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Abstract: Inhibitors blocking the PD-1/PD-L1 immune checkpoint demonstrate impressive anti-
tumor immunity, and small molecule inhibitors disclosed by the Bristol-Myers Squibb (BMS) company
have become a hot topic. In this work, by modifying the carbonyl group of BMS-202 into a hydroxyl
group to achieve two enantiomers (MS and MR) with a chiral center, we found that this is an effective
way to regulate its hydrophobicity and thus to reduce the negative effect of polar solvation free energy,
which enhances the stability of PD-L1 dimer/inhibitor complexes. Moreover, we studied the binding
modes of BMS-200 and BMS-202-related small molecule inhibitors by molecular dynamics simulation
to explore their inhibitory mechanism targeting PD-L1 dimerization. The results showed that the
size exclusion effect of the inhibitors triggered the rearrangement of the residue ATyr56, leading
to the formation of an axisymmetric tunnel-shaped pocket, which is an important structural basis
for improving the binding affinity of symmetric inhibitors with PD-L1. Furthermore, after inhibitor
dissociation, the conformation of ATyr123 and BMet115 rearranged, which blocked the entrance of
the binding pocket, while the reverse rearrangements of the same residues occurred when the PD-L1
monomer was complexed with the inhibitors, preparing PD-L1 for dimerization. Overall, this study
casts a new light on the inhibitory mechanism of BMS inhibitors targeting PD-L1 dimerization and
provides an idea for designing novel small molecule inhibitors for future cancer immunotherapy.

Keywords: PD-L1; small molecule inhibitor; dimerization mechanism; molecular dynamics simulation

1. Introduction

Programmed cell death protein 1 (PD-1), an inhibitory receptor on activated T cells,
can suppress the activity of activated T cells and maintain immune tolerance by binding to
its ligand, namely programmed cell death 1 ligand 1 (PD-L1) [1–4]. However, tumor cells
often evade attacks from the immune system by PD-L1 overexpression during tumor devel-
opment. Inhibitors that rescue exhausted T cells by blocking the PD-1/PD-L1 interactions
have demonstrated impressive anti-tumor immunity [5–9]. To date, more than a dozen
monoclonal antibodies (mAbs) targeting PD-1 or PD-L1 (nivolumab, pembrolizumab, ate-
zolizumab, etc.) have been approved for cancer treatment, and many mAbs are also in
clinical trials [10–15]. Compared with mAbs, small molecule inhibitors are oral medicines
with a shorter half-life and a lower molecular weight, which can avoid serious side effects
and improve tissue penetrability and metabolic stability. Although at the early stage, the
development of small molecule inhibitors targeting PD-L1 is promising [16–19].

The crystal structure of human PD-1/PD-L1 complex (PDB code: 4ZQK) resolved in
2015 provided precious structural information of the PD-1/PD-L1 interaction mode [20].
Meanwhile, a series of small molecule inhibitors blocking the PD-1/PD-L1 interaction by
inducing PD-L1 dimerization were disclosed by the Bristol-Myers Squibb (BMS) company,
and the half maximal inhibitory concentration (IC50) determined by homogeneous time-
resolved fluorescence (HTRF) method ranged from the nM to µM level (Figure 1) [21,22].
Subsequently, the crystal structures of several BMS small molecule inhibitors bound to the
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PD-L1 dimer were resolved [23–25]. The inhibitors with the 2-methyl-3-(phenoxymethyl)-
1,1′-biphenyl scaffold combined with the C’CFG strands of PD-L1 (the secondary structure
identification is shown in Figure S1), which blocked the interface of the PD-1/PD-L1
interaction and induced PD-L1 dimerization to form the hydrophobic pocket (Figure 2). In
addition, the structural rearrangement of the side chain of residue ATyr56 was observed
in the crystal structure analysis (the two monomers in the PD-L1 dimer were annotated
by subscripts A and B), which turned the pocket into a hydrophobic tunnel [26]. This
significant structural rearrangement coupled with the nearly axisymmetric character of
the PD-L1 dimer inspired the idea of designing symmetric inhibitors to increase binding
affinity [27–29]. Basu et al. modified the BMS-202 inhibitor to a symmetric inhibitor centered
on a 2,2′-dimethyl-1,1′-biphenyl core, and the inhibitory activity of the symmetric inhibitor
was nearly 3.8 times more potent than that of BMS-202 [30]. The results demonstrated that
the symmetric small molecule inhibitors targeting the PD-L1 dimer were feasible.
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Figure 2. The binding pocket of the PD-L1 dimer/BMS-202 inhibitor crystal structure (PDB code:
5J89). BMS-202 was located at the interface of two PD-L1 chains, and the arrangement of the PD-L1
dimer is nearly axisymmetric. (a) Front view. (b) Top view. The native crystal conformations of
BMS-202 are colored in yellow. Two monomers in PD-L1 dimer are annotated as APD-L1 and BPD-L1
and colored in green and cyan, respectively.

Although the above experimental results provided the vital structural basis for a
structure-based drug design, the mechanism of PD-L1 dimerization induced by BMS small
molecule inhibitors is not well understood. Molecular simulation could be a unique way
to approach the dimerization mechanism at a molecular level. Ahmed et al. investigated
the conformational dynamics of the existing crystal PD-L1 structures by classical and
accelerated molecular dynamics simulations, and the result of principal component analysis
showed that the C”D loop contributed to the maximum structural displacements and
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the conformation of PD-L1 was consistent with the conformational selection mechanism
during the binding process [31]. Lim et al. analyzed the PD-L1/BMS small molecule
inhibitor complexes with the fragment molecular orbital (FMO) method and determined
residues of PD-L1: Tyr56, Glu58, Gln66, Met115, and Asp122 were key residues in hot
spot regions [32]. Zhong et al. generated a pharmacophore model based on BMS small
molecule inhibitors, which consisted of one hydrogen bond donor, three hydrophobic
points, and one positive ionizable point, and identified residues of PD-L1: Ile54, Tyr56,
Val68, Met115, and Ala121 were involved in generating hydrophobic interactions, and
Asp122 and Lys124 were involved in forming hydrogen bonds [33]. Guo et al. investigated
the inhibitory mechanism of PD-L1 dimer/BMS-200-related small molecule inhibitors by
molecular dynamics simulation [34]. It was found that the inhibitors mainly bound to the
key residues Ile54, Tyr56, Met115, Ala121, and Tyr123 on the PD-L1 dimer with non-polar
interactions, and induced conformational changes in key residues. Moreover, the polar
solvation free energy of the PD-L1 dimer/BMS-200 complex was highly unfavorable to
binding affinity, which probably originated from the highly hydrophobic nature of the
pocket. Likewise, Shi et al. assessed the binding free energies between PD-L1 and two BMS
small molecule inhibitors (BMS-8 and BMS-1166) and obtained similar results [35].

Inspired by the above studies, in this work, we tentatively regulated the hydropho-
bicity of BMS-202 by modifying its carbonyl group into a hydroxyl group, which might
weaken the negative effect of the polar solvation free energy, thus improving the stability of
the PD-L1/inhibitor complexes [36]. It should be noted that this modification over BMS-202
generated a pair of enantiomers, which might exhibit a different potency towards PD-L1
dimerization. Therefore, it was mandatory to investigate both PD-L1 dimer/S-enantiomer
and PD-L1 dimer/R-enantiomer complexes, named MS and MR systems, respectively.
However, the following molecular-based studies showed that the chiral effect of the modi-
fied BMS-202 was negligible. For the sake of clarity, the results of both MS and MR systems
will be given, but only the former will be discussed in detail.

Moreover, to investigate the inhibitory mechanism of BMS small molecule inhibitors,
we comparably studied the binding mode of BMS-200 and BMS-202 inhibitors by molecular
dynamics simulation. Moreover, three control groups were also established for comparison.
Two of them were constructed by complexing S-enantiomer with the APD-L1 and BPD-L1
monomer and marked as the SA and SB system, respectively, while the other was made only
by the PD-L1 dimer, named the Dimer system (Table 1). The comprehensive analysis from
the perspectives of energies, conformation, and binding modes on these systems can provide
insight into the inhibitory mechanism of PD-L1 dimer/BMS small molecule inhibitors and
help in identifying the key factors affecting the binding process, which might be useful for the
design of novel small molecule inhibitors targeting PD-L1 dimerization as well.

Table 1. An overview of the investigated systems in this work.

System Receptor Inhibitor Structure of Inhibitor

BMS-200 PD-L1 Dimer BMS-200
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Table 1. Cont.

System Receptor Inhibitor Structure of Inhibitor

MR PD-L1 Dimer R-202
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2. Results and Discussion
2.1. Acquisition of the Initial Structure by Molecular Docking

The initial structures of the above systems were obtained by molecular docking and
used for molecular dynamics (MD) simulations. In order to verify that the docking method
was appropriate, the BMS-202 inhibitor was redocked to the PD-L1 dimer, and the confor-
mation of the molecule in the docking and native crystal were almost superposed (Figure 3).
The root mean square deviation (RMSD) was 1.507 Å, which verified that the docking
method was appropriate. Therefore, the remaining small molecule inhibitors were docked
to the PD-L1 dimer by the same docking method to obtain the initial structures.
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2.2. Stability Evaluation of the Molecular Dynamics Simulation Results

The initial structures obtained by molecular docking were performed 200 ns MD
simulations, and the RMSD of protein heavy atoms and inhibitors were used to assess
whether the systems reached the equilibrium state (Figure 4 and Figure S2). As shown in
Figure 4a, the deviation of protein heavy atoms in all the systems gradually increased in
the first 50 ns simulations and then stabilized between 1.75 and 2.75 Å, which suggested
that the protein structures had equilibrated and could be sampled for subsequent analysis.
The Dimer system had the largest deviation, which indicated that the PD-L1 dimer became
more flexible after inhibitor dissociation. As for the RMSD of the inhibitors (Figure 4b), the
values for the two PD-L1 monomer/inhibitor systems were much higher than those for
the PD-L1 dimer/inhibitor systems. Particularly, the SB system fluctuated significantly up
and down, which implied that the inhibitors were less stable in binding with the PD-L1
monomer after losing the PD-L1 chain on either side. By observing the MD trajectories, it
was found that the binding pocket formed by a single chain was too shallow to provide
enough interaction, which led to inconstant conformation changes of the S-202 on the
protein surface. In contrast, the RMSD curves were stabilized at a certain height in the
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PD-L1 dimer/inhibitor systems, and the rank of RMSD from highest to lowest among these
systems was BMS-200, BMS-202, MR, and MS, which meant that, when bound with the
PD-L1 dimer, the modified inhibitors were more stable than BMS-202.
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In order to determine whether the protein of these systems had similar regional
flexibility, root mean square fluctuation (RMSF) was calculated to evaluate the fluctuations
of the protein structure referring to its average structure at each frame, and the results were
divided into APD-L1 and BPD-L1 for comparative analysis. As depicted in Figure 4c,d,
the RMSF curves of APD-L1 and BPD-L1 in all the systems basically overlapped, which
suggested that the regional flexibility of PD-L1 in all systems was basically the same
whether it was in the form of a dimer or monomer, with or without an inhibitor. Specifically,
four dense peaks at 40–53 and 68–78 appeared in the residues of APD-L1 and BPD-L1,
respectively. According to the secondary structures of PD-L1, these peaks mainly appeared
in the random coil regions with high flexibility, which were far away from the binding
pocket and barely affected the binding process.

2.3. Comparative Analysis of Binding Free Energy

Considering the balance between computational cost and accuracy, the binding free
energies of these systems were calculated by the MM-PBSA method to evaluate the binding
affinity between PD-L1 and small molecule inhibitors (Table 2). With a regular gradient, the
binding free energies of the four PD-L1 dimer/inhibitor systems in descending order were
BMS-200, BMS-202, MR, and MS. Among these systems, BMS-200 bound to the PD-L1 dimer
with less affinity than BMS-202, which was consistent with their inhibitory activities (see
Figure 1). Modifying the carbonyl group of BMS-202 into a hydroxyl group can generally
increase the binding affinity to the PD-L1 dimer. Moreover, the binding free energy between
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the two PD-L1 chains in the Dimer system was −32.38 kcal/mol, which implied that the
PD-L1 dimer would not depolymerize in a short period after inhibitor dissociation. Two
PD-L1 monomer/inhibitor systems, i.e., SA and SB, had much less binding affinity than
the rest of the systems, which conformed with the RMSD results.

Table 2. The binding free energies of the systems evaluated by the MM-PBSA method.

Contribution a BMS-200 BMS-202 MS MR Dimer i SA SB

∆Evdw
b −66.45 ± 0.15 −64.58 ± 0.13 −62.57 ± 0.17 −63.30 ± 0.12 −50.76 ± 0.29 −34.17 ± 0.17 −32.32 ± 0.16

∆Eele
c −10.93 ± 0.23 −7.82 ± 0.09 −4.28 ± 0.09 −4.18 ± 0.09 −168.16 ± 1.03 −4.84 ± 0.17 −2.31 ± 0.09

∆Epol,sol
d 40.83 ± 0.29 34.47 ± 0.16 26.38 ± 0.14 28.38 ± 0.12 193.76 ± 1.32 14.68 ± 0.28 12.46 ± 0.18

∆Enonpl,sol
e −5.77 ± 0.01 −5.23 ± 0.01 −5.22 ± 0.01 −5.02 ± 0.01 −7.23 ± 0.03 −3.62 ± 0.02 −3.53 ± 0.01

∆Gpol,total
f 29.91 ± 0.52 26.65 ± 0.26 22.10 ± 0.24 24.20 ± 0.21 25.60 ± 2.35 9.83 ± 0.45 10.14 ± 0.27

∆Gnonpl,total
g −72.22 ± 0.16 −69.82 ± 0.14 −67.80 ± 0.19 −68.32 ± 0.13 −57.99 ± 0.32 −37.80 ± 0.19 −35.84 ± 0.17

∆G h −42.32 ± 0.16 −43.17 ± 0.13 −45.70 ± 0.17 −44.13 ± 0.13 −32.38 ± 0.53 −27.96 ± 0.16 −25.71 ± 0.17

a All the energy contributions are in kcal/mol. b Van der Waals energy. c Electrostatic energy. d Polar solvation
free energy. e Non-polar solvation free energy. f Total polar binding free energy (consisting of electrostatic energy
and polar solvation free energy). g Total non-polar binding free energy (consisting of Van der Waals energy and
non-polar solvation free energy). h Binding free energy. i The value of the Dimer system is the binding free energy
between two PD-L1 chains.

Specifically, the binding free energy (∆G) was divided into polar and non-polar parts.
Due to the hydrophobic surface of PD-L1, the non-polar binding free energy (∆Gnonpl,total)
was favorable to the binding between PD-L1 and BMS small molecule inhibitors. Furthermore,
the ∆Gnonpl,total can be divided into Van der Waals energy (∆Evdw) and non-polar solvation
free energy (∆Enonpl,sol), where Van der Waals interaction was the main driving force during
the binding process. In contrast, the polar binding free energy (∆Gpol,total) consisting of
electrostatic energy (∆Eele) and polar solvation free energy (∆Epol,sol) was overall unfavorable
to the binding process, mainly due to the serious negative effects of ∆Epol,sol.

The MS and MR systems had weaker electrostatic energy and polar solvation free
energy than the BMS-202 system. It was distinct that, by simply modifying the carbonyl
group of BMS-202 into a hydroxyl group, although the favorable electrostatic interactions
became weaker, the value of polar solvation free energy was greatly reduced. Because
the hydroxyl has weaker electronegativity than carbonyl, the polarity of the α-alkanol
amino group consisting of the hydroxyl and the adjacent imino group was weaker than
the amide group, and thus improved the hydrophobicity. Comparably, since BMS-200 was
less hydrophobic than BMS-202, the BMS-200 system had much higher polar solvation
free energy than that of the BMS-202 system, which became the main reason for the lower
binding free energy of the latter system. By analyzing the binding free energy of the above
systems, it was found that, although non-polar interactions were the driving force during
the PD-L1/inhibitor binding process, decreasing the unfavorable polar interactions by
balancing the hydrophilicity and hydrophobicity of the inhibitors was a more effective way
to achieve high binding affinity.

A similar result can be found from the MM-PBSA data calculated by Shi et al., the
electrostatic energies of BMS-8 and BMS-1166 were −29.29 and −72.23 kcal/mol, respec-
tively; the polar solvation free energies of BMS-8 and BMS-1166 were 49.89 and 105.28
kcal/mol, respectively [35]. Comparing the structures of these two inhibitors (Figure 1), it
can be seen that BMS-1166 was modified with additional structural fragments on the core
scaffold, which increased the electrostatic interactions between the extra polar atoms and
protein. It was found that, though the favorable electrostatic interaction was enhanced, the
modification greatly improved the hydrophilicity of BMS-1166 and significantly increased
the unfavorable polar solvation free energy, which was consistent with the conclusion
drawn in this work.

2.4. Key Residue Recognition

The binding free energies obtained above were decomposed and attributed to each
residue of PD-L1, in which the residues with an energy contribution lower than−1 kcal/mol
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were defined as key residues. As illustrated in Figure 5, AMet115, ATyr123, BTyr56, and
BMet115 were commonly identified as key residues for all systems. In addition, residues
such as AIle54, ATyr56, AAla121, BIle54, BAla121, and BTyr123 were found to make signifi-
cant contributions to different systems as well, which indicated that the binding mode of
these systems were similar, and the identities of the important residues were almost the
same in both monomers of the PD-L1 dimer. Moreover, the spatial distribution of these
important residues showed that they were almost axisymmetrically located in the pocket
(Figure 6). Altogether, it laid the structural basis for designing small molecule inhibitors
with geometrical symmetry, which have been experimentally verified to exhibit better
efficacy [30].
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However, differences could also be found after detailed comparisons. For example,
with respect to the residues which contributed most significantly to the binding, it was
AMet115 for the BMS-200 system, while it changed to BTyr56 for the others. Similarly,
AAla121 made negative contributions to the BMS-200 system, but it was a key residue in
the other PD-L1 dimer/inhibitor systems. Moreover, due to the slight displacement of the
binding site for SA system, the key residues of SA system were different from BMS-202
system (Figure 7).
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2.5. Hydrogen Bond Analysis

In order to explore the mechanism during the binding process, hydrogen bond statis-
tics were used to analyze the hydrogen bond occupancy between the inhibitors and PD-L1
of the last 50 ns trajectories. The number of hydrogen bonds of each system during the
whole MD simulation is shown in Figure S2. All systems had no more than five hydrogen
bonds in each frame, which conformed to the Rule of Five [37,38]. The number of hydrogen
bonds was highest in the BMS-200 and BMS-202 systems, followed by the MS and MR
systems and then the SA and SB systems, which was consistent with the magnitude of elec-
trostatic energy contributed by hydrogen bond interactions. The occupancies of hydrogen
bonds are listed in Table 3.
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Table 3. Hydrogen bond occupancy of the systems.

System Donor Receptor Occupancy (%) a

BMS-200
BMS-200@O3 BAsp73@OD1 56.67 ± 1.88
BHis69@NE2 BMS-200@O2 19.71 ± 2.41
BMS-200@O1 BAsp73@OD2 15.16 ± 2.17

BMS-202 BGlu66@NE2 BMS-202@N1 80.55 ± 1.57
BAsn63@N BMS-202@O2 73.75 ± 1.98

MS S-202@N2 BGln66@OE1 48.47 ± 2.72

MR BGln66@NE2 R-202@N2 60.79 ± 1.58
R-202@N1 BTyr56@OH 17.15 ± 2.15

SA
Arg113@NE S-202@O2 12.96 ± 2.74

Arg113@NH2 S-202@N1 11.36 ± 2.16
Arg113@NH1 S-202@O2 11 ± 2.02

SB S-202@N2 Gln66@OE1 27.69 ± 3.26
a Only hydrogen bonds with a Donor–Acceptor atom distance less than 3.5 Å, a Donor–H acceptor angle greater
than 120◦, and an occupancy greater than 10% are listed.

It is worth noting that all hydrogen bonds with high occupancy were formed between
BPD-L1 and the linear tail of the inhibitors in the four PD-L1 dimer/inhibitor systems.
These hydrogen bonds mainly formed at the outlet of the binding pocket, where the
residues such as His, Asp, and Glu belonging to BPD-L1 were charged, while residues such
as Ala, Phe, and Thr belonging to APD-L1 were uncharged. Moreover, the flexible linear
tail of the inhibitors contained high electronegative atoms such as nitrogen and oxygen,
which were easily attracted to the surface of BPD-L1 by electrostatic interaction to form
hydrogen bonds with the charged residues.

2.6. Binding Mode Analysis and Residue Rearrangement Investigation

Subsequently, the non-bonded interactions between the inhibitors and PD-L1 were
evaluated. Based on the results of interaction analysis and key residue recognition, we
had a full view of the interaction pattern of each system. As illustrated in Figure 7, for the
PD-L1 dimer/inhibitor systems, the biphenyl ring of the inhibitors was inside the binding
pocket, while the pyridine ring and tail chain of the inhibitors were exposed to solvent
at the outside of the binding pocket. With the hydrophobic environment formed by the
narrow and deep binding pocket, numerous non-polar interactions were formed between
the phenyl ring, pyridine ring, and surrounding residues. The staggered phenyl rings
occupied a large space, which allowed the inhibitors to be tightly stuck in the binding
pocket. In addition, the linear flexible tail of the inhibitors coupled with hydrogen bond
interactions provided a good match to the uneven surface of the binding pocket.

Furthermore, the structures of four PD-L1 dimer/inhibitor systems were aligned by
the PD-L1 dimer (Figure 8a). It can be seen that the conformations of the inhibitors were
very similar. Among the four Tyr residues in the binding pocket, only ATyr56 clearly
exhibited conformational rearrangement, which was in line with the results of crystal
analysis [23].

In order to provide insight on the mechanism behind the rearrangement of ATyr56,
the minimum distances between the inhibitors and the geometric center of the side chain of
ATyr56 are shown in Figure 8b. The minimum distances of the BMS-202 and MR systems
remained broadly the same. In contrast, for the BMS-200 and MS systems, the minimum
distance increased abruptly and remained stable. According to the trajectories describing
the displacement between ATyr56 and the inhibitors (see Figure 8c,d), BMS-200 moved
forward to ATyr56, causing the side chain of ATyr56 to twist away from the inhibitor and
flip upward, which opened an additional hole at the bottom of the binding pocket and
turned the unilateral opening pocket into a through tunnel. By contrast, BMS-202 was still
deeply embedded in the binding pocket. Moreover, the hole formed in the BMS-200 system
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was larger than that of the MS system because the BMS-200 molecule has an additional
1,4-dioxane fragment at the head of its structure.
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Figure 8. Conformational changes of the BMS-200 and MS systems during MD simulations. The side
chain of residue ATyr56 exhibited significant conformational rearrangement in the BMS-200 and MS
systems. The hole formed at the bottom of the binding pocket turned the unilateral opening pocket
into a through tunnel. (a) Conformational analysis by PD-L1 structural alignment. The BMS-200,
BMS-202, MS, and MR systems are colored in orange, light blue, magenta, and pale green, respectively.
(b) Minimum distance between the inhibitors and the geometric center of the side chain of ATyr56.
The curves were smoothed to remove irregular noisy data by the adjacent-averaging filter with five
points of window. Motional visualization of the BMS-200 system (c) and MS system (d). The structure
of each frame is colored in green, purple, yellow, and white, in chronological order. The distance
between the two frames with the largest conformational difference is represented by the yellow
dotted line. The conformational changes of the binding pocket (rear view) in the BMS-200 system
(e) and MS system (f). The APD-L1 and BPD-L1 are colored in green and cyan, respectively.

In summary, both a T-stacking interaction and a size exclusion effect existed between
the inhibitors and ATyr56. Since the motion of inhibitors was more intense than that of
ATyr56, the inhibitors tended to stagger with the phenyl plane of ATyr56, weakening the
T-stacking interaction. Moreover, the size exclusion effect between the inhibitors and the
side chain of ATyr56 would separate them further, causing the rearrangement of the side
chain of ATyr56.
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2.7. Correlation Analysis of Residues Motion

Furthermore, to better investigate the motion behaviors of the residues in the binding
pocket, the cross-correlation matrix was used to analyze the direction, amplitude, and
motion correlation of the residues in different systems (Figure 9). For the BMS-200 system,
the motion of ATyr56 was very active, which was anti-correlated with the other residues.
This anti-correlation was more obvious between ATyr56 and the nearby residues BAsp122
and BTyr123. As expected, a similar situation occurred in the MS system, but there were
evident anti-correlated motions between residue ATyr56 and ATyr123 rather than BTyr123.
In addition, BGln66 also had anti-correlated motions with BTyr123 and ATyr56 in the MS
system. For MR system, similar motion behavior was not observed in ATyr56, which
conformed with the previous results that only ATyr56 in the BMS-200 and MS systems
showed notable conformational changes. Moreover, the anti-correlated motions between
BGln66 and both AIle54 and BTyr123 were more intense, and there were synergetic motions
between BGln66 and the adjacent residues in the MR system.
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For the Dimer system, correlated motions between the residues of APD-L1 were
observed clearly, while general anti-correlated motions between the residues of APD-L1
and those of BPD-L1 were also evident, which indicated that the overall motional directions
of the two PD-L1 chains were opposing. Therefore, the PD-L1 dimer showed a separation
tendency after inhibitor dissociation.

2.8. Free Energy Landscapes and New Insight into PD-L1 Dimerization

Subsequently, the above covariance matrices were diagonalized to obtain principal
components (PCs), and the last 50 ns trajectories were then projected onto the two largest
principal components (PC1 and PC2) to characterize the free energy landscapes of the
binding pocket. The results of all systems are shown in Figure 10 and S3. The consecutive
conformational spaces of the four PD-L1 dimer/inhibitor systems were mainly located
in the range of 4 < PC1 < 7 and −3 < PC2 < 3, which indicated that the four PD-L1
dimer/inhibitor systems had converged to the same space. However, the distribution
of low-energy regions of each system has its own characteristics. For the BMS-202 and
MS systems, a large and unique low-energy region demonstrated that residues in the
binding pocket tended to maintain a stable conformation. However, there were two low-
energy regions in the BMS-200, MR, and Dimer systems, which implied that their residues
could potentially switch between the two conformation. The two conformations in the
Dimer system, named DIM-Conf 1 and 2, respectively, were compared with the low-energy
conformation of the MS system (Figure 11).
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principal components (PCs), which were obtained from the diagonalization of the covariance ma-
trices in Figure 9. The two metastable clusters of the Dimer system are named DIM-Conf 1 and 2,
respectively. The conformation of these residues could potentially switch between the two clusters.
The number in parentheses shows the percentage of the variance of PCs in the total variance. The
energy of the conformation is represented by the color legend.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 16 of 20 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 11. (a) Conformational differences among the stable conformation of the MS and Dimer sys-
tem. (b) The entrance of the binding pocket was completely blocked by the conformational changes 
of residues ATyr123 and BMet115, resulting in pocket disappearance. In the SA (c) and SB (d) sys-
tems, PD-L1 combined with the inhibitor to form an open conformation in preparation for PD-L1 
dimerization. MS, SA, SB, DIM-Conf 1, and DIM-Conf 2 conformation are colored in magenta, or-
ange, light blue, yellow, and white, respectively. APD-L1 and BPD-L1 are colored in green and cyan, 
respectively. 

3. Materials and Methods 
3.1. Molecular Modeling 

The PD-L1/BMS-200 and PD-L1/BMS-202 crystal complexes (PDB codes: 5N2F, 5J89) 
were downloaded from the Research Collaboratory for Structural Bioinformatics (RCSB) 
Protein Data Bank [23,26,39]. The initial structures of BMS-200 and BMS-202 were ex-
tracted from the crystal complexes. The S and R enantiomers were obtained by modifying 
the carbonyl group of BMS-202 into a hydroxyl group. Structural optimization of all the 
small molecule inhibitors was carried out at the B3LYP/def2SVP level with the Gaussian09 
E.01 package, and RESP atomic charges were calculated with Multiwfn 3.7 [40,41]. The 
missing sidechains of protein structures were repaired through the WHAT IF online 
server. 

3.2. Molecular Docking 
Molecular docking is a technique of placing an inhibitor into the binding pocket to 

obtain a series of matching patterns of interaction. Autodock Vina was used for docking 
small molecule inhibitors into the PD-L1 dimer [42]. We built a 22 × 18 × 18 grid box with 
1 Å grid spacing centering on inhibitors, and the energy range and exhaustiveness were 
set as 4 kcal/mol and 24, respectively [43,44]. According to the affinity evaluation by scor-
ing function and binding mode analysis, the best mode was selected as the initial structure 
for molecular dynamics simulation [45,46]. 

3.3. Molecular Dynamics Simulation 
Molecular dynamics simulation is a powerful tool for analyzing the conformational 

change of protein and the kinetic characteristics of small molecule inhibitors at an atomic 
level. For all the systems above, the MD simulations were carried out using the Gromacs 

Figure 11. (a) Conformational differences among the stable conformation of the MS and Dimer
system. (b) The entrance of the binding pocket was completely blocked by the conformational
changes of residues ATyr123 and BMet115, resulting in pocket disappearance. In the SA (c) and SB
(d) systems, PD-L1 combined with the inhibitor to form an open conformation in preparation for
PD-L1 dimerization. MS, SA, SB, DIM-Conf 1, and DIM-Conf 2 conformation are colored in magenta,
orange, light blue, yellow, and white, respectively. APD-L1 and BPD-L1 are colored in green and cyan,
respectively.

It was found that the side chains of the four Tyr residues were on the same side in the
MS system. For the DIM-Conf 1 and 2 conformations, due to inhibitor dissociation, Tyr56
and Tyr123 have extra space to stagger up and down, which weakened the size exclusion
effect and led to a new stable conformation. In addition, the side chains of residue BMet115
and ATyr123 in DIM-Conf 1 and 2 showed a downward flip, leading to the reduction of
the cavity of the binding pocket. As a consequence, the entrance of the binding pocket
was completely blocked. On the contrary, when a PD-L1 monomer was complexed by the
inhibitors, the PD-L1 monomer would undergo reverse rearrangement and prepare for
dimerization with nearby PD-L1.

3. Materials and Methods
3.1. Molecular Modeling

The PD-L1/BMS-200 and PD-L1/BMS-202 crystal complexes (PDB codes: 5N2F, 5J89)
were downloaded from the Research Collaboratory for Structural Bioinformatics (RCSB)
Protein Data Bank [23,26,39]. The initial structures of BMS-200 and BMS-202 were extracted
from the crystal complexes. The S and R enantiomers were obtained by modifying the
carbonyl group of BMS-202 into a hydroxyl group. Structural optimization of all the small
molecule inhibitors was carried out at the B3LYP/def2SVP level with the Gaussian09 E.01
package, and RESP atomic charges were calculated with Multiwfn 3.7 [40,41]. The missing
sidechains of protein structures were repaired through the WHAT IF online server.
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3.2. Molecular Docking

Molecular docking is a technique of placing an inhibitor into the binding pocket to
obtain a series of matching patterns of interaction. Autodock Vina was used for docking
small molecule inhibitors into the PD-L1 dimer [42]. We built a 22 × 18 × 18 grid box with
1 Å grid spacing centering on inhibitors, and the energy range and exhaustiveness were set
as 4 kcal/mol and 24, respectively [43,44]. According to the affinity evaluation by scoring
function and binding mode analysis, the best mode was selected as the initial structure for
molecular dynamics simulation [45,46].

3.3. Molecular Dynamics Simulation

Molecular dynamics simulation is a powerful tool for analyzing the conformational
change of protein and the kinetic characteristics of small molecule inhibitors at an atomic
level. For all the systems above, the MD simulations were carried out using the Gromacs
2016 software package [47]. The GAFF and AMBER 14SB force fields were used to char-
acterize the small molecule inhibitors and PD-L1 protein structures, respectively [48,49].
The systems were solvated in a periodic cubic box filled with TIP3P water molecules and
electrically neutralized with counterions. The minimum distance between the protein and
the edge of the box was set as 10 Å to remove the boundary effect. In order to relax close
contacts in the starting structures, the steepest decent (SD) and conjugated gradient (CG)
algorithms were employed to minimize the maximum force of the systems to less than
50 kJ/mol·nm. Next, the systems were heated up from 0 to 300 K in 1 ns NVT equilibration
using a V-rescale thermostat with all protein and inhibitor atoms fixed. The systems were
given an initial velocity consistent with the Maxwell distribution. After that, the pressure of
the systems was coupled at 1 bar in 1 ns NPT equilibration using the Berendsen algorithm
with all protein and inhibitor atoms fixed. Finally, 200 ns production simulations were
performed without any positional constraints, and snapshots of the last 50 ns trajectory
were taken every 1.0 ps for subsequent analyses. During the production simulations, the
LINCS algorithm was used to constrain the hydrogen bonds, the Particle Mesh Ewald
(PME) was used for the long-range electrostatics calculation, the cut-off method was used
for the short-range van der Waals force calculation and short-range electrostatics calculation
(the cut-off values were set as 1 nm), the V-rescale was used for temperature coupling, and
Parrinello–Rahman was used for pressure coupling. The remaining parameters were set
to default values. All simulations were repeated with the same parameters five times to
ensure stability and repeatability.

3.4. Binding Free Energy

For the MD trajectory of biomolecular systems, the MM-PBSA method is commonly
used to calculate the protein–inhibitor binding free energy (∆G) to determine the binding
affinity between protein and inhibitor [50,51]. In this work, 500 snapshots extracted from
the last 50 ns trajectory of the MD simulation were used to calculate the binding free energy
by the g_mmpbsa tool [52]. The simplified equations for calculating the binding free energy
are shown below:

∆G = Gcom − Gpro − Glig (1)

G = EMM − T∆S + Gsol (2)

EMM = Evdw + Eele (3)

Gsol = Epol,sol + Enonpl,sol (4)

Enonpl,sol = γ·∆SASA (5)

where Gcom, Gpro, and Glig are the free energy of the PD-L1/inhibitor complex, PD-L1 dimer,
and small molecule inhibitors, respectively. The energy (EMM) calculated by molecular
mechanics consists of the energy of van der Waals (Evdw) and electrostatic interaction (Eele).
The solvation free energy (Gsol) is comprised of the polar solvation free energy (Epol,sol)
and non-polar solvation free energy (Enonpl,sol). ∆SASA denotes the solvent-accessible
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surface areas, and all the empirical parameters, including γ, are set to default. Considering
that the entropy contribution (∆S) is computationally expensive and tends to have a large
margin of error that introduces significant uncertainty to the results, the ∆S of all systems
were ignored [53,54]. In addition, all energy terms were subdivided and attributed to each
residue to identify the key residues for the binding process.

4. Conclusions

In this work, to explore the effect of the hydrophobicity of the inhibitors on its bind-
ing affinity, we modified the carbonyl group of BMS-202 into a hydroxyl group, which
generated a pair of enantiomers (MS and MR) and was complexed with the PD-L1 dimer.
Meanwhile, we compared the binding modes of BMS-200, and these BMS-202-related small
molecule inhibitors by molecular dynamics simulation to investigate their inhibitory mech-
anism targeting PD-L1 dimerization. Moreover, three control groups were also established
for comparison. Two of them were constructed by complexing the S-enantiomer (MS) with
the APD-L1 and BPD-L1 monomer, respectively, while the other was made only by the
PD-L1 dimer.

It was found that the chemical modification could effectively improve the hydropho-
bicity of BMS-202 and greatly reduced the negative effect of polar solvation energy, which
enhanced the stability of the PD-L1 dimer/inhibitor complexes, providing an idea for the
structural modification of small molecule inhibitors. Regarding the inhibitory mechanism
of BMS inhibitors targeting PD-L1, it can be concluded that the staggered phenyl rings were
the key fragment of the inhibitors, which occupied a large space and formed numerous
non-polar interactions with surrounding residues, allowing the inhibitors to be firmly
anchored in the pocket. Complementally, the linear flexible tail of the inhibitors caused
hydrogen bond interactions to match the uneven surface of the binding pocket. Moreover,
both a T-stacking interaction and a size exclusion effect existed between the inhibitors
and ATyr56, and the size exclusion effect triggered the rearrangement of the side chain
of ATyr56, resulting in the formation of an axisymmetric tunnel-shaped pocket, which is
an important structural basis for improving the binding affinity of symmetric inhibitors.
Moreover, the downward conformational rearrangements of residues ATyr123 and BMet115
completely blocked the entrance of the binding pocket after inhibitor dissociation, such
that other molecules could not access it, while the reverse rearrangement occurred when
the PD-L1 monomer was complexed with the inhibitors, elucidating the key mechanism of
PD-L1 dimerization.

Overall, this study casts a new light on the inhibitory mechanism of BMS small
molecule inhibitors targeting PD-L1 dimerization and provides an idea for the design of
novel small molecule inhibitors.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms24021280/s1.

Author Contributions: Conceptualization, J.L., Y.J. and B.L.; methodology, J.L. and B.W.; software,
J.L.; validation, J.L. and B.W.; formal analysis, J.L.; investigation, J.L.; resources, B.L.; data curation,
J.L.; writing—original draft preparation, J.L.; writing—review and editing, J.L., Y.J., B.W., Y.Y. and
B.L.; visualization, J.L.; supervision, Y.J., Y.Y. and B.L.; project administration, Y.J. and B.L.; funding
acquisition, B.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Construction Plan of Guangdong Province High-Level
Universities and the Research Start-Up Funds for the High-Level Talent Introduction Project of South
China Agricultural University, grant no. 20173326.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article, figures,
tables, and supplementary materials.

https://www.mdpi.com/article/10.3390/ijms24021280/s1
https://www.mdpi.com/article/10.3390/ijms24021280/s1


Int. J. Mol. Sci. 2023, 24, 1280 16 of 18

Acknowledgments: We gratefully acknowledge our colleague Luming Meng for his professional
statistical analysis and Yan Guo at Shanxi Normal University for her valuable advice.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Sharpe, A.H.; Wherry, E.J.; Ahmed, R.; Freeman, G.J. The function of programmed cell death 1 and its ligands in regulating

autoimmunity and infection. Nat. Immunol. 2007, 8, 239–245. [CrossRef]
2. Fife, B.T.; Pauken, K.E. The role of the PD-1 pathway in autoimmunity and peripheral tolerance. Ann. N. Y. Acad. Sci. 2011, 1217, 45–59.

[CrossRef] [PubMed]
3. Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and Function of the PD-L1 Checkpoint. Immunity 2018, 48, 434–452.

[CrossRef] [PubMed]
4. Tan, C.L.; Kuchroo, J.R.; Sage, P.T.; Liang, D.; Francisco, L.M.; Buck, J.; Thaker, Y.R.; Zhang, Q.; McArdel, S.L.; Juneja, V.R.;

et al. PD-1 restraint of regulatory T cell suppressive activity is critical for immune tolerance. J. Exp. Med. 2021, 218, e20182232.
[CrossRef]

5. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [CrossRef]
[PubMed]

6. Tumeh, P.C.; Harview, C.L.; Yearley, J.H.; Shintaku, I.P.; Taylor, E.J.; Robert, L.; Chmielowski, B.; Spasic, M.; Henry, G.; Ciobanu,
V.; et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature 2014, 515, 568–571. [CrossRef]

7. Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423–1437.
[CrossRef]

8. Taube, J.M.; Klein, A.; Brahmer, J.R.; Xu, H.; Pan, X.; Kim, J.H.; Chen, L.; Pardoll, D.M.; Topalian, S.L.; Anders, R.A. Association of
PD-1, PD-1 ligands, and other features of the tumor immune microenvironment with response to anti-PD-1 therapy. Clin. Cancer
Res. 2014, 20, 5064–5074. [CrossRef]

9. Kamphorst, A.O.; Wieland, A.; Nasti, T.; Yang, S.; Zhang, R.; Barber, D.L.; Konieczny, B.T.; Daugherty, C.Z.; Koenig, L.; Yu, K.;
et al. Rescue of exhausted CD8 T cells by PD-1-targeted therapies is CD28-dependent. Science 2017, 355, 1423–1427. [CrossRef]

10. Brahmer, J.R.; Tykodi, S.S.; Chow, L.Q.; Hwu, W.J.; Topalian, S.L.; Hwu, P.; Drake, C.G.; Camacho, L.H.; Kauh, J.; Odunsi, K.; et al.
Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N. Engl. J. Med. 2012, 366, 2455–2465. [CrossRef]

11. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.; Carvajal, R.D.; Sosman, J.A.;
Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl. J. Med. 2012, 366, 2443–2454.
[CrossRef] [PubMed]

12. Postow, M.A.; Callahan, M.K.; Wolchok, J.D. Immune Checkpoint Blockade in Cancer Therapy. J. Clin. Oncol. 2015, 33, 1974–1982.
[CrossRef] [PubMed]

13. Yang, J.; Hu, L. Immunomodulators targeting the PD-1/PD-L1 protein-protein interaction: From antibodies to small molecules.
Med. Res. Rev. 2019, 39, 265–301. [CrossRef]

14. Darvin, P.; Toor, S.M.; Sasidharan Nair, V.; Elkord, E. Immune checkpoint inhibitors: Recent progress and potential biomarkers.
Exp. Mol. Med. 2018, 50, 1–11. [CrossRef] [PubMed]

15. Alsaab, H.O.; Sau, S.; Alzhrani, R.; Tatiparti, K.; Bhise, K.; Kashaw, S.K.; Iyer, A.K. PD-1 and PD-L1 Checkpoint Signaling Inhibition
for Cancer Immunotherapy: Mechanism, Combinations, and Clinical Outcome. Front. Pharmacol. 2017, 8, 561. [CrossRef]

16. Gong, J.; Chehrazi-Raffle, A.; Reddi, S.; Salgia, R. Development of PD-1 and PD-L1 inhibitors as a form of cancer immunotherapy:
A comprehensive review of registration trials and future considerations. J. Immunother. Cancer 2018, 6, 8. [CrossRef] [PubMed]

17. Yi, M.; Zheng, X.; Niu, M.; Zhu, S.; Ge, H.; Wu, K. Combination strategies with PD-1/PD-L1 blockade: Current advances and
future directions. Mol. Cancer 2022, 21, 28. [CrossRef]

18. Zhan, M.M.; Hu, X.Q.; Liu, X.X.; Ruan, B.F.; Xu, J.; Liao, C. From monoclonal antibodies to small molecules: The development of
inhibitors targeting the PD-1/PD-L1 pathway. Drug Discov. Today 2016, 21, 1027–1036. [CrossRef]

19. Khalil, D.N.; Smith, E.L.; Brentjens, R.J.; Wolchok, J.D. The future of cancer treatment: Immunomodulation, CARs and combination
immunotherapy. Nat. Rev. Clin. Oncol. 2016, 13, 273–290. [CrossRef]

20. Zak, K.M.; Kitel, R.; Przetocka, S.; Golik, P.; Guzik, K.; Musielak, B.; Domling, A.; Dubin, G.; Holak, T.A. Structure of the Complex
of Human Programmed Death 1, PD-1, and Its Ligand PD-L1. Structure 2015, 23, 2341–2348. [CrossRef]

21. Chupak, L.S.; Zheng, X. Compounds Useful as Immunomodulators. Patent WO 2015034820 A1, 12 March 2015.
22. Chupak, L.S.; Ding, M.; Martin, S.W.; Zheng, X.; Hewawasam, P.; Connolly, T.P.; Xu, N.; Yeung, K.; Zhu, J.; Langley, D.R.; et al.

Compounds Useful as Immunomodulators. Patent WO 2015160641 A2, 22 October 2015.
23. Guzik, K.; Zak, K.M.; Grudnik, P.; Magiera, K.; Musielak, B.; Torner, R.; Skalniak, L.; Domling, A.; Dubin, G.; Holak, T.A. Small-

Molecule Inhibitors of the Programmed Cell Death-1/Programmed Death-Ligand 1 (PD-1/PD-L1) Interaction via Transiently
Induced Protein States and Dimerization of PD-L1. J. Med. Chem. 2017, 60, 5857–5867. [CrossRef] [PubMed]

24. Skalniak, L.; Zak, K.M.; Guzik, K.; Magiera, K.; Musielak, B.; Pachota, M.; Szelazek, B.; Kocik, J.; Grudnik, P.; Tomala, M.; et al.
Small-molecule inhibitors of PD-1/PD-L1 immune checkpoint alleviate the PD-L1-induced exhaustion of T-cells. Oncotarget 2017,
8, 72167–72181. [CrossRef] [PubMed]

http://doi.org/10.1038/ni1443
http://doi.org/10.1111/j.1749-6632.2010.05919.x
http://www.ncbi.nlm.nih.gov/pubmed/21276005
http://doi.org/10.1016/j.immuni.2018.03.014
http://www.ncbi.nlm.nih.gov/pubmed/29562194
http://doi.org/10.1084/jem.20182232
http://doi.org/10.1038/nrc3239
http://www.ncbi.nlm.nih.gov/pubmed/22437870
http://doi.org/10.1038/nature13954
http://doi.org/10.1038/nm.3394
http://doi.org/10.1158/1078-0432.CCR-13-3271
http://doi.org/10.1126/science.aaf0683
http://doi.org/10.1056/NEJMoa1200694
http://doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
http://doi.org/10.1200/JCO.2014.59.4358
http://www.ncbi.nlm.nih.gov/pubmed/25605845
http://doi.org/10.1002/med.21530
http://doi.org/10.1038/s12276-018-0191-1
http://www.ncbi.nlm.nih.gov/pubmed/30546008
http://doi.org/10.3389/fphar.2017.00561
http://doi.org/10.1186/s40425-018-0316-z
http://www.ncbi.nlm.nih.gov/pubmed/29357948
http://doi.org/10.1186/s12943-021-01489-2
http://doi.org/10.1016/j.drudis.2016.04.011
http://doi.org/10.1038/nrclinonc.2016.25
http://doi.org/10.1016/j.str.2015.09.010
http://doi.org/10.1021/acs.jmedchem.7b00293
http://www.ncbi.nlm.nih.gov/pubmed/28613862
http://doi.org/10.18632/oncotarget.20050
http://www.ncbi.nlm.nih.gov/pubmed/29069777


Int. J. Mol. Sci. 2023, 24, 1280 17 of 18

25. Muszak, D.; Surmiak, E.; Plewka, J.; Magiera-Mularz, K.; Kocik-Krol, J.; Musielak, B.; Sala, D.; Kitel, R.; Stec, M.; Weglarczyk, K.;
et al. Terphenyl-Based Small-Molecule Inhibitors of Programmed Cell Death-1/Programmed Death-Ligand 1 Protein-Protein
Interaction. J. Med. Chem. 2021, 64, 11614–11636. [CrossRef] [PubMed]

26. Zak, K.M.; Grudnik, P.; Guzik, K.; Zieba, B.J.; Musielak, B.; Domling, A.; Dubin, G.; Holak, T.A. Structural basis for small molecule
targeting of the programmed death ligand 1 (PD-L1). Oncotarget 2016, 7, 30323–30335. [CrossRef]

27. Chen, Y.; Liu, P.; Gao, F.; Cheng, H.; Qi, J.; Gao, G.F. A dimeric structure of PD-L1: Functional units or evolutionary relics? Protein
Cell 2010, 1, 153–160. [CrossRef] [PubMed]

28. Wu, Y.; Zhang, Y.; Guo, Y.; Pan, Z.; Zhong, S.; Jin, X.; Zhuang, W.; Chen, S.; Gao, J.; Huang, W.; et al. Discovery of phenyl-linked
symmetric small molecules as inhibitors of the programmed cell death-1/programmed cell death-ligand 1 interaction. Eur. J. Med.
Chem. 2021, 223, 113637. [CrossRef] [PubMed]

29. Kawashita, S.; Aoyagi, K.; Yamanaka, H.; Hantani, R.; Naruoka, S.; Tanimoto, A.; Hori, Y.; Toyonaga, Y.; Fukushima, K.; Miyazaki,
S.; et al. Symmetry-based ligand design and evaluation of small molecule inhibitors of programmed cell death-1/programmed
death-ligand 1 interaction. Bioorg. Med. Chem. Lett. 2019, 29, 2464–2467. [CrossRef]

30. Basu, S.; Yang, J.; Xu, B.; Magiera-Mularz, K.; Skalniak, L.; Musielak, B.; Kholodovych, V.; Holak, T.A.; Hu, L. Design, Synthesis,
Evaluation, and Structural Studies of C2-Symmetric Small Molecule Inhibitors of Programmed Cell Death-1/Programmed
Death-Ligand 1 Protein-Protein Interaction. J. Med. Chem. 2019, 62, 7250–7263. [CrossRef]

31. Ahmed, M.; Barakat, K. The Too Many Faces of PD-L1: A Comprehensive Conformational Analysis Study. Biochemistry 2017, 56,
5428–5439. [CrossRef]

32. Lim, H.; Chun, J.; Jin, X.; Kim, J.; Yoon, J.; No, K.T. Investigation of protein-protein interactions and hot spot region between PD-1
and PD-L1 by fragment molecular orbital method. Sci. Rep. 2019, 9, 16727. [CrossRef]

33. Zhong, Y.; Li, X.; Yao, H.; Lin, K. The Characteristics of PD-L1 Inhibitors, from Peptides to Small Molecules. Molecules 2019, 24, 1940.
[CrossRef] [PubMed]

34. Guo, Y.; Jin, Y.; Wang, B.; Liu, B. Molecular Mechanism of Small-Molecule Inhibitors in Blocking the PD-1/PD-L1 Pathway
through PD-L1 Dimerization. Int. J. Mol. Sci. 2021, 22, 4766. [CrossRef] [PubMed]

35. Shi, D.; An, X.; Bai, Q.; Bing, Z.; Zhou, S.; Liu, H.; Yao, X. Computational Insight into the Small Molecule Intervening PD-L1
Dimerization and the Potential Structure-Activity Relationship. Front. Chem. 2019, 7, 764. [CrossRef] [PubMed]

36. Cramer, C.J.; Truhlar, D.G. An SCF Solvation Model for the Hydrophobic Effect and Absolute Free Energies of Aqueous Solvation.
Science 1992, 256, 213–217. [CrossRef] [PubMed]

37. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 1997, 23, 3–25. [CrossRef]

38. Lipinski, C.A. Lead- and drug-like compounds: The rule-of-five revolution. Drug Discov. Today Technol. 2004, 1, 337–341. [CrossRef]
39. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank.

Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]
40. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef]
41. Cornell, W.D.; Cieplak, P.; Bayly, C.I.; Kollman, P.A. Application of RESP charges to calculate conformational energies, hydrogen

bond energies, and free energies of solvation. J. Am. Chem. Soc. 2002, 115, 9620–9631. [CrossRef]
42. Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient

optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef]
43. Agarwal, R.; Smith, J.C. Speed vs accuracy: Effect on ligand pose accuracy of varying box size and exhaustiveness in AutoDock

Vina. Mol. Inform. 2022, 2200188. [CrossRef]
44. Pham, T.N.H.; Nguyen, T.H.; Tam, N.M.; Vu, T.Y.; Pham, N.T.; Huy, N.T.; Mai, B.K.; Tung, N.T.; Pham, M.Q.; Vu, V.V.; et al.

Improving ligand-ranking of AutoDock Vina by changing the empirical parameters. J. Comput. Chem. 2022, 43, 160–169.
[CrossRef] [PubMed]

45. Tanchuk, V.Y.; Tanin, V.O.; Vovk, A.I.; Poda, G. A New, Improved Hybrid Scoring Function for Molecular Docking and Scoring
Based on AutoDock and AutoDock Vina. Chem. Biol. Drug Des. 2016, 87, 618–625. [CrossRef] [PubMed]

46. Rester, U. Dock around the Clock—Current Status of Small Molecule Docking and Scoring. QSAR Comb. Sci. 2006, 25, 605–615.
[CrossRef]

47. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1–2, 19–25. [CrossRef]

48. Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber force field. J. Comput.
Chem. 2004, 25, 1157–1174. [CrossRef]

49. Sprenger, K.G.; Jaeger, V.W.; Pfaendtner, J. The general AMBER force field (GAFF) can accurately predict thermodynamic and
transport properties of many ionic liquids. J. Phys. Chem. B 2015, 119, 5882–5895. [CrossRef] [PubMed]

50. Massova, I.; Kollman, P.A. Combined molecular mechanical and continuum solvent approach (MM-PBSAGBSA) to predict ligand
binding. Perspect. Drug Discov. Des. 2000, 18, 113–135. [CrossRef]

51. Kollman, P.A.; Massova, I.; Reyes, C.; Kuhn, B.; Huo, S.; Chong, L.; Lee, M.; Lee, T.; Duan, Y.; Wang, W.; et al. Calculating
structures and free energies of complex molecules: Combining molecular mechanics and continuum models. Acc. Chem. Res.
2000, 33, 889–897. [CrossRef]

http://doi.org/10.1021/acs.jmedchem.1c00957
http://www.ncbi.nlm.nih.gov/pubmed/34313116
http://doi.org/10.18632/oncotarget.8730
http://doi.org/10.1007/s13238-010-0022-1
http://www.ncbi.nlm.nih.gov/pubmed/21203985
http://doi.org/10.1016/j.ejmech.2021.113637
http://www.ncbi.nlm.nih.gov/pubmed/34147746
http://doi.org/10.1016/j.bmcl.2019.07.027
http://doi.org/10.1021/acs.jmedchem.9b00795
http://doi.org/10.1021/acs.biochem.7b00655
http://doi.org/10.1038/s41598-019-53216-z
http://doi.org/10.3390/molecules24101940
http://www.ncbi.nlm.nih.gov/pubmed/31137573
http://doi.org/10.3390/ijms22094766
http://www.ncbi.nlm.nih.gov/pubmed/33946261
http://doi.org/10.3389/fchem.2019.00764
http://www.ncbi.nlm.nih.gov/pubmed/31781546
http://doi.org/10.1126/science.256.5054.213
http://www.ncbi.nlm.nih.gov/pubmed/17744720
http://doi.org/10.1016/S0169-409X(96)00423-1
http://doi.org/10.1016/j.ddtec.2004.11.007
http://doi.org/10.1093/nar/28.1.235
http://doi.org/10.1002/jcc.22885
http://doi.org/10.1021/ja00074a030
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1002/minf.202200188
http://doi.org/10.1002/jcc.26779
http://www.ncbi.nlm.nih.gov/pubmed/34716930
http://doi.org/10.1111/cbdd.12697
http://www.ncbi.nlm.nih.gov/pubmed/26643167
http://doi.org/10.1002/qsar.200510183
http://doi.org/10.1016/j.softx.2015.06.001
http://doi.org/10.1002/jcc.20035
http://doi.org/10.1021/acs.jpcb.5b00689
http://www.ncbi.nlm.nih.gov/pubmed/25853313
http://doi.org/10.1023/A:1008763014207
http://doi.org/10.1021/ar000033j


Int. J. Mol. Sci. 2023, 24, 1280 18 of 18

52. Kumari, R.; Kumar, R.; Open Source Drug Discovery Consortium; Lynn, A. g_mmpbsa—A GROMACS tool for high-throughput
MM-PBSA calculations. J. Chem. Inf. Model. 2014, 54, 1951–1962. [CrossRef]

53. Sun, H.; Li, Y.; Tian, S.; Xu, L.; Hou, T. Assessing the performance of MM/PBSA and MM/GBSA methods. 4. Accuracies of
MM/PBSA and MM/GBSA methodologies evaluated by various simulation protocols using PDBbind data set. Phys. Chem. Chem.
Phys. 2014, 16, 16719–16729. [CrossRef] [PubMed]

54. Kuhn, B.; Gerber, P.; Schulz-Gasch, T.; Stahl, M. Validation and use of the MM-PBSA approach for drug discovery. J. Med. Chem.
2005, 48, 4040–4048. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/ci500020m
http://doi.org/10.1039/C4CP01388C
http://www.ncbi.nlm.nih.gov/pubmed/24999761
http://doi.org/10.1021/jm049081q
http://www.ncbi.nlm.nih.gov/pubmed/15943477

	Introduction 
	Results and Discussion 
	Acquisition of the Initial Structure by Molecular Docking 
	Stability Evaluation of the Molecular Dynamics Simulation Results 
	Comparative Analysis of Binding Free Energy 
	Key Residue Recognition 
	Hydrogen Bond Analysis 
	Binding Mode Analysis and Residue Rearrangement Investigation 
	Correlation Analysis of Residues Motion 
	Free Energy Landscapes and New Insight into PD-L1 Dimerization 

	Materials and Methods 
	Molecular Modeling 
	Molecular Docking 
	Molecular Dynamics Simulation 
	Binding Free Energy 

	Conclusions 
	References

