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Molecular insight into binding affinities and
blockade effects of selected flavonoid compounds
on the PD-1/PD-L1 pathway+t
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This study investigated the binding mechanisms of the flavonoids apigenin (Api), kaempferol (Kmp), and
quercetin (Que) to the PD-L1 dimer using a combination of molecular modeling and experimental
techniques. The binding free energy results demonstrated that the flavonoids could tightly bind to the
PD-L1 dimer, with the binding abilities following the trend Que > Kmp > Api. Key residues Ile54, Tyr56,
Metl115, Alal21, and Tyrl123 were identified as important for binding. The flavonoids primarily bind to the
C-, F-, and G-sheet domains. The spontaneous formation of the complex systems was mainly driven by
hydrophobic forces. Dynamic cross-correlation matrix and secondary structure analyses further
indicated that the studied flavonoids could stably interact with the binding sites. ELISA results showed
that the flavonoids could effectively block PD-1/PD-L1 interactions, although the inhibitory activity of Api
was weaker. Therefore, flavonols might be more effective inhibitors compared to flavones. The findings
of this study are expected to contribute to the development of novel flavonoids targeting the PD-1/PD-

rsc.li/rsc-advances L1 pathway.

Introduction

Programmed cell death-1 (PD-1) and programmed cell death-
ligand 1 (PD-L1) are pivotal negative immunoregulatory mole-
cules in the tumor microenvironment."* A series of cancer cells
can exploit the PD-1/PD-L1 pathway to weaken the immune
capacity of T cells and escape immune surveillance. Therefore,
blocking this pathway can reverse immunosuppressive states
and enhance the killing of cancer cells.>* Clinical success has
been observed for several monoclonal antibodies targeting PD-1
(cemiplimab, nivolumab, and pembrolizumab) and PD-L1
(atezolizumab, durvalumab, and avelumab).>® However, anti-
bodies are associated with several drawbacks, such as low oral
bioavailability, limited tumor permeability, immune-related
adverse reactions, and high cost.”® Therefore, it is urgent to
explore other useful compounds for PD-1/PD-L1 blockade,
including small molecules and natural products.”'® Several
synthetic small molecules from Bristol Myers Squibb (e.g:,
BMS1166 and BMS202) have been reported to exhibit promising
inhibitory activities to interrupt PD-1/PD-L1 interactions. Co-
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crystallography studies have disclosed a mechanism of direct
binding to PD-L1, which induces the dimerization of PD-L1."%**
Since then, many highly efficient small molecule inhibitors that
can induce the formation of the PD-L1 dimer have been
successively designed.>"?

Recently, natural products have attracted great attention due
to their lower toxicity and multiple pharmacological effects.
Among them, polyphenols account for a relatively large
proportion and can intervene in all stages of tumorigenesis and
development by regulating multiple signaling pathways
involved in different types of cancers.'*' Interestingly, several
polyphenols such as apigenin, curcumin, and resveratrol have
been proven to be competitive inhibitors that block PD-1/PD-L1
interactions by binding to the PD-L1 dimer.'*'” However, there
is a notable lack of comparative studies regarding the effect of
polyphenol structures on their binding properties. Among
polyphenols, flavonoids are the most prevalent, characterized
by a C6-C3-C6 skeleton consisting of two phenyl rings (A and B)
linked via an oxygen heterocycle (C).*** Structurally, flavonoids
can be categorized into 3-hydroxy flavonoids and 3-desoxy
flavonoids based on the presence or absence of a hydroxyl group
at the 3-position on the C-ring.'** Flavones lack the 3-hydroxyl
group, while flavonols can be considered the 3-hydroxy deriva-
tives of flavones.'** To explore the impact of structures on
binding characteristics, representative flavonoids apigenin
(Api), kaempferol (Kmp), and quercetin (Que) were chosen.

In this study, molecular docking of the flavonoids with the
PD-L1 dimer was carried out to build the complex systems (see

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of (a) Api, (b) Kmp and (c) Que.

Fig. 1 and 2), followed by various computational methods
including molecular dynamics (MD) simulations and binding
free energy calculations to determine the energy contributions
of interface residues.”**® Subsequently, the binding modes,
contact numbers, principal component analysis (PCA), and
secondary structure were investigated, thereby theoretically
elucidating the binding mechanism of the flavonoids on the PD-
L1 dimer.>**® To further validate the inhibitory activities of the
flavonoids on PD-1/PD-L1 interactions, ELISA (Enzyme-Linked
Immunosorbent Assay) was performed. Generally, these find-
ings may advance the development of more potent flavonoids
and potentially facilitate the advancement of cancer
immunotherapy.

Experimental section
Materials and methods

Molecular docking. The molecular docking studies were
carried out to obtain the complex systems of the PD-L1 dimer/
flavonoids.>® The crystal structure of the PD-L1 dimer (PDB ID
5N2F) was downloaded from the PDB database. The 3D struc-
tures of the flavonoids were obtained from the PubChem
database and optimized using the Gaussian 09 program*’ with
the B3LYP function and def-TZVP basis sets.”® Before docking,
the PD-L1 dimer and flavonoids were converted to PDBQT
format using AutoDockTools 1.5.6.*> The docking procedure
was then performed using AutoDock Vina. The grid box size and
grid spacing were set to (20 A x 20 A x 20 A) and 1 A, respec-
tively. The center of the search space was determined based on
the co-crystallized ligand. The docked poses with the strongest

(b)

Fig.2 Theinput structures for MD simulations of the (a) Api, Kmp, Que
and (b) dimer systems. Api, Kmp and Que are shown in cyan, green and
magenta sticks, respectively.
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binding affinity were considered for subsequent MD simula-
tions. The validation of the docking approach was performed by
re-docking the original crystal ligand to the PD-L1 dimer. The
RMSD between the docked complex and the solved structure
was 0.77 A>"*° Moreover, the interaction profiles of the best-
docked pose were similar to the original -crystallized
complex.”>**

Molecular dynamics simulation. MD simulations of the
systems obtained from molecular docking were carried out for
150 ns using the GROMACS 2016.4 package with a time step of 2
fs.** The AMBER ff99SB** and general AMBER force field
(GAFF)* were employed to parameterize the PD-L1 dimer and
flavonoids, respectively. The systems were centered in a cubic
box with at least 10 A from the edge and then dissolved in TIP3P
water. Sodium and chloride ions were added to neutralize the
system, followed by minimization using steepest descent and
conjugate gradient methods to remove clashes. Subsequently,
all systems were equilibrated at NVT and NPT ensembles for 1
ns to ensure converged systems for the further production run.
The production run for the simulation was carried out at
a constant temperature of 300 K and a pressure of 1 atm using
the V-rescale and Parrinello-Rahman algorithms, respectively.
The bond lengths involving hydrogen atoms were constrained
using the LINCS algorithm. The Verlet scheme was used for the
calculation of short-range non-bonded interactions with
a cutoff of 1.0 nm. Particle Mesh Ewald (PME) was utilized to
calculate the long-range electrostatic interactions. The trajec-
tory and energy files were written every 10 ps for analysis.

Analysis details. The trajectories generated by MD simula-
tions were used to analyze the root mean square deviation
(RMSD), root mean square fluctuation (RMSF), contact
numbers, and secondary structure of the systems using stan-
dard GROMACS tools. The interactions between the target
residues and the flavonoids were calculated using the Protein—
Ligand Interaction Profiler (PLIP) tool. Hydrogen bond occu-
pancy was analyzed using Visual Molecular Dynamics (VMD)
1.9.3 software.** Principal component analysis (PCA) was
carried out via the gmx covar tool to gain insights into the
collective motions of the PD-L1 dimer.** The dynamic cross-
correlation matrix (DCCM) provided information on the rele-
vant movements of each residue on a simulation scale.

Binding free energy calculation. The binding free energy
(AGping) between the PD-L1 dimer and flavonoids was assessed
using the molecular mechanics Poisson-Boltzmann surface
area (MM-PBSA) method with the g mmpbsa tool.*® For each
system, a total of 300 snapshots were collected at intervals of
100 ps from the last equilibrated 30 ns of the MD trajectory for
the calculation.

AG = Geomplex — (Gprotein * Gligand) 1)
AGping = AEnm + AGi01 (2)
AEym = AEge T AEy4w (3)

AGyo) = AGpg + AGsp (4)

RSC Adv, 2024, 14, 25908-25917 | 25909
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The Geomplexs Gprotein @Nd Giigana are denoted as the free
energies of the complex, PD-L1 dimer, and flavonoids, respec-
tively (eqn (1)). AGping is obtained by computing the molecular
mechanics energy (AEyn) and solvation free energy (AGso) (eqn
(2)). AEyy is the sum of electrostatic energy (AE.) and van der
Waals energy (AE,qw). AGso consists of polar solvation energy
(AGpg) and nonpolar solvation energy (AGs,) (eqn (3)). Among
them, AGpg and AGg, were calculated based on the Poisson-—
Boltzmann (PB) equation and solvent-accessible surface area
(SASA), respectively (eqn (4)). The contribution of each residue
was also obtained by decomposing the binding free energy
using the MM-PBSA approach.

ELISA. The PD-1/PD-L1 blockade effect of the flavonoids was
determined using a PD-1 ELISA assay kit.*” Human PD-L1 was
coated onto a 96-well plate and incubated overnight at 4 °C. The
plate was then washed with PBS buffer, blocked for 30 min at
37 °C, and washed again. Subsequently, the flavonoids were
added and incubated for 30 min before adding human PD-1.
BMS-202 was used as a positive control compound. After five
washes, streptavidin-horseradish peroxidase was added, and
the plate was incubated for 30 min. Then, the substrate was
added and incubated for 10 min at 37 °C. After incubation, the
stop solution was added, followed by measuring the absorbance
optical density values at a wavelength of 450 nm.

Results and discussion
RMSD

To evaluate the structural stability of each system during the
150 ns simulation period, RMSD was calculated initially.>® As
shown in Fig. 3, the complex systems reached equilibrium after
5 ns, exhibiting relatively small fluctuations. In contrast, larger
fluctuations were observed in the simulation of the PD-L1 dimer
system, especially during the first 60 ns, which aligns with our
previous studies.*** Subsequently, these curves stabilized,
indicating minimal conformational changes. The average
RMSD values for the PD-L1 dimer, apigenin (Api), kaempferol
(Kmp), and quercetin (Que) systems were 3.11 A, 2.70 A, 2.38 A,
and 2.31 A, respectively. The higher stability observed in the
complex systems may be attributed to the binding of the
flavonoids. Additionally, the Api system showed larger RMSD
values compared to the other two complex systems. These
results illustrate that the structures of these systems
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Fig. 3 RMSD values of the dimer, Api, Kmp and Que systems.
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maintained similarity to their initial frames throughout the
simulation time, confirming stable trajectories for subsequent
analysis.

RMSF

RMSF was further examined to reveal the local fluctuations of
residues in the PD-L1 dimer. As depicted in Fig. 4, all systems
exhibited a similar trend in RMSF with minor variations. The N-
terminal, C-terminal, and loop areas showed larger RMSF in
both the PD-L1 dimer and complex systems, consistent with
previous MD simulation findings.® Specifically, the BC loop of
the PD-L1 dimer system exhibited an RMSF value of 5.1 A. In
contrast, residues in the beta sheets (A-G sheets) connected by
loop domains showed comparatively less fluctuation in both
unbound and bound states. Notably, the flexibility of residues
in the C, F, and G sheets was notably reduced in the presence of
the flavonoids. Moreover, the RMSF values of the beta sheets
did not significantly differ among the complex systems. These
RMSF observations are consistent with the RMSD results.

Binding free energy

To analyze the energy differences of the PD-L1 dimer upon
binding to flavonoids, the MM-PBSA method was employed to
calculate the binding free energy and contributions of energy
components (see Table 1). As shown, the average binding free
energies between the PD-L1 dimer and apigenin (Api), kaemp-
ferol (Kmp), and quercetin (Que) are —21.49 + 0.09, —32.66 +
0.12, and —35.39 + 0.34 kecal mol *, respectively. This indicates
that the binding abilities of Kmp and Que to the PD-L1 dimer
are similar to that of curcumin but stronger than resveratrol
and epigallocatechin gallate.* Structurally, the binding free
energies between flavonols and the PD-L1 dimer appear
stronger compared to flavones, possibly due to the 3-hydroxyl
group on the C ring. Previous reports have suggested that the
activities of flavonoids largely depend on the positions of
hydroxyl groups relative to the total number of hydroxyl
groups.'® Furthermore, the binding free energy for the PD-L1
dimer system alone is 36.11 + 0.89 kcal mol ', indicating that
flavonoids play a crucial role in the formation of the PD-L1
dimer. Upon analyzing different components of the complex
systems, it is evident that the binding of flavonoids to the PD-L1
dimer is predominantly mediated by van der Waals energy. The
van der Waals interaction energy for the Que system is the
strongest at —51.30 & 0.31 kcal mol*, while for Api and Kmp
systems, it is —40.63 £ 0.60 and —47.55 + 0.38 kcal mol*,
respectively. Electrostatic interaction energy also contributes
favorably, with Que exhibiting a stronger electrostatic interac-
tion energy (—6.44 & 1.47 keal mol ') compared to Api (—1.14 +
1.39 kecal mol ) and Kmp (—4.98 + 1.64 kcal mol ) when
binding to the PD-L1 dimer, possibly due to the 3’-hydroxyl
group on the B ring. In summary, polar solvation interactions
can impair binding, whereas nonpolar solvation interactions
are favorable for the binding process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 RMSF values of residues on (a) APD-L1 and (b) gPD-L1 of the dimer, Api, Kmp and Que systems.

Per-residue energy decomposition

For a comprehensive analysis of key residues involved in the
binding of flavonoids to the PD-L1 dimer, per-residue energy
decomposition was performed. As depicted in Fig. 5, In the Api
system (Fig. 5a), nine residues showed binding free energy
contributions exceeding —0.5 keal mol . Among these, glle54,
gTyr56, and gMet115 were major contributors, with gTyr56
exerting the most significant negative impact at
—2.20 kecal mol™". In the Kmp system (Fig. 5b), 16 residues
interacted strongly with the PD-L1 dimer, each contributing
more than —0.5 kecal mol*. Notably, \Met115, ,Ala121, glle54,
sTyr56, gMet115, glle116, gSer117, and gAla121 contributed over
—1 keal mol . The total interaction energies of these residues
with Kmp ranged from —1.00 to —2.60 kcal mol . Compared to
the Api system, ,Tyr123, glle54, and gTyr56 in the Kmp system
showed slightly attenuated contributions (by 0.21 to
0.86 kcal mol ™), while contributions of other residues, partic-
ularly ,Ile54 and ,Tyr56, were enhanced. In the Que system
(Fig. 5¢), 15 residues had binding free energy contributions
exceeding —0.5 kcal mol™". Key residues like Alle54, ,Tyr56,
aMet115, zIle116, 5Ser117, ,Ala121, ,Asp122, gMet115, gAla121,
and zY56 contributed over —1 kcal mol . Notably, \Met115
showed an enhanced interaction with Que by 0.76 kcal mol™*
compared to Kmp. The role of Metl115 in small-molecule
binding has been underscored in previous studies.>***
Comparative analysis indicated that residues Ile54, Tyr56,
Met115, Ala121, and Tyr123 play crucial roles in binding to

flavonoids, with varying contributions across different systems.
These residues are known to be involved in constructing active
binding sites between PD-1 and PD-L1, as reported in experi-
mental and computational studies.®***° Additionally, compared
to the Que system, the Api and Kmp systems showed a more
concentrated distribution of key residues in the binding
domain of zPD-L1. In summary, these results suggest that
flavonoids effectively bind to the PD-L1 dimer, thereby poten-
tially inhibiting PD-1/PD-L1 interactions.

Contact numbers

To determine the binding sites of flavonoids on the PD-L1
dimer, the average number of contacts between each residue
and flavonoids was calculated.** As depicted in Fig. 6, Api
(Fig. 6a) predominantly binds to the residues ;Met115, ,Ala121,
AAsp122, ATyr123, glle54, gVal55, gTyr56, pGln66, gllel16,
pSer117, and gAlal21, each with an average contact number
greater than 10, though the specific values vary slightly. Notably,
sTyr56 shows the highest contact number (27 contacts) among
all residues, particularly in the C sheet, with Api. Kmp (Fig. 6b)
and Que (Fig. 6¢) exhibit relatively high contact numbers with
the residues including Ile54, Tyr56, Met115, Ile116, Serl117,
Ala121, Asp122, and Tyr123 in both ,PD-L1 and gPD-L1. sAla121
and gAla121 have the highest contact numbers with Kmp and
Que, respectively. Additionally, Que preferentially contacts
AGIn66 and ,Val55. Kmp and Que also show significant inter-
actions with ,Ile54, ATyr56, pAlal121, gAsp122, and Tyr123,

Table 1 Binding free energies of the dimer, Api, Kmp and Que systems (kcal mol™3)

Contribution Api Kmp Que Dimer

AE q0° —40.63 £ 0.60 —47.55 £ 0.38 —51.30 £ 0.31 —44.59 £ 9.85
AEqc” —1.14 £+ 1.39 —4.98 + 1.64 —6.44 + 1.47 —124.35 £ 23.36
AEpg° 23.51 £ 2.05 23.54 +1.33 25.99 £ 1.58 211.28 + 17.07
AESAd —3.24 £ 0.08 —3.66 £ 0.07 —3.64 £+ 0.06 —6.23 £ 0.37
AEpotar otal” 22.37 £+ 0.75 18.56 + 0.32 19.55 + 0.52 86.94 + 10.00
Ay onpolar,tota —43.86 + 0.68 —51.21 + 0.44 —54.94 + 0.36 —50.82 =+ 10.06
AG* —21.49 £ 0.09 —32.66 £ 0.12 —35.39 £ 0.34 36.11 £+ 0.89

“ van der Waals interaction energy. ? Electrostatic energy. © Polar solvent effect energy. ¢ Nonpolar solvent effect energy. ¢ Polar binding free energy.

/ Nonpolar binding free energy. ¢ Binding free energy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The contribution of residues of the PD-L1 dimer in complex with three flavonoids, (a) Api, (b) Kmp and (c) Que.

especially sIle54 and ,Tyr56, compared to Api. Overall, Kmp and
Que exhibit notably higher contact numbers (ranging from 310
to 329) with the PD-L1 dimer compared to Api, primarily due to
interactions in the B-sheet regions. These findings are consis-
tent with the calculated binding free energies presented in
Table 1 and Fig. 5. Interestingly, residues with high contact
numbers are located in the C sheet (residues 54-56), C’' sheet
(residues 66-68), F sheet (residues 115-117), and G sheet
(residues 121-124), which are crucial for forming and stabi-
lizing the PD-1/PD-L1 binding interface. This suggests that
flavonoids can bind closely to the PD-L1 dimer, thereby poten-
tially blocking PD-1/PD-L1 interactions.
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Non-bonded interactions

In the protein-ligand systems, intermolecular hydrogen bonds
contribute significantly to stabilizing ligands within binding
pockets.>® The hydrogen bond occupancies between the PD-L1
dimer and flavonoids throughout the equilibration period
were calculated and summarized in Table 2. For Api, the NZ
atom of ,Lys124 forms one hydrogen bond with an occupancy of
16.28%. This interaction is crucial as ,Lys124 acts as a hydrogen
donor. In the Kmp system, the O atom of the negatively charged
AAsp122 forms two hydrogen bonds, one with the 027 atom
(51.16% occupancy) and another with the 029 atom (50.16%
occupancy) of Kmp, serving as hydrogen acceptors. These bonds
are pivotal for maintaining the binding stability of this system

Residue Number

Residue Number

Fig. 6 The average contact numbers between the PD-L1 dimer and (a) Api, (b) Kmp and (c) Que. The error bars represent the standard of the

mean.
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Table 2 Hydrogen bond occupancies of the Api, Kmp and Que

systems
Occupancy

Donor Donor H Acceptor (%)
aLys124@NZ H71 Api@OAB 16.28
Kmp@027 HO27 AAsp122@0 51.16
Kmp@029 HO29 AASP122@0 50.17
Que@029 HO29 AGIn66@OE1 85.05
Que@027 HO27 Alle116@0 59.14

due to their occupancies exceeding 50%.** In the Que system,
the highest hydrogen bond occupancy (85.05%) occurs between
the OE1 atom of ,GIn66 and the 029 atom of Que. Additionally,
the O atom of Alle116 forms a stable hydrogen bond with the
027 atom of Que with an occupancy of 59.14%. This strong
interaction may be attributed to more hydroxyl groups in the B
ring of Que compared to Api and Kmp. These results align with
the weaker electrostatic contribution to the binding energy
observed in the Api system (AE.j in Table 1) compared to the
other complex systems. Importantly, these residues have been
identified in previous studies as critical for binding to the PD-L1
dimer.?** Therefore, these stable hydrogen bonds likely
contribute significantly to the inhibitory activity of flavonoids
against the PD-1/PD-L1 pathway.

The binding modes of the representative complex structures
were analyzed, as depicted in Fig. 7, revealing predominantly
hydrophobic interactions. Here are the specific interactions
observed, residues ,Tyr123, gTyr56, and gMet115 are involved in
binding with Api. Additionally, a hydrogen bond is formed
between Api and ,Lys124. Residues ,lle54, \Met115, ,Alal121,
glle54, gTyr56, gMetl115, gAla121, and gTyr123 are directly
involved in binding with Kmp. Six hydrogen bonds are observed
between Kmp and ,Ile116, ,Ala121, ,Asp122, glle54, and
sMet115. Residues ATyr56, aMet115, ,Ala121, ATyr123, and
pAla121 are directly involved in binding with Que. Six hydrogen
bonds are formed between Que and Alle54, ,GIn66, ,Ile116,
AAsp122, and gTyr123. In summary, while all studied flavonoids
bind to the PD-L1 dimer, the specific residues involved in these
interactions differ. Notably, these interactions predominantly
involve small polar interactions and relatively large hydro-
phobic interactions. Moreover, the Kmp and Que systems
exhibit stronger hydrogen bond interactions compared to the
Api system, which can be attributed to their higher number of
hydroxyl groups. These findings underscore the diverse binding
mechanisms and the potential differences in binding affinity
among flavonoids, highlighting their distinct modes of inter-
action with the PD-L1 dimer.

Dynamic cross-correlation matrix analysis

Dynamic cross-correlation matrix (DCCM) analysis was con-
ducted to examine the dynamical motions among Ca atoms of
the PD-L1 dimer.” In the DCCM, positive areas (red) indicate
correlated motions among residues, while negative areas (blue)
indicate anti-correlated movements. The intensity of colors
reflects the degree of correlation. As illustrated in Fig. 8, the N-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The binding modes of the PD-L1 dimer in complex with (a) Api,
(b) Kmp and (c) Que. The residues are shown as sticks with APD-L1 and
gPD-L1 coloured cyan and green, respectively. The hydrophobic
interactions and hydrogen bonds are shown as grey and green dashes,
respectively.

terminal and C-terminal regions, such as residues ,Ala0 to
AAsp8 (corresponding to residues ,Ala18 to ,2Asp26), show a red
block within each system, suggesting correlated motions. These
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Fig. 8 Dynamic cross-correlation matrix of the (a) dimer, (b) Api, (c)
Kmp and (d) Que systems.
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areas are typically distant from the binding sites and may
exhibit similar dynamics across different systems. The
unbound PD-L1 dimer shows the highest anti-correlated
movements, depicted by extensive blue regions. This indicates
diverse and independent motions of residues in the absence of
ligand. The Api-bound PD-L1 dimer displays higher correlated
motions compared to the unbound dimer, particularly evident
in most areas of the protein. This suggests that Api binding
induces more coordinated motions among residues, possibly
due to specific interactions stabilizing the complex. Both Kmp
and Que bound to the PD-L1 dimer exhibit maximum correlated
motions compared to Api. This enhanced correlation can be
attributed to their tighter interactions with the PD-L1 dimer,
resulting in more concerted movements among residues. In
summary, the DCCM analysis provides insights into how
flavonoid binding affects the dynamical motions of the PD-L1
dimer. It underscores the differential impact of Api, Kmp, and
Que on the correlated motions within the PD-L1 dimer,
reflecting their varying degrees of binding affinity and stabili-
zation mechanisms.

Secondary structure

The DSSP program was used to gain insight into the effect of the
flavonoids on the secondary structures of the PD-L1 dimer.
According to Fig. 9, no apparent changes were observed in the
secondary structure of the PD-L1 dimer when binding with the
flavonoids compared to the dimer system. The beta-sheet
conformation of the PD-L1 dimer remained almost entirely
stable throughout the 150 ns MD simulations. Importantly, the
C, F, and G sheet domains are crucial for the recognition of the
flavonoids, as mentioned earlier. Additionally, as the simula-
tion progressed, the secondary structure of other domains
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mainly transformed between coil, a-helix, bend, and turn. In
general, secondary structure analysis clearly indicated the
formation of stable and compact complexes.

PD-1/PDL-1 inhibitory activity

The blockade effects of the flavonoids on PD-1/PD-L1 interac-
tions were tested using an ELISA assay. The PD-1/PD-L1 small-
molecule inhibitor BMS-202, which recognizes the extracel-
lular domain of PD-L1 and blocks PD-1/PD-L1 interactions, was
used as a positive control.** The results showed that BMS-202
dose-dependently inhibited the interaction between PD-1 and
PD-L1 with an IC5, value of 9.94 pg mL™*. To determine whether
the flavonoids possess inhibitory effects on PD-1/PD-L1 inter-
actions, a comparative study was performed. As illustrated in
Fig. 10, Api showed a smaller blockade effect with an ICs, of
134.85 pug mL~'. Moreover, Kmp and Que also revealed
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PD-1/PD-L1 inibitory activity (%)

PD-1/PD-L1 inhibitory activity (%)
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Fig. 10 Inhibitory activities of (a) BMS-202, (b) Api, (c) Kmp and (d) Que
on PD-1/PD-L1 interactions.
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Fig. 9 The secondary structures of the PD-L1 dimer in the (a) dimer, (b) Api, (c) Kmp and (d) Que systems.
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inhibitory impacts on PD-1/PD-L1 binding, with activities of
39.72 and 29.93 ug mL™ ", respectively, following a similar trend
to the binding free energy of the complex systems as mentioned
above. These findings indicated that Api, Kmp, and Que are
effective PD-1/PD-L1 blockaders, and further studies can focus
on flavonoids with similar structural skeletons.

Conclusions

In this paper, molecular modeling and experimental
approaches were employed to explore the interaction mecha-
nism between the PD-L1 dimer and the flavonoids Api, Kmp,
and Que. The binding free energy calculations revealed that the
binding of flavonoids to the PD-L1 dimer was spontaneous, with
Kmp and Que showing stronger binding abilities than Api.
Notably, the residues Ile54, Tyr56, Met115, Ala121, and Tyr123
contributed significantly to the binding. Furthermore, the
structural basis, specifically the C-, F-, and G-sheet regions, for
the binding of the flavonoids with the PD-L1 dimer was eluci-
dated via contact number analysis. The interaction analysis
showed that the active cavity is mainly driven by hydrophobic
interactions. The analysis of DCCM and secondary structure
further indicated that the flavonoids could stably interact with
the binding regions. Consistent with the dynamics data, the
ELISA results demonstrated that the flavonoids inhibited PD-1/
PD-L1 interactions in a concentration-dependent manner, with
Kmp and Que showing stronger activities than Api. In summary,
this study offers useful information for the further development
of flavonoids targeting the PD-1/PD-L1 pathway.

Data availability

Autodock Vina and MGLTools were used for molecular docking,
which can be obtained free of charge: https://vina.scripps.edu/
downloads/ and https://ccsb.scripps.edu/mgltools/downloads/.
GROMACS 2016.4 was used for MD simulations at 300 K,
which can be obtained free of charge: https://
manual.gromacs.org/2016.4/download.html. AmberTools23
was used to parameterize the force field of the flavonoids,
which can be obtained from https://ambermd.org/
GetAmber.php#ambertools. VMD 1.9.3 was used to compute
the occupancies of intermolecular H bonds, which can be
obtained free of charge: https://www.ks.uiuc.edu/Research/
vmd/vimd-1.9.3/. PyMOL 2.5 was used for visualization, which
can be obtained free of charge: https://pymol.org/2/. The
WHAT IF online server was used to complete the PD-L1
dimer, which can be obtained free of charge: https://
swift.cmbi.umcn.nl/servers/html/index.html. PLIP was used to
compute non-bonded interactions, which can be obtained free
of charge: https://plip-tool.biotec.tu-dresden.de/plip-web/plip/
index.
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