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HIGHLIGHTS

® Linear self-inhibitory peptides are
stripped from the active finger of PD-
1/PD-L1 complex.

® The linear peptides exhibit large flex-
ibility and would be unfavorable to
rebind at the complex interface.

® Cyclization strategy is used to improve
peptide affinity by reducing the flex-
ibility.

® Designed cyclic peptides are found to
have increased affinity relative to
linear peptides.
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ABSTRACT

The interaction event between programmed death receptor-1 (PD-1) and its ligand (PD-L1) functions as an
essential immune checkpoint against cytotoxic T effector cell activation. Previously, a number of small-molecule
inhibitors and antibody drugs have been successfully developed to block the PD1/PDL1 signaling axis for breast
cancer immunotherapy. Here, we attempt to directly disrupt the formation of PD-1/PD-L1 complex by using a
self-inhibitory peptide (SIP) strategy. In the procedure, the complex crystal structure is examined systematically
with energetic analysis and alanine scanning. Two double-stranded segments I and II in PD-L1 active finger are
identified as hotspot regions; they directly interact with the amphipathic pocket of PD-1 to form the complex
system. The segments are derived from PD-L1 to define two SIP peptides, namely, DS-I and DS-II, which are
thought to have capability of rebinding at the complex interface, thus disrupting PD-1/PD-L1 interaction as a
new immune checkpoint blockade. A further analysis reveals that the free linear DS-I and DS-II peptides are
highly flexible without protein context support, which would incur a large entropy penalty (unfavorable indirect
readout effect) when rebinding to PD-1. Next, intramolecular cyclization is applied to constraining the in-
trinsically disordered conformation of free DS-II peptide into native ordered double-stranded configuration,
which can be substantiated by molecular dynamics simulation and circular dichroism spectroscopy. Several
cyclized counterparts of linear DS-II peptide are designed and their affinities to PD-1 are determined using
fluorescence polarization assays. As might be expected, three designed cyclic peptides DS-1I[c111-127], ADS-II
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[c111-127] and ADS-1I[c110-128] exhibit considerably increased potency (K4 = 28.0 + 4.2, 17.5 = 3.1 and
11.6 * 2.3 M, respectively) relative to linear DS-II peptide (Kq = 109 * 15uM).

1. Introduction

Tumor immune microenvironment encompasses a wide range of
complex interactions between tumor cell, immune cells, and tumor
stroma, which are regulated by a series of immune checkpoint (IC)
events. ICs are a kind of signals for regulating antigen recognition in the
process of immune response; they consist of both co-stimulatory (such
as CD28, ICOS, and CD137) and co-inhibitory (such as PD-1, CTLA-4,
and VISTA) pathways that are important for maintaining self-tolerance
and regulating the type, magnitude, and duration of the immune re-
sponse [1]. Since immune checkpoints are initiated by the receptor/
ligand interactions that can be readily blocked by antibodies and che-
mical agents or modulated by recombinant forms of ligands or re-
ceptors, they have been recognized as a new and promising druggable
target of diverse cancers [2].

In breast cancer, immune checkpoint mechanism is often activated
to suppress the nascent anti-tumor immune response. This has led to the
development of several cancer checkpoint inhibitors or antibody drugs
that are currently being tested in clinical trials or have been approved
for anti-breast cancer therapy [3]. Blocking the activities of these
checkpoint proteins with monoclonal antibodies, small molecules and
macrocyclic inhibitors, and thus restoring T cell function, has delivered
breakthrough therapies against cancer [3-5]. Programmed death re-
ceptor-1 (PD-1) is an inhibitory transmembrane protein expressed on T
cells, B cells, and NK cells. The interaction between PD-1 and its ligand
(PD-L1) functions as an immune checkpoint against unrestrained cy-
totoxic T effector cell activity; it promotes peripheral T effector cell
exhaustion and conversion of T effector cells to immunosuppressive T
regulatory cells. Immune checkpoint inhibitors, which block the PD-1/
PD-L1 axis and reactivate cytotoxic T effector cell function, are actively
being investigated for the treatment of breast cancer [6]. For example,
since the 2011 FDA approval of Ipilimumab (targeting CTLA4) for the
treatment of metastatic melanoma, five additional checkpoint blockade
therapies, all targeting PD-1/PD-L1 axis, have been approved for the
treatment of a broad range of tumor types, including Nivolumab (tar-
geting PD-1), Pembrolizumab (targeting PD-1), Atezolizumab (tar-
geting PD-L1), Avelumab (targeting PD-L1) and Durvalumab (targeting
PD-L1) [7]. Additionally, Ipilimumab plus Nivolumab combination
therapy has been approved for the treatment of advanced melanoma
with favorable outcomes compared with either monotherapy [8].
However, all these approved agents are monoclonal antibodies and
there are no small-molecule inhibitors or peptide drugs available in
market for checkpoint blockade therapies.

Recently, the high-resolution crystal structure of PD-1 in complex
with PD-L1 has been solved by Zak et al. using X-ray crystallography
(PDB: 4ZQK) [9]. As shown in Fig. 1, the active finger of PD-L1 is a four-
stranded [3-sheet, which consists of two sequence-disconnected, spa-
tially vicinal double-stranded segments I and II (residues 54-68 and
110-132, respectively); they are inserted into and interact with the
amphipathic pocket of PD-1 to form the complex system. Previously,
based on crystal structure data we have successfully investigated the
molecular mechanism of mutation-induced acquired resistance to tyr-
osine kinase inhibitors in ErbB2-positive breast cancer [10]. In this
study, we systematically examined the binding mode and interaction
details between PD-1 and PD-L1 in the complex crystal structure, from
which the interfacial hotspot regions were determined. Based on the
harvested knowledge, the double-stranded segments were split from the
complex system and then truncated and cyclized to derive self-in-
hibitory peptides (SIPs) [11-14], which were designed to have cap-
ability of rebinding at the complex interface, thus disrupting PD-1/PD-

L1 recognition and interaction as a new immune checkpoint blockade
strategy. We also demonstrated that the cyclized PD-L1 peptides can
well held in their native double-stranded configuration and can effec-
tively bind to PD-1 by using molecular dynamics simulation, circular
dichroism spectroscopy and fluorescence polarization assay.

2. Materials and methods
2.1. Computational part

The crystal structure of PD-1/PD-L1 complex was retrieved from the
PDB database [15] with accession ID 4ZQK. The structure was pre-
prepared by adding hydrogen atoms, assigning protonation states and
mending side chains. Investigated double-stranded peptides as well as
peptide/PD-1 interaction complexes were directly split from the crystal
structure and treated with AMBER ff12SB force field [16]. Each system
was solvated in a rectangular TIP3P water box [17]. Periodic boundary
conditions were applied during the simulation in all dimensions. The
distance between the wall of the box and the closest atom of the solute
was 10 A. The systems were minimized by 1000 steps of steepest des-
cent method and 4000 steps of conjugate gradient method [18,19].
Subsequently, the systems were heated during 50 ps from 0 to 300K,
followed by 100-ns (for complexes) or 250-ns (for free peptides) si-
mulations for equilibration and an additional production simulation for
data collection [20,21]. The hydrogen atoms were constrained by
performing the SHAKE method [22] and the time step was set at 2 fs. No
extra restraints were set neither for the protein nor the ligand. The
particle-mesh Ewald (PME) procedure [23] was used to estimate the
long-range electrostatic interactions and a nonbonded cut-off distance
of 10 A was used.

Totally 1000 conformational snapshots of each simulated protein/
protein or protein/peptide interaction complex were saved evenly from
the last production simulation trajectory. Molecular mechanics/
Poisson-Boltzmann surface area (MM/PBSA) method [24] was per-
formed over these snapshots to analyze the total interaction energy
(AU) of complex, which can be decomposed into nonbonded potential

double-stranded II
(residues 110-132)

PD-L1

double-stranded I

(residues 54-68) amphipathic pocket

Fig. 1. Stereoview of the crystal structure of PD-1/PD-L1 complex (PDB:
4ZQK). The active finger of PD-L1 is a four-stranded [3-sheet, which consists of
two sequence-disconnected, spatially vicinal double-stranded segments I and II;
they are inserted into and interact with the amphipathic pocket of PD-1 to form
the complex system.
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AE and desolvation effect AD, and calculated with molecular mechanics
(MM) approach and finite-difference solution of implicit solvent model
(PBSA), respectively. The conformational flexibility of helical peptides
was dissected using normal mode analysis (NMA) to estimate entropy
penalty —TAS upon the complex binding [25]. Consequently, the total
binding free energy AG can be expressed as [26]:

AU < AE(i) + < AD(i) > 1000 snapshots D)

AG = AU- < TAS(i) > 100 snapshots (2)

where < - > represents averages over multiple snapshots from a
single simulation trajectory and i corresponds to the ith snapshot of the
complex.

2.2. Experimental part

The binding affinity of two linear peptides DS-I and DS-II as well as
three cyclic peptides DS-1I[c111-127], ADS-II[c111-127] and ADS-II
[c110-128] to the recombinant protein of human PD-1 were tested in
this study; they are listed in Table 1. All these peptides were synthe-
sized by Gill Biochem using Fmoc solid phase chemistry and disulfide
bond oxidization in 0.1 M ammonium bicarbonate [27].

Circular dichroism (CD) analysis of linear DS-II peptide and its cy-
clized counterpart DS-II[c111-127] were performed on a J-810 spec-
tropolarimeter in wavelength range from 190 to 250 nm at 25 °C using a
quartz cell with of 0.1-cm path length. All CD signals were recorded at a
peptide concentration 25 pM in 10 mM phosphate buffer [28]. The final
spectra were expressed as mean residue ellipticity [6] in deg. cm?®
dmol~?, the molar ellipticity per residue.

The binding affinity of above five peptides to PD-1 was measured
using a fluorescence polarization (FP) protocol as described previously
[29,30]. The PD-1 protein was titrated to rhodamine-labeled peptides
in a buffer (60 mM HEPES, pH 7.3, 100 mM NaCl and 5mM DTT). For
cyclic peptides the DTT was not used to avoid disulfide bond reduction
[31]. A LS-55 fluorimeter was utilized to monitor FP change upon the
titration, which was plotted as a function of increased titrated peptide
concentration. The dissociation constants (K4) were derived by curve
fitting:

F = [Fy + Fu([peptide]/Kq)]/[1 + ([peptide]/Kq)] 3)

where [peptide] is the concentration of titrated peptides, F is the
measured polarization at the concentration, Fy is the blank polarization
without titration, and F is the measured polarization at maximal ti-
tration. All experiments were performed at 25°C and each assay was
carried out in triplicate.

Table 1
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3. Results and discussion
3.1. Hotspot analysis of PD-1/PD-L1 complex interface

The crystal structure of human PD-1 in complex with its cognate
ligand PD-L1 was subjected to 100-ns MD simulations. The dynamics
trajectory indicated that the complex reaches stable state after ~30-ns
simulations. Here, we ran computational alanine scanning (CAS) [32]
to determine the residue importance of PD-L1 binding to PD-1 based on
analysis of the last 50-ns MD equilibrium trajectory (i.e. 50-100 ns). In
the crystal complex structure, the PD-L1 protein has residues 18-132;
the scanning strategy separately mutated each residue to neutral ala-
nine and then calculated change in total interaction energy (AAU) upon
the mutation. The obtained AAU value can be used to measure the re-
lative contribution of each PD-L1 residue to the complex interaction
potency [33-35]; the favorable and unfavorable residues in the inter-
action can be indicated by AAU > 0 and < 0, respectively.

As shown in Fig. 2, most PD-L1 residues are favorable for the in-
teraction (AAU > 0). This is expected if considering that the sequence
and structure of naturally evolved PD-L1 protein have already been
optimized to well match its cognate receptor PD-1 and hence residue
mutation would impair the matching compatibility and then cause
unfavorable effect on the native receptor/ligand interaction. However,
most mutations can only affect the interaction modestly or moderately,
with AAU < 1 kcal/mol. This can be explained by the fact that the PD-
L1 has only a small contact region (active finger) on its surface so that a
majority of its residues cannot influence the interaction directly and
considerably. The relatively important PD-L1 residues (AAU > 1 kcal/
mol) are highlighted in Fig. 2. These residues are mostly located in the
active finger region of PD-L1 and directly interact with the amphipathic
pocket of PD-1; they are regarded as hotspot residues and serve as
determinants of complex affinity and specificity. According to CAS
characterization, the hotspot residues can be roughly divided into two
sequence-disconnected regions, separately covering residues 54-64 and
113-126, which are basically overlapped with the double-stranded I
and II, respectively, indicating that the two double strands play a cru-
cial role in PD-1/PD-L1 recognition and interaction. We herein con-
sidered that the double-stranded segments can be used as SIP peptides
to target the complex interaction [11].

3.2. Conformational stability and binding capability of double-stranded
peptides

According to above analysis, the PD-1/PD-L1 complex system can
be regarded as a peptide-medicated protein—protein interaction, where
the complex is formed by binding of two hotspot regions (i.e. double-
stranded segments I and II) in PD-L1 active finger to the amphipathic
pocket of PD-1. The segments I and II were split from the PD-L1 active
finger to derive DS-I peptide (C*IVYWEMEDKNIIQFV®®) and DS-II

The calculated binding energetics and measured binding affinity of PD-L1 derived linear peptides DS-I and DS-II as well as cyclic peptides DS-1I[c¢111-127], ADS-II

[c111-127] and ADS-1I[c110-128] to PD-1.

Peptide Sequence Energetics (kcal/mol) Affinity Kyq (UM)
AU -TAS AG

DS-1 S4IVYWEMEDKNIIQFV®® —37.4 34.6 -2.8 nd.?

DS-II 19GVYRCMISYGGADYKRITVKVNA!32 —69.2 54.3 -14.9 109 * 15

DS-1[c111-127] I 1 —66.2 38.7 -27.5 28.0 + 4.2
OGCYRCMISYGGADYKRICVKVNA!32

ADS-TI[c111-127] [ 1 —-61.8 30.5 -31.3 17.5 * 3.1
HICYRCMISYGGADYKRIC!'??

ADS-TI[c110-128] —63.0 32.9 -30.1 11.6 = 2.3

[ |
0CYVYRCMISYGGADYKRITC!28

2 n.d., not detectable.
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residues 113-126

80

PD-L1 sequence

Fig. 2. Computational alanine scanning determination of the residue importance of PD-L1 (residues 18-132) binding to PD-1. The hotspot residues (AAU > 1 kcal/
mol) are highlighted in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

peptide (M1°GVYRCMISYGGADYKRITVKVNA!32), respectively
(Fig. 3A), which were then separately subjected to 250-ns MD simula-
tions to investigate their conformational equilibrium and flexibility in
free state. The root-mean-square deviation (RMSD) fluctuation profile
of the two peptides during the whole simulations is shown in Fig. 3B,
where their dynamics snapshots were extracted at 0, 100, 180 and
250 ns of the simulation trajectory. A strong RMSD fluctuation along
the simulations can be observed, indicating that the two peptides pos-
sess large intrinsic disorder and cannot hold in the native active con-
formation as its location in the context of intact PD-1/PD-L1 complex
interface, which would be unfavorable for the rebinding of these pep-
tides at the interface. Conformational analysis also confirmed that both
the DS-I and DS-II peptides are changed considerably from start native
structure (Ons) to final equilibrium state (250 ns), during which the
large flexibility and considerable disorder are revealed. In fact, many
peptides have been found to exhibit increased flexibility due to lack of
protein context support [36,37], which would address unfavorable ef-
fect on the peptide binding to their native partners [38].

According to previous report, a protein-peptide binding event can
be divided into two thermodynamically independent steps, namely,
indirect readout and direct readout [39]. For example, as shown in
Fig. 4, in the step 1 of indirect readout the DS-II peptide is intrinsically
disordered in free state, which would be restricted into the native or-
dered conformation, thus incurring an unfavorable entropy penalty
upon the binding (-TAS > 0); in the step 2 of direct readout the native
ordered conformation of DS-II peptide is bound to PD-1 amphipathic
pocket to form a nonbonded interaction network across the complex
interface of PD-1 with DS-II peptide, thus contributing a favorable en-
thalpy to the binding (AU < 0). Therefore, the total binding free en-
ergy (AG) of PD-1/DS-II peptide interaction can be regarded as a
compromise between the unfavorable indirect readout and favorable
direct readout, viz. AG = AU - TAS. Here, the total binding energy AG of
DS-I and DS-II peptides to PD-1 was calculated using MM/PBSA and

NMA analysis based on the complex conformational snapshots ex-
tracted from equilibrium dynamics trajectory. The AG can be further
decomposed into direct readout AU and indirect readout —-TAS. The
decomposed energetic terms are listed in Table 1. The AU values are
—37.4 and — 69.2 kcal/mol for DS-I and DS-II peptides, respectively,

X

DS-II peptide

DS-I peptide

(A) double-stranded IT

uone[nwIs ([N

double-stranded I

Time (ns)
T T

0 50 100 150

Fig. 3. (A) The double-stranded segments I and II are split from PD-L1 to derive
two free peptides DS-I and DS-II; each of them is then subjected to 250-ns MD
simulations for conformational relaxing and equilibrium in free state. (B) The
RMSD fluctuation profile of DS-I and DS-II peptides over the simulations. The
peptide conformational snapshots are shown at 0, 100, 180 and 250 ns of the
simulation trajectory.

T
200 250
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(A) step 1
indirect readout
(-TAS)
DS-II peptide
(ordered)

DS-II peptide
(disordered)

(B) step 2
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DS-II peptide
(bound state)

direct readout

(AU)

Fig. 4. Schematic representation of the direct readout and indirect readout involved in DS-II peptide binding to PD-1. (A) Step 1: the free DS-II peptide is intrinsically
disordered in free state, which would be restricted into an native ordered conformation, thus incurring an unfavorable entropy penalty upon the binding (-TAS > 0).
(B) Step 2: the native ordered conformation of free DS-II peptide is bound to PD-1 amphipathic pocket to form a nonbonded interaction network across the complex
interface of PD-1 with DS-II peptide, thus contributing a favorable potency to the binding (AU < 0).

which are very favorable for the PD-1/peptide binding. However, the
favorable direct readout would be largely impaired by the considerably
unfavorable indirect readout (-TAS = 34.6 and 54.3 kcal/mol for DS-I
and DS-II peptides, respectively). Consequently, the DS-I peptide cannot
effectively rebind to the amphipathic pocket of PD-1 due to their large
intrinsic disorder in free state (AG = — 2.8 kcal/mol), while the DS-II
peptide can only bind to PD-1 with a moderate potency
(AG = —14.9kcal/mol). Next, binding affinity of the two peptides
were to PD-1 were measured by fluorescence-based assays. As might be
expected, the free DS-I peptide was determined as nonbinder of DS-I
(K4 = n.d.), while the free DS-II peptide only exhibited a moderate af-
finity towards to the protein (Kq = 109 * 15uM) (Table 1). Therefore,

double-stranded 1

-

(A) splitting

hotspot region

DS-II peptide (linear)

8

uonezIpoAd

AQ\./

=

:

Cvsl27

Cysll1l

4<§

DS-II[c111-127] (cyclized)

(B) MD simulation

B —

(D) MD simulation

(9]

both the computational analysis and experimental assay reach an
agreement that splitting of peptide segments from PD-L1 active site
would influence the rebinding behavior of these peptides substantially.

3.3. Intramolecullar cyclization of double-stranded peptides

Considering that the double-stranded II segment of PD-L1 can
tightly pack against the amphipathic pocket of PD-1 and its split form
(i.e. free DS-II peptide) can also restore partial affinity towards the PD-
1, we herein further investigated this segment. The segment (*!°GVY-
RCMISYGGADYKRITVKVNA'®2) covers the hotspot region (residues
113-126) that directly contact and interact with PD-1, while other

Fig. 5. (A) The double-stranded II segment is split
from the complex structure of PD-L1 with PD-1 to
derive a free linear DS-II peptide, where the hotspot
region (residues 113-126) is highlighted in red. (B)
The DS-II peptide is subjected to 250-ns MD simu-
lations, during which the peptide exhibits a large
flexibility and intrinsic disorder. (C) Two spatially
vicinal residues 111 and 127 of DS-II peptide are
mutated to Cysl1ll and Cysl127, respectively, and
then a disulfide bond is formed across them to gen-
erate a cyclized counterpart of linear DS-II peptide
(DS-11[c111-127]). (D) The cDS-II peptide is re-sub-
jected to 250-ns MD simulations, where an addi-
tional restraint between the two side-chain sulfur
atoms of Cys111 and Cys127 is applied to mimic a
disulfide bond between the two residues. During the
simulations the peptide can well hold in an ordered
conformation similar to its native double-stranded II
structure in PD-1/PD-L1 complex interface. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

disordered

ordered
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sections can be regarded as extended N- and C-termini. Here, the seg-
ment was split from PD-1/PD-L1 complex system to derive the free DS-
II peptide (Fig. 5A), which was then subjected to 250-ns MD simula-
tions. During the simulations the peptide conformation was changed
dramatically and fluctuated significantly, suggesting that the free pep-
tide is highly flexible and possesses a large intrinsic disorder (Fig. 5B).
The total binding free energy of DS-II peptide to PD-1 was calculated as
AG = —14.9kcal/mol, which is a compromise between favorable di-
rect readout (AU = —69.2 kcal/mol) and unfavorable indirect readout
(-TAS = 54.3 kcal/mol), indicating a moderate interaction between the
peptide and PD-1.

According to above discussion, the linear DS-II peptides derived
from the active finger of PD-L1 protein is intrinsically disordered, thus
unfavorable to their interaction with PD-1 due to large entropy penalty.
Instead of traditionally increasing intermolecular interaction enthalpy,
we herein attempted to improve PD-1/DS-II binding affinity by mini-
mizing entropy cost of the binding [40,41]. Cyclization strategy has
recently been successfully utilized to constrain peptide conformation
for therapeutic purpose [25,26]. By visually examining the native
conformation of double-stranded II segment in the interfacial context of
PD-1/PD-L1 complex it is evident that the segment consists of two
antiparallel B-strands and exhibits a U-shaped form that is suited for
cyclization. A further examination of the native segment found that the
residue pairs Val111-Thr127 and Gly110-Vall28 are (i) spatially vicinal
to each other, (ii) across the two B-strand arms, and (iii) out of the core
hotspot region. Therefore, we considered to add a disulfide bridge
across them to define intramolecular cyclic peptides. As shown in
Fig. 5C, for example, the DS-II peptide residues Vallll and Thrl27
were mutated to Cysll1l and Cys127, respectively, and the linear
peptide was then cyclized by adding a disulfide bond across the two
spatially vicinal residues, consequently resulting in a cyclic peptide DS-
II[c111-127], which was re-subjected to 250-ns MD simulations, where
an additional restraint between the two side-chain sulfur atoms of
Cys111 and Cys127 was applied to mimic a disulfide bond between the
two residues. During the simulations the peptide can well hold in an
ordered conformation similar to its native double-stranded II config-
uration in PD-1/PD-L1 complex interface (Fig. 5D).

In order to substantiate the computational simulations, circular di-
chroism (CD) spectroscopy was used to characterize the solution sec-
ondary structure of linear DS-II peptide and cyclic DS-II[c111-127]
peptide in free state. As shown in Fig. 6A, the DS-II peptide has a
spectral profile of disordered conformation with low structured rate,

60
(4) N
~ X
'L 40 r cyclization 3
Q
=
© o
~ 20 r .g
g g DS peptide
Q 5} (linear) DS-Ifc111-127]
on @ (cyclized)
[0
~—
(3]
[
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X
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characterized by a single negative band below 210 nm. In contrast, the
spectral profile is changed considerably upon Cys111-Cys127 cycliza-
tion (to create DS-II[c111-127] peptide), which has a strong stranded
propensity with a positive band at ~195nm and a negative band at
~217nm. This meets the typical B-sheet feature [42]. As listed in
Table 1, the cyclization can considerably improve total binding energy
AG from —14.9kcal/mol (linear DS-II peptide) to —27.5kcal/mol
(cyclic DS-II[c111-127] peptide). As might be expected, energetic de-
composition revealed a significant reduction in unfavorable indirect
readout (-TAS decreases from 54.3 to 38.7 kcal/mol) and also a mod-
erate reduction in favorable direct readout (AU changes from —69.2 to
—66.2 kcal/mol) upon the cyclization. This is not unexpected if con-
sidering that cyclization may slightly alter peptide native conformation
in PD-L1 active site, thus impairing some established nonbonded in-
teractions and reducing packing tightness at the formed complex in-
terface [43]. The binding affinity of cyclic DS-1I[c111-127] peptide was
determined as K4 = 28.0 = 4.2uM, which was improved by ~4-fold
relative to linear DS-II peptide (K4 = 109 = 15uM) (Fig. 6B), con-
firming that the cyclization can indeed improve the binding capability
of PD-L1 derived peptide to PD-1 substantially.

Considering that the one N-terminal residue G''° and the five C-
terminal residues '**VKVNA'3? of DS-1I[c111-127] peptide do not be-
long to hotspot region of the peptide and are out of the peptide in-
tramolecular cycle — they should not contribute effectively to the PD-
1/DS-11[c111-127] interaction, we just removed them from two termini
of the peptide to obtain a truncated version of cyclic peptide ADS-II
[c111-127]. Energetic calculations suggested that the truncation can
further enhance the peptide binding energy to —31.3 kcal/mol, which
was confirmed by affinity assay with K4 change to 17.5 = 3.1 uM for
the truncated peptide (Fig. 6B). The affinity improvement is also pri-
marily contributed by the decrease in indirect readout due to removal
of the peptide free termini, albeit the improvement is not significant.
Similarly, the cyclic peptide ADS-II[c110-128] can also be obtained via
mutation, cyclized and truncated from linear DS-II peptide, and its
binding capability to PD-1 was analysis using energetic calculations and
affinity assays. As shown in Table 1 and Fig. 6B, the ADS-II[c110-128]
can bind similarly with ADS-II[c111-127] (AG = —30.1 versus
—31.3kcal/mol and K4 =11.6 * 2.3 versus 17.5 = 3.1 uM), sug-
gesting that different terminal cyclizations of the linear DS-II peptide do
not influence the peptide binding behavior substantially. The mini-
mization of unfavorable indirect readout, but not the maximization of
favorable direct readout, is the primary factor of cyclization

08| B)

0.6

0.4

0.2

0.0

A ADS-I[cI11-127], K, = 17.5 3.1 uM
B ADS-[c110-128], K, = 11.6£2.3 uM
@ DS-lI[cl11-127], K, =28.0 £ 4.2 uM
@ DS-ILK, =109+ 15 uM

20 40 60 80 100
[PD-1] (uM)

Fig. 6. (A) CD spectra of linear DS-II peptide and cyclized DS-II[c111-127] peptide in wavelength range 190-250 nm. (B) Binding curves of linear DS-II peptide as
well as its three cyclized counterparts DS-II[c111-127], ADS-II[c111-127] and ADS-II[c110-128] to the recombinant protein of PD-1.
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contributing to PD-1/peptide affinity improvement.
4. Conclusions

Two linear peptide segments DS-I and DS-II were stripped from PD-
1/PD-L1 complex structure; they represent the double-stranded I and II
of PD-L1 active finger and are expected as self-inhibitory peptides to
rebind at the complex interface to disrupt the complex interaction. The
DS-II peptide was found to have a moderate affinity to PD-1, which was
then truncated and cyclized to optimize its structure and to reduce its
flexibility, resulting in three modified cyclic peptides DS-1I[c111-127],
ADS-II[c111-127] and ADS-II[c110-128]. Fluorescence-based assays
confirmed that the modification can considerably improve peptide af-
finity by minimizing entropy penalty upon binding, with affinity in-
crease by, at most, ~10-fold. It is worth noting that the current work
has been done at molecular level and tested only for the peptide binding
potency to PD-1, but their inhibitory capability on PD-1/PD-L1 inter-
action as well as therapeutic activity against breast cancer were not
examined here. In next works, we plan to further perform in vitro and in
vivo studies for these rationally designed peptides to investigate their
biological function at cellular and animal levels.
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