). 20 enriched-phage clones were
sequenced, yielding 14 unique amino acid sequences, each with 3-7
mutant amino acids (Fig. 4e and Supplementary Table 11). Four of the
most enriched sequences were synthesized, folded, and purified, and
their affinity to HER3 was assessed using SPR. Among these, the most
enriched peptides H4 can be folded into H4-Ox with a yield of 82%. H4-
Ox can bind to HER3 with a Kp value of 56 nM (Fig. 4f and Supple-
mentary Fig. 46), representing a remarkable ~30-fold of increase
compared to H2-Ox. Other peptides (H5/6/7-0Ox) selected from the
soft-randomization library also possessed higher affinity than their
precursors, with Kp, values ranging from 170 to 990 nM (Supplemen-
tary Fig. 47-49). Currently, several HER3-targeted antibodies have been
explored, including those that bind to HER3-EDC (seribantumab and
patritumab), trap inactive HER3 (elgemtumab), and improve ADCC
(lumretuzumab and TrasGex)*. Additionally, bispecific antibody
zenocutuzumab is under investigation for its ability to inhibit HER2
and HER3 dimerization. However, most of these antibodies are no
longer in clinical development for various reasons. This represents an
opportunity for the development of HER3-targeted peptide-based
therapeutics. H4-0Ox, with the highest affinity among the CPPCXC-
bearing DDMPs and peptides we have reported previously*, holds
great potential as a hit compound for further developments and
applications.

The efficient oxidative folding of DDMPs binding to various pro-
teins can be attributed to the powerful parallel pairing ability of the
CPPCXC motifs. We then sought to select functional multicyclic pep-
tides from DDMP libraries directed by other tandem motifs. A 7-Cys
DDMP library containing the CPXXCXC and CXCPXXC motifs and an
isolated cysteine (i.e., ran-CPXXCXC, library size: ~5.5 x 10%) was con-
structed (Fig. 5a and Supplementary Table 2). When an additional
cysteine residue appears in the randomized sequences, these peptides
can oxidize and form four pairs of disulfide bonds. This implies that
this phage library contains 22 different eight-cysteine patterns, which
are evenly distributed according to NGS results. Then, an inducible T
cell costimulator (ICOS) was chosen as the target*’, and we conducted
four rounds of biopanning. The peptide I1 was identified from Sanger
sequencing of 30 enriched-phage clones and was subsequently syn-
thesized (Supplementary Tables 12, 13). Interestingly, I1 can be oxi-
dized into three major products (Supplementary Fig. 50). The highest-
yield isomers, named I1-Ox1, was purified and its binding ability was
assessed by SPR, yielding a Kp value of 1.8 pM (Fig. 5b). It seems that
identifying peptide binders for ICOS is quite challenging, as selections
using the ran-CPPCXC library and mixed libraries previously reported
in our lab®~*® did not yield obvious phage enrichment (Supplementary
Table 3), suggesting the lack of efficient peptide binders in these
libraries. This finding highlights the need to expand the sequence and
structure diversity in libraries by incorporating different disulfide-
directing motifs for library construction.

Using the ICOS binder 11-Ox1 as a template, we further designed a
convergent secondary library (sec-ICOS, Fig. 5c), similar to the design
of the secondary library for EphA2 affinity maturation. The experi-
mental group exhibited substantial phage enrichment after two
rounds of biopanning, with the majority of sequences originating the
N-terminus randomizations, as indicated by NGS results. Then, we
synthesized two of the most abundantly enriched sequences (12 and
I3; Supplementary Table 14), both of which can efficiently fold into
major products. While a small number of isomers can still form during
the folding process, the yield of the desired product is notably
high (Supplementary Figs. 51 and 52). This is particularly noteworthy
when considering that theoretically, there could be 105 isomers with

varying disulfide connectivities generated for peptides containing up
to four disulfides. This result underscores the crucial role of the
disulfide-directing triscysteine motifs in directing the oxidative folding
of peptides toward the intended products. The main oxidation pro-
duct of I3, I3-0x2, exhibited binding to ICOS with a Kp value of 127 nM,
as recorded by SPR, while the binding of another isomer was negligible
(Supplementary Fig. 52). What is even more interesting is the
remarkable ability of 12 to fold accurately, directed very likely by the
cooperation of motifs and primary amino acid sequences. The single
major product, I12-0x, exhibited a 22-fold higher affinity (Kp =58 nM;
Fig. 5d and Supplementary Fig. 51) than its precursor, I1-Ox. We further
characterized the structures of 12-Ox using NMR. The 3D NMR
structures revealed that the CPXXCXC and CXCPXXC motifs are paired
together to form antiparallel dimeric loops (Fig. 5e and Supplementary
Fig. 60), which aligns with the major product formed during the oxi-
dation of peptides 8 and 9. The structures also revealed a unique f3-
sheet fold stabilized by the antiparallel pairing of CPXXC motifs and
the precise integration of two additional disulfide bonds within the -
sheet framework. To evaluate the impact of the three inter-motif dis-
ulfide bonds on the binding affinity of the peptide to ICOS and its
oxidative folding efficiency, we further designed and synthesized
peptide 12-CXC and 12-CPXXC, in which one of the cysteine residues in
the tandem motifs was substituted with serine, thus transforming the
tandem motif into CXC and CPXXC motifs, respectively. We found that
the oxidative folding of 12-CXC led to the formation of two major
products, indicating a somewhat reduced folding directionality when
compared to its precursor peptide 12, though the ICOS-binding affinity
of the oxidized peptides was only marginally affected (Supplementary
Fig. 53). In addition, though the folding of 12-CPXXC is as efficient as
that of the precursor peptide, the folding product lost its binding
ability to ICOS (Supplementary Fig. 54). These results underscore the
crucial role of the tandem motif in both the structure and function of
DDMPs. Given the pivotal role of ICOS in the T- and B-cell co-signaling
pathway, it has emerged as a promising target for immunotherapy*.
Notably, the remarkable high affinity of 12-Ox to ICOS, in sharp con-
trast to the natural ICOS ligand (ICOSL; Kp: 722 nM)*°, opens up intri-
guing opportunities for harnessing 12-Ox in the development of
tailored ICOS binding agents or modulators aimed at precisely tar-
geting and regulating the ICOS-related signaling pathway.

Finally, we examined the binding of DDMPs with target proteins
expressed on the cell surface using confocal fluorescence imaging.
HEK293T cells transfected with a plasmid expressing the extracellular
domain of ICOS (or HER3) fused with a mCherry tag were constructed
for the experiments. Fluorescein-labeled DDMPs were synthesized and
purified, with labeling occurring at the N-terminus (F-12-Ox and F-H4-
Ox; Supplementary Figs. 55 and 57). These labeled peptides were
subsequently incubated with the transfected cells for a duration of
30 min. Following this incubation, unbound fluorescein-labeled
DDMPs were removed through PBS washing, and confocal fluores-
cence images were recorded. As shown in Fig. 5f, fluorescein-labeled
12-Ox demonstrated a remarkable ability to selectively bind to the
surface of the transfected cell expressing ICOS. Additionally,
fluorescein-labeled H4-Ox can bind with HER3 expressed on the cell
surface, as evidenced by the colocalization of the fluorescent mCherry
tag and fluorescein (Fig. 5f). Thus, these results demonstrated that the
DDMPs exhibited a remarkable specificity in binding to their targets on
the live cell surface without interacting with other cell-surface pro-
teins, making the DDMPs highly promising lead compounds for further
development and diverse applications.

Inspired by the divalent interaction between antibodies and
antigens, we tried to further improve the binding affinity of DDMPs to
ICOS by chemically linking two F-12-Ox through an organic crosslinker
(Fig. 6a). Sensorgrams from SPR experiments revealed that the F-12-0x
dimer, designated as DI-F-12-0x, exhibited a subnanomolar affinity for
the chip surface-immobilized ICOS (0.20nM, Fig. 6b and
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Supplementary Fig. S56), representing a-200-fold improvement
compared to the monomer F-12-0x. This improvement mainly resulted
from the significantly reduced dissociation rate of DI-F-12-Ox from the

binding ICOS. Moreover, utilizing DI-F-12-Ox enabled convenient
fluorescent imaging of cell-surface ICOS at concentrations as low as
1nM, contrasting with the unsuccessful imaging attempts using

a b
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Fig. 5 | De novo design and affinity optimization of ICOS-binding DDMPs.

a Diagram showing phage-surface-displayed peptides directed by tandem motifs
(CPXXCXC and CXCPXXC). b Chromatograms (top) showing the oxidation of I1
obtained from a 7-Cys DDMP library (ran-CPXXCXC, Supplementary Table 2) and
SPR sensorgrams (down) showing the interaction of I1-Ox with ICOS. ¢ The flow-
chart of library design and biopanning to generate ICOS-binding DDMPs with
improved affinity. d Chromatograms showing the oxidation of 12 obtained from a

11-Ox1
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[ — ]
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secondary library (sec-ICOS, Supplementary Table 2) and SPR sensorgrams (down)
showing the interaction of 12-Ox with ICOS. e Solution structures of the lowest-
energy NMR structures of 12-0x (PDB ID: 8WWO). f Confocal fluorescence images
of F-12-Ox and F-H4-0x bound on the cell surfaces. Green fluorescence was from
FITC-labeled peptides, and magenta fluorescence was from the mCherry-fusion
protein. Experiments were repeated three times independently and showed similar
results. Scale bars are 10 pum.
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Fig. 6 | Biological application of our DDMPs. a Synthesis of DI-F-12-Ox. b SPR
sensorgrams showing the interaction of DI-F-12-Ox with ICOS. Experiments are
repeated three times independently (Supplementary Fig. 56). ¢ Flow cytometry
showing the binding of APC-anti-ICOS antibody and DI-F-12-Ox to HuT-78 and
Jurkat cells. d Standard curves showing the fluorescence quenching of FITC in DI-F-
12-0x (F=172.6 c-453.8, * = 0.97) compared to that in F-12-Ox (F=286.4c-574.8,

Concentration (nM)

r#=0.99). Data are presented as mean +s.d. from three independent experiments.
FI fluorescence intensity. e Flow cytometry analysis to characterize the affinity of
peptides F-12-Ox and DI-F-12-Ox to ICOS expressed on HuT-78 cells. The corrected
values are included for comparison. Data are presented as mean + s.d. from three
biologically independent replicates (Supplementary Figs. 65 and 66). MFI: median
fluorescence intensity.

100 nM F-12-Ox (Supplementary Fig. 62). The binding of F-12-0Ox and
DI-F-12-Ox with extracellular ICOS was further confirmed on a cancer
cell line (HuT-78) through flow cytometry (Fig. 6¢). Initially, we vali-
dated ICOS expression on HuT-78 and Jurkat cell lines using APC-
labeled anti-ICOS antibody (Fig. 6¢ and Supplementary Fig. 64)°.
ICOS expression was obvious on HuT-78 cells (median fluorescence
intensity (MFI) ratio=24.6) and nearly absent on Jurkat cells (MFI
ratio = 3.2). Thus, these two cell lines can serve to assess the binding
specificity of F-12-Ox/DI-F-12-Ox to natively expressed ICOS on the cell
surface. Following ~30 min incubation of HuT-78 cells with F-12-Ox and
DI-F-12-0x, we observed concentration-dependent increases in MFI
values (Fig. 6¢, Supplementary Figs. 65, 66). In contrast, no obvious
fluorescence increase was observed on Jurkat cells for both F-12-Ox
and DI-F-12-Ox (Fig. 6¢ and Supplementary Fig. 67), indicating the
specific binding of the FITC-labeled DDMPs to ICOS on the cell surface.
The Kp values for F-12-Ox and DI-F-12-Ox were determined to be 773
and 180 nM, respectively (Fig. 6e). The relatively high apparent affinity
for the dimeric peptide suggests the presence of bivalent cooperation
on the cancer cell surface. We also noticed that the fluorescent
intensity of DI-F-12-Ox on cells was relatively weak in both confocal cell
imaging and flow cytometry analysis. This resulted from the self-

quenching effect of the two fluorescein dyes in DI-F-12-0x, which led
to a ~2.3-time decrease in fluorescent intensity compared to F-12-Ox
(Fig. 6d). Thus, the corrected MFI ratio of DI-F-12-Ox significantly
surpassed that of F-12-Ox across all tested concentrations (Fig. 6e),
indicating the superior binding capability of DI-F-12-Ox. These results
illustrated the efficacy of our fluorophore-labeled DDMPs as molecular
tools for quantitatively evaluating the expression level of endogenous
ICOS on the cell surface.

In summary, our work explored the complex interplay of the three
previously identified biscysteine motifs in the context of selective
disulfide bond formation. We demonstrated that by combining these
biscysteine motifs in tandem, we can create triscysteine motifs with
distinct and unique capabilities for directing the disulfide pairing of
peptides. A rich diversity of multicyclic peptides (DDMPs) with very
few isomers can be conveniently obtained by the incorporation of a
couple of the tandem triscysteine motifs and additional cysteine resi-
dues without being confined to rigid design rules. These DDMP tem-
plates provide us with abundant resources for the construction of
DNA-encoded peptide libraries, such as phage-display libraries.
Though our focus in this work was primarily on exploiting CPPCXC
motifs and coupled CPXXCXC and CXCPXXC motifs for the
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development of phage-display peptide libraries, it is worth noting that
these biscysteine motifs represent varying degrees of disulfide-
directing capability, thus implying that many other triscysteine
motifs investigated in this work can also be harnessed for future library
design. We demonstrated the robust applicability of our DDMP
libraries by successfully selecting functional peptides with nanomolar
affinities to protein targets of great therapeutic interest, including
EphA2, HER3, and ICOS. We recognize the significant challenge in
further improving the binding affinity of these multicyclic peptides
through phage display, potentially attributed to the limited library size
(typically -10°), which may not adequately cover the extensive
sequence space required for our peptides. However, in the future,
affinity maturation strategies combining structural analyses and
computational designs could be employed to further enhance the
binding affinity. This study thus opens an avenue for discovering
functional peptides with stable 3D structures, greatly expanding the
scope of accessible sequence and structural space beyond the con-
straints of naturally occurring and computationally designed scaffolds.

Methods

Peptide synthesis

All chemicals were bought from GL Biochem (Shanghai, China), Energy
Chemical (Shanghai, China), Sigma-Aldrich (Beijing, China), Sino-
pharm Chemical Reagent (Beijing, China), and Thermo Fisher Scientific
(Shanghai, China). Peptide synthesis was carried out by standard
Fmoc-protected SPPS on a Liberty Blue™ automated microwave pep-
tide synthesizer (CEM). Peptide sequences were provided in Supple-
mentary Table 1. Initially, the resin was swollen in DMF for 15 min,
followed by deprotection using a standard deprotection method.
Then, the C-terminal protected amino acid (0.2M in DMF), Oxyma
(1.O0M in DMF), and DIC (0.5M in DMF) were introduced into the
reactor and reacted with the resin through a standard coupling
method. The Fmoc group was then removed through standard
deprotection procedures. These reaction steps were repeated until the
target peptides were synthesized. Next, a cleavage cocktail
(TFA:Thioanisole:Phenol:H,0:1,2-Ethanedithiol = 87.5:5:2.5:2.5:2.5) was
applied to the resin to release the crude peptide products. After 4-6 h
of peptide cleavage, the cocktail was filtered, and 30 mL of cold diethyl
ether was added to precipitate the peptides. Finally, the crude peptides
were purified using HPLC (SHIMADZU, equipped with DGU-20AD
degassing device, LC-20AD pump device, SIL-20A sample injector,
CTO-20A constant temperature column). The target peptides were
collected, and the solvent was removed using a Freeze dryer (Lab-
conco FreeZone 4.5L).

Oxidative folding of peptides

All peptides were dissolved in a100 mM phosphate buffer (PB, pH 7.4),
and their concentrations were measured using UV-Vis spectro-
photometry (HITACHI, U-3900H) at a wavelength of 280 nm. The
molar absorption coefficients were estimated via the bioSYNTHESIS
peptide property calculator. The purification and analysis of the pep-
tides and their products were carried out using HPLC (SHIMADZU,
equipped with DGU-20AD degassing device, LC-20AD pump device,
SIL-20A sample injector, CTO-20A constant temperature column). The
chromatographic column employed was a Waters, X Bridge C18
(4.6 x 250 mm, 5 um). The progress of the reactions was monitored
using HPLC at a flow rate of 1.0 mL min™ with a mobile phase consisting
of H,0 (+0.1% TFA) and ACN (+0.1% TFA). The elution method began
with an isocratic flow of 5% ACN (+0.1% TFA) for the first 5.0 min,
followed by a linear gradient increasing from 5% to 75% ACN (+0.1%
TFA) over 30 min. The mass of the peptides was determined using a
Bruker Autoflex max MALDI-TOF mass spectrometer. 2,5-Dihydrox-
ybenzoic acid (DHB) and a-cyano-4-hydroxycinnamic acid (CHCA)
were used as the matrix compounds.

A peptide solution comprising peptides (1-12), DMSO, and
100 mM PB (pH 7.4) was prepared in a low-protein-adsorption cen-
trifuge tube (Eppendorf) to reach a final concentration of 100 uM for
the peptides and 30% (v/v) for DMSO. Notably, when conducting oxi-
dation experiments for mixed peptides, the final concentration of each
peptide was adjusted to 50 pM. These tubes were then placed in a
shaker at 37 °C, and the reaction was finally quenched using a 1:1 (v/v)
solution of 10% HPO3. Other peptides (50 uM) were co-incubated with
500 uM GSSG (or an extra 50 uM GSH) in 100 mM phosphate buffer
(pH 7.4). After the reaction proceeded at 37°C, the reaction was
quenched with HPO3, and the resulting samples were analyzed using
HPLC and MS.

Synthesis of DI-F-12-Ox

A reaction mixture containing 2.5 mM of F-12-Ox and 0.6 mM of dis-
uccinimidyl suberate (DSS) was co-incubated in DMF containing 3 mM
of triethylamine (Et3N). After 24 h at 37 °C, the resulting sample was
analyzed using HPLC and MS. The product, DI-F-12-0x, was then col-
lected and lyophilized for use in further experiments.

Trypsin digestion of oxidized peptides

To analyze the disulfide pairings of peptides, a tryptic digestion
approach was employed. Initially, the oxidized peptides were purified
and lyophilized. Subsequently, ~-10-30 pg of the peptide powder was
dissolved in 190 pL of 100 mM PB (pH 6.0). Then, 10 pL of a trypsin
solution (1 mg/mL in water) was added to the mixture. The digestion
was carried out at 37 °C for 4 h, during which the resulting fragments
were monitored using HPLC and MS.

Synthesis of digested fragments by orthogonal protection
strategy

Disulfide pairings in certain digested peptide fragments were deter-
mined using an orthogonal protecting group strategy. In brief, specific
cysteine residues within the peptides were substituted with Acm-
protected cysteines. After this modification, the peptides underwent
dimeric oxidation, and the resulting products were purified and
recovered via lyophilization. The purified products were then dis-
solved in methanol containing 1% TFA and 10 equivalents I, dissolved
in methanol were introduced to enable the orthogonal formation of
additional disulfide bonds (standard products). This method allowed
for the confirmation of disulfide pairings in the digested fragments by
comparing them against standard products synthesized through the
orthogonal protecting group strategy.

Peptide library construction

This work involves the construction of two random libraries and
four custom libraries (Supplementary Table 2). The construction of
these peptide libraries followed the methodology outlined in Sup-
plementary Fig. 61. Primes necessary for library construction were
provided by Tsingke Biotech (Beijing, China), Sangon Biotech
(Shanghai, China), and Generay Biotech (Shanghai, China). The
synthesized nucleotide sequences encoding the peptide fragments
and extension primers were co-incubated to form DNA fragments
through an extension reaction with Klenow fragment (4 h at 37 °C;
15 min at 65 °C). The resulting DNA fragments and the phage vectors
were digested by the restriction endonucleases Sfil and Notl,
respectively, which were then ligated with T4 DNA ligase. The liga-
ted products were recovered and transfected into competent cells
through electroporation (200 Q, 2.5kV). Finally, the transfected
competent cells were gently agitated in a shaker at 80 rpm and 37 °C
to facilitate their resuscitation. For the soft randomization, a mix-
ture containing 70% wild-type (wt) nucleotides and 10% of each of
the other nucleotides was used during the oligosynthesis for each
randomized nucleotide.
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Phage biopanning and peptide sequencing

Exogenous peptide-encoded phages were recovered from the super-
natant of 2-YT medium through PEG/NaCl precipitation followed by
resuspension in PBS. Magnetic beads (either streptavidin or neutravidin-
coated) were first washed twice with a binding buffer consisting of
10 mM Tris-HCI, 150 mM Nacl, 10 mM MgCl,, and 1 mM CaCl, (pH 7.4).
These beads were then incubated with biotinylated target proteins and
subsequently treated with a blocking buffer (which included the binding
buffer, 0.3% Tween-20, and 3% (w/v) BSA) for 120 min. The phages were
similarly blocked in the same blocking buffer for 120 min. Afterward, the
magnetic beads were incubated with the phage peptide library at room
temperature for 30 min. After nine washes with a washing buffer (the
binding buffer containing 0.1% Tween-20) and two additional washes
with the binding buffer, the phages were eluted from the magnetic
beads using a glycine-hydrochloric acid solution (50 mM glycine, pH
2.2). The phage amplification and titer measurement were performed in
preparation for subsequent panning rounds. Phage titers were deter-
mined after each round of panning to monitor the progress of the
screening. After three or four rounds of panning, the enriched phages
underwent sequencing, either by Sanger sequencing or next-generation
sequencing. Sequencing services were provided by Sangon Biotech and
Novogene Biotech.

Affinity determination by fluorescence polarization
Fluorescence polarization measurements were performed using a
Tecan Infinite® 200 PRO Microplate Reader. Both the fluorescence
polarization binding assay and competition assay were conducted in
PBS (10 mM, pH 7.4). FITC-labeled peptides, proteins, and peptides
were incubated at room temperature for 10 min prior to measurement.
Fluorescence anisotropy was then measured using a plate reader, with
excitation at 485 nm and emission at 535 nm. All measurements were
taken in triplicate, and the binding and competition polarization data
were analyzed using Origin 2021 software.

For the preparation of the solution of F-ETGE (FITC-[(3-A]-DEET-
GEF-OH), a 1.0 mM stock solution in DMSO was diluted with 1x PBS
(the final DMSO concentration is <1%). F-ETGE was then added to
solutions of Keapl protein, resulting in a final concentration of 20 nM
and varying concentrations of Keapl from 0 to 500 nM. The Kp value
for the interaction of F-ETGE with Keapl was determined to be 72 nM,
consistent with the previously published value®.

F-K1-Ox and F-K2-Ox were prepared in PBS, and their con-
centration was determined using UV-vis spectrometry (gprc, 195
am =72000 M7). Then, the FITC-labeled peptides (20 nM) were added
to Keapl protein solutions with concentrations ranging 0-800 nM. In
the FP competition assay, complexes of FITC-labeled peptides and
Keapl complexes (20/300 nM) were prepared and treated with varying
concentrations of competing peptides from 1.0 nM to 10.0 pM.

Affinity determination using SPR

The biotin CAPture Kit (Cytiva) was employed to determine the bind-
ing affinity of peptides to various protein targets. A running buffer
consisting of PBS with 50 uM EDTA and 0.05% P20 was selected for the
assays. First, a chip pre-coated with single-stranded DNA molecules
was treated with a capture reagent to introduce surface-immobilized
streptavidin. Then, biotinylated target proteins were immobilized on
the chip through biotin and streptavidin interaction. The reference
channel was set up with the capture reagent and biotin-BSA for
comparison purposes. Subsequently, a series of peptide samples at
different concentrations were injected over the chip, and the Biacore
T200 recorded the response curves. Finally, the collected data were
analyzed using the Biacore T200 evaluation software.

NMR experiments
NMR experiments were conducted at a temperature of 298 K using
Bruker AVANCE 111 850 MHz, which is equipped with a cryogenic triple-

resonance probe. Samples were prepared in a solvent mixture com-
prising 50% (v/v) H,O and 50% (v/v) perdeuterated acetonitrile, with
the final concentration of all peptides (H2-0x, 12’-0x, and 4-Ox)
reaching -1 mM. The experiments involved recording two-dimensional
(2D) 'H, ®N/"*C HSQC spectra to obtain the chemical shift information
for heavy atoms in both the peptide backbone and side chains. To aid
in the sequential assignment of the peptides, 2D 'H-'H TOCSY (with a
mixing time of 80 ms) and 2D 'H-"H COSY spectra were collected. For
structural calculation, 2D '"H-"H NOESY spectra were recorded with a
mixing time of 300 ms. NMR data were processed using the NMRPipe/
NMRDraw suite’ and analyzed with NMRFAM-SPARKY®. Cross-peaks
from the NOE data were assigned manually. Dihedral angle restraints
for the backbone were determined using the TALOS-N program, which
relies on the chemical shifts of the backbone resonances™. Distance
constraints were derived from the volume integration of NOE cross-
peaks and processed using ARIA2.3.2 and CNS1.21°*°¢, From a total of
150 structures produced from the last iteration in each NMR run, the
ensemble of the 15 lowest-energy structures was generated. The
visualization of these structures was carried out using PyMol, and their
quality was evaluated using PROCHECK®.

Cell culture

The HEK293T cell line and the Jurkat cell line were generous gifts from
Dr. Jiahuai Han's group and Dr. Yuhsuan Tsai's group, respectively.
HuT-78 cell line (Cs-011-008078) was purchased from Shanghai
Tongwei (Shanghai, China). All three cell lines originated from ATCC
cell lines. HEK293T cells were cultured in DMEM (VivaCell) supple-
mented with 10% FBS, while HuT-78 and Jurkat cells were maintained in
RPMI 1640 medium (Gibco) with 10% FBS. All cell lines were incubated
at 37 °C in a humidified environment with 5% CO,.

Confocal cell imaging

Plasmids that encode the extracellular domains of HER3 (Ser20-
Thr643) and ICOS (Glu21-Phel41), both fused with a mCherry tag, were
obtained from General Biol (Anhui, China). HEK293T cells were cul-
tured at a density of 1.5 x10* cells/dish in DMEM supplemented with
10% fetal bovine serum (FBS) at 37 °C in a humidified environment
containing 5% CO,. After 24 h of incubation, the cells were transiently
transfected with either the HER3-mCherry or ICOS-mcherry plasmids.
Another 24 h later, the cells were treated with 1 uM F-H4-Ox (or with
1uM F-12-0x, or 10 nM DI-F-12-Ox) in DMEM for a period of 30 min.
The cells were then washed six times with 1 mL of DMEM to remove
unbound peptides. As a control group, non-transfected cells under-
went the same treatment for comparison. Following these treatments,
confocal fluorescent images were acquired using a Leica TCS SP8
confocal microscope system. The FITC-labeled peptides were excited
with a 488 nm laser, and emissions were recorded in the range of
506-571 nm. Meanwhile, the mCherry fluorescence was excited using a
512 nm laser, and emissions were collected between 605 and 670 nm.

Flow cytometry analysis

HuT-78 cells (approximately 1.0 x10° cells/tube) were collected by
centrifugation at 150 x g for 10 min and then resuspended in 200 pL of
RPMI 1640 medium supplemented with 10% FBS. Different con-
centrations of F-12-0x or DI-F-12-Ox or 5 pL APC anti-ICOS antibody
(313509, BioLengend) were then added to the suspension. The mixture
was incubated at room temperature for 30 min on a slowly rotating
wheel. Following the incubation, the cells were again collected by
centrifugation and washed three times with 200 pL of 1 x PBS. The final
cell pellet was resuspended in 200 pL RPMI 1640 medium containing
2% FBS), preparing them for flow cytometry analysis. Flow cytometric
analysis was performed using a CytoFLEX S (Beckman Coulter)
instrument. FlowJo v10.10 was used to generate histograms of the flow
cytometry results on a biexponential scale. The Kp values were calcu-
lated using a one-site binding saturation equation (Y= B, X/ (Kp + X))
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in Prism 8.0. Additionally, standard curves for F-12-Ox and DI-F-12-Ox
were measured using an ELISA reader (PerkinElmer Enspire) and fitted
in Prism 8.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw data generated in this study are provided in the Source data
file. The NMR structures of 4-0x, H2"-0Ox, and I2’-Ox are available in the
Protein Data Bank (PDB IDs: 8WVS, 8WWI1, and 8WWO). All additional
data supporting the findings of this study are provided in the Supple-
mentary Information. Source data are provided with this paper.
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