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a b s t r a c t

Today it is widely recognized that the PD-1/PD-L1 axis plays a fundamental role in escaping the immune 
system in cancers, so that anti-PD-1/PD-L1 antibodies have been evaluated for their antitumor properties in 
more than 1000 clinical trials. As a result, some of them have entered the market revolutionizing the 
treatment landscape of specific cancer types. Nonetheless, a new era based on the development of small 
molecules as anti PD-L1 drugs has begun. There are, however, some limitations to advancing these com-
pounds into clinical stages including the possible difficulty in counteracting the PD-1/PD-L1 interaction in 
vivo, the discrepancy between the in vitro IC50 (HTFR assay) and cellular EC50 (immune checkpoint blockade 
co-culture assay), and the differences in ligands’ affinity between human and murine PD-L1, which can 
affect their preclinical evaluation. Here, an extensive theoretical study, assisted by MicroScale 
Thermophoresis binding assays and NMR experiments, was performed to provide an atomistic picture of 
the binding event of three representative biphenyl-based compounds in both human and murine PD-L1. 
Structural determinants of the species’ specificity were unraveled, providing unprecedented details useful 
for the design of next generation anti-PD-L1 molecules.

© 2023 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural 
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ 

licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, immunotherapy has emerged as a powerful 
strategy for cancer treatment so that, in 2018, the Nobel Prize in 

Physiology or Medicine was awarded to Allison and Honjo “for their 
discovery of cancer therapy by inhibition of negative immune reg-
ulation” [1]. Currently marketed immunotherapeutic drugs are 
monoclonal antibodies (mAbs) that interfere with specific mod-
ulatory systems, called immune checkpoints, acting at the interface 
between tumor and immune system cells, particularly T-lympho-
cytes (T cells) [2]. Immune checkpoint receptors (ICRs) are con-
stitutively expressed on the surface of T cells to tackle overactive 
adaptive responses to self-antigens, thus preventing autoimmune 
reactions.[3,4] On the other hand, the overexpression of their ligands 
on cancer cells allows the tumor to evade the immune surveillance 
[5,6]. Among the immune checkpoints, the programmed cell death 
protein 1 (PD-1, also known as CD279) and its ligand programmed 
death ligand 1 (PD-L1, also known as CD274 or B7-H1) [7,8] play a 
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major role in the T-cells exhaustion in many cancer types including 
melanoma, breast, pancreatic, renal and non-small cell lung (NSCLC) 
carcinomas [9–11]. More than 1000 clinical trials have evaluated the 
antitumor properties of anti-PD-1/anti-PD-L1 mAbs. As a result, 
some anti-PD-1 (e.g. nivolumab and pembrolizumab) and anti-PD- 
L1 (e.g. atezolizumab, avelumab and durvalumab) mAbs have en-
tered the market, revolutionizing the treatment landscape of the 
above mentioned tumors [12–17]. Notably, the number of approved 
mAbs is constantly growing, including agents which are effective 
towards further malignancies. With the aim to overcome the lim-
itations of mAbs (e.g. high production costs and side effects), while 
improving the patient’s compliance (e.g. oral administration), mac-
rocyclic peptides, peptidomimetics and non-peptidic small mole-
cules are currently being developed as anti-PD-L1 agents, opening a 
new era for drug discovery in immunotherapy [18–39]. Particularly, 
the biphenyl-based anti-PD-L1 agents, originally discovered by 
Bristol Myers Squibb (BMS), have been proven successful in dis-
rupting the PD-1/PD-L1 interaction in vitro through a protein di-
merization mechanism [18–28]. The huge efforts spent on biphenyl- 
containing molecules have resulted in an impressive number of 
publications and patents, especially in the last few years [18–28]. 
However, the clinical development of anti-PD-L1 small molecules is 
still in its infancy; in fact, there is only one small organic molecule, 
INCB086550, which is currently in Phase II clinical trials 
[40,41]. Limitations to advancing small molecule candidates is due to 
many factors, including: i) the possible difficulty in counteracting 
the PD-1/PD-L1 interaction in vivo; ii) the absence, at least in the PD- 
L1 monomeric form, of a well-defined ligand pocket; iii) the dis-
crepancy between in vitro IC50s, typically obtained through homo-
geneous time resolved fluorescence (HTRF) assays on the human 
dimer PD-1/PD-L1, and cellular EC50s derived from immune check-
point blockade co-culture assay [2]; and iv) unexpected differences 
in the ligands’ affinity between human and murine PD-L1, which can 
affect preclinical evaluation. In fact, in spite of the high structural 
similarity between human and murine PD-L1 (87.6%, Ig-like V-type 
domain: 19–127 amino acids), the ligand binding affinity towards 
these targets can considerably vary depending on the examined 
small molecule [2,24,25,42,43]. In this scenario, an analysis of the 
binding to mPD-L1 should be preliminarily done for any lead ligand 
before selecting the proper mouse model [21]. In case the ligand 
shows affinity for mPD-L1, syngeneic animals, expressing both the 
murine ligand and receptor, can be employed [44,45]. Alternatively, 
mouse knock-in models able to express human PD-1 (i.e. humanized 
animals) have to be used. Certainly, to speed up preclinical devel-
opment and to reduce the mouse model complexity, the design/ 
development of small molecules active on both species would be 
highly desirable. However, the structural basis of their human vs 
murine PD-L1 activity and selectivity is only partially known. To this 
regard, based on a sequence alignment and X-ray complexes ana-
lysis, it has been recently suggested that the species’ specificity of 
the BMS small molecules may mainly reside in the Met115/Ile115 
substitution that would hamper their biphenyl moiety to properly 
allocate in the mPD-L1 pocket [25]. In this complex picture, there is 
an urgent need to move toward a next generation of anti-PD-L1 
small molecules, possibly endowed with a high residence time in 
both hPD-L1 and mPD-L1, which should, in turn, increase protein 
dimer stabilization that is necessary to achieve potent in vivo ac-
tivity. To this regard, the existence of some X-ray structures of hPD- 
L1 complexed with structurally diverse biphenyl-based compounds 
(BMS-202 [19], BMS-1166 [26], LH1307 [22]) or cyclic peptides fur-
nishes precious knowledge, even with the limits of a static view that 
neglects the ensemble of interchangeable protein states that exists 
with or without a specific bound ligand.

Herein, a combined experimental and computational approach 
was used to add another piece to the puzzle of the ligand-PD-L1 
binding event, and to the species’ specificity determinants. To 

accomplish the latter aim, we selected three diverse biphenyl-based 
compounds: the reference ligand BMS-202 [18] (high affinity for 
hPD-L1 but complete loss of affinity for mPD-L1), P18 [32] (high 
affinity for both h- and mPD-L1) and our triazine-based RS39 [33]
(higher affinity for hPD-L1 than for mPD-L1) (Fig. 1). We first char-
acterized their equilibrium dissociation constants for both the 
human and the murine orthologues through Microscale Thermo-
phoresis (MST) assays, and then investigated their binding poses 
using Nuclear Magnetic Resonance (NMR) and extensive molecular 
dynamics (MD) simulations to characterize the conformational 
landscape of the binding domain of hPD-L1. Our study delivers un-
precedented details on the dynamics of the interaction between 
small molecule ligands and both human and murine PD-L1. Finally, a 
comparison with other biphenyl ligands provides clues to design a 
new generation of smart molecules endowed with possibly in-
creased residence time in PD-L1 and capability to stabilize its 
homodimer formation.

2. Materials and methods

BMS-202 and P18 were purchased as pure substances from 
Selleck Chemicals LCC and InvivoChem LLC, respectively, while RS39 
was synthesized according to our previously published procedure 
[33]. All compounds were >  95% pure by HPLC analysis. Human PD- 
L1 protein was expressed and purified as previously described [33], 
while murine PD-L1 protein was purchased from Abcam PLC.

2.1. MicroScale thermophoresis (MST) binding assay

MST is a rapid and easy methodology to quantify interactions 
between small molecules and (bio)macromolecules in solution. The 
principle of the technique is based on the thermophoresis, i.e., the 
movement of a fluorescently labelled target molecule under micro-
scopic temperature gradients. The thermophoretic movement is 
determined by the size, charge, and hydration shell around the 

Fig. 1. Chemical structure of the investigated biphenyl-based PD-L1 inhibitors. The 
main specific functional groups of each inhibitor are highlighted by colored dashed 
lines.
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molecule. As the interaction of a ligand to the target molecule 
changes at least one of these parameters, it also alters the thermo-
phoretic movement of the molecule. This effect can be used to 
evaluate the dissociation constant, KD. For this purpose, unmodified 
PD-L1 proteins (human and murine) were labelled using the 
Monolith RED-NHS Kit (NanoTemper Technologies, Germany) fol-
lowing the standard protocol. This labeling kit was already employed 
by Magiera-Mularz et al. [25] and Sun et al. [46] for labeling the PD- 
L1 protein in MST experiments. The dye carries a reactive NHS-ester 
group that reacts with primary amines of lysine residues to form a 
covalent bond. Measurements were performed on a NanoTemper 
Monolith NT.115 instrument (NanoTemper Technologies, Germany). 
For all binding experiments, the labelled PD-L1 proteins were used 
in a concentration of 100 nM in 10 mM Tris (pH 8.0), 20 mM NaCl 
buffer. Compounds were first dissolved at a concentration of 8 and 
20 mM in pure DMSO, then diluted to 0.8 or 2 mM using the same 
buffer of the protein. Serial dilutions of the compounds (1:2 from 0.8 
or 2 mM solution) in 10 mM Tris (pH 8.0), 20 mM NaCl buffer con-
taining 10% DMSO were made, and 10 μL of each dilution was mixed 
with 10 μL of labelled protein in buffer only, aiming for the final 
DMSO concentration of 5% in each sample. This percentage of DMSO 
was already used by Ganesan et al.[1] to assess the binding affinity of 
other BMS derivatives toward hPD-L1 by MST. However, to exclude 
interferences of DMSO in protein stability, we acquired 1D 1H NMR 
spectra of hPD-L1 in the same buffer used for MST measurements 
(i.e., 10 mM Tris, pH 8.0, 20 mM NaCl, 5% DMSO). No changes in the 
protein folding were detected (Supplementary Fig. S1), suggesting 
that 5% DMSO did not affect hPD-L1 stability. Samples were then 
loaded into Monolith Standard Treated Capillaries (NanoTemper 
Technologies, Germany). Measurements were run and analyzed as 
previously reported [47].

2.2. Nuclear magnetic resonance experiments

All the NMR spectra were acquired at 298 K on Bruker NMR 
AVANCEIII HD and AVANCE NEO NMR spectrometers operating at 
950, 900 and 600 MHz, 1H Larmor frequency, and equipped with 
cryogenically cooled probes. The spectra were processed with the 
Bruker TOPSPIN software packages and analyzed by the program 
Computer Aided Resonance Assignment (ETH Zurich; Keller, 2004). 
The protein assignment was based on the data reported in the 
Biological Magnetic Resonance Data Bank under the accession code 
51169 [17].

For the NMR studies, the 15N-isotopically enriched protein, at the 
concentration of 50 μM, was dissolved in 540 μL of buffer (10 mM 
Tris at pH 8, 20 mM NaCl, proteases inhibitors, 0.1% NaN3) and 60 μL 
of 2H2O. The binding behavior of the ligands (BMS-202, RS39 and 
P18) on PD-L1 protein have been investigated by monitoring the 
changes in cross-peak intensity ratio (I/I0) occurring in the 2D  
1H–15N HSQC spectrum of the protein upon the addition of in-
creasing amounts of the ligands, solubilized in DMSO-d6, to reach 
concentrations of 6.25, 12.5, 18.75, 25, 50 μM.

For the protein stability analysis in DMSO, 1D 1H NMR spectra of 
hPD-L1 (50 μM) were acquired in presence and absence of 5% of 
DMSO-d6. The spectra were obtained using 512 scans per spectrum 
with a recovery delay of 1.5 s.

2.3. Computational methods and procedures

2.3.1. Preparation of the hPD-L1 complexes
The crystallographic hPD-L1/BMS-202 complex was retrieved 

from the Protein Data Bank (PDB code: 5J89 [19]). After its pre-
paration, this structure was employed to perform molecular docking 
simulations on RS39 and then submitted to MD simulation (see next 
Sections). To carry out docking calculations on P18, we instead se-
lected the crystallographic structure of hPD-L1 co-crystallized with 

BMS-1166 (PDB code: 6R3K [26]). This choice was based on the 
structural and hindrance similarity between BMS-202 and RS39 and 
between BMS-1166 and P18, respectively. In both the selected 
structures, the protein is in a homodimeric form with the small or-
ganic inhibitor at the interface of the two chains. Our 2D 1H–15N 
HSQC experiments also suggested that RS39 and P18 can bind at the 
interface of two PD-L1 molecules, similar to BMS-202. Further evi-
dences of the homodimer formation when PD-L1 binds small organic 
molecules corroborated our decision [18–23,26,48–52]. For these 
reasons, hPD-L1 (or murine PD-L1) is here always referred as to the 
protein homodimer.

The hPD-L1 structure co-crystallized with LH1307, a C2- 
Symmetric ligand (PDB code: 6RPG) [22], was employed for mole-
cular docking simulations on INCB086550 [38], GS-4224 [39], BMS- 
40770 [53] and BMS-1058 [54]. Also the most representative con-
formations extracted from the MD simulation (see the procedure 
described in Paragraph 2.3.4) on the hPD-L1/BMS-202 complex 
(displaying the highest flexibility in the binding site over the si-
mulated time scale - see next paragraphs), were used for docking of 
INCB086550 [38], and GS-4224 [39].

All the PDB structures were prepared by employing the graphical 
interface of the Schrödinger’s molecular modelling platform, 
Maestro [55] v. 12.7.156. In detail, the proteins were prepared with 
Protein Preparation Wizard [56], included in Maestro. Hydrogen 
atoms were added and missing side chains were filled in by using 
the Prime [57–59] module, while crystallographic water molecules 
were deleted. The N-terminal and C-terminal residues were capped 
with the acetyl and N-methyl amide groups, respectively. To prop-
erly describe the protonation state of the protein residues and to also 
describe the hydrogen bonding networks correctly at neutral pH, the 
protonation states were assigned evaluating their pKa with the 
Propka [60] program included in Maestro. Finally, a relaxation pro-
cedure was performed by running a restrained minimization only on 
the initially added hydrogen atoms according to the OPLS2005 [61]
force field.

All the ligands were built and prepared through the LigPrep [62]
module of Maestro, employing the OPLS2005 force field. Epik 
[63–65] was used to evaluate the compounds’ pKa at neutral pH and 
so to properly describe their protonation state. The ligands were 
then optimized at molecular mechanics level through the Macro-
Model [66] program included in the Schrödinger suite of programs.

2.3.2. Molecular docking simulations
First, receptor grids of 30 Å × 30 Å × 30 Å were computed for the 

5J89, 6R3K or 6RPG structures around the centroids of the co-crys-
tallized ligands, BMS-202, BMS-1166 or LH1307, respectively, since it 
was reasonable to assume that the compounds docked in such 
structures could bind to the same pocket. During the grid calcula-
tion, the co-crystallized ligand was deleted from the respective 3D 
structure. Docking simulations were performed by using the Glide 
SP [67–70] software included in Maestro using default parameters. 
Sampling of nitrogen atoms inversions (when not belonging to cy-
cles) and of different rings conformations were allowed, while non- 
planar amide conformations were penalized. In all the simulations 
the receptor was kept fixed, while the ligand was treated as flexible.

In all cases, docking converged to a well-defined binding mode; 
indeed, an almost complete overlap of the ligand was possible for 
the best 20 predicted poses. For P18, the lowest energy pose was 
chosen as starting point for molecular dynamics simulations, while 
for RS39, we selected the pose with linear side chain that seemed to 
maximize its interactions with the protein.

2.3.3. Preparation of the mPD-L1 complexes
The crystallographic structure of apo murine PD-L1 was retrieved 

from the Protein Data Bank (PDB code: 6SRU) [25]. Experimental 
(also from this work) and computational evidences show that 
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organic small molecules favor the formation of PD-L1 homodimer. 
Moreover, in the hPD-L1 case, these ligands establish interactions 
with part of the residues (given the smaller size of the inhibitors) 
involved in the hPD-1/hPD-L1 complex [71]. Thus, it was reasonable 
to assume that the investigated inhibitors could bind to mPD-L1 in 
the same region as in hPD-L1, thereby inducing the homodimeriza-
tion of the murine receptor. For both RS39 and P18, a mPD-L1/ligand 
trimeric complex was thus built by overlapping the protein 
monomer to each of the two hPD-L1 chains in the respective docking 
complexes with human protein. Conversely, no trimeric complex 
was generated for BMS-202 since it is known that this compound 
does not bind mPD-L1 [25].

The obtained mPD-L1 dimers were subjected to the same protein 
preparation of hPD-L1 described in the previous Section.

2.3.4. Molecular dynamics simulations
All the prepared complexes, hPD-L1/BMS-202, hPD-L1/RS39, 

hPD-L1/P18, mPD-L1/RS39 and mPD-L1/P18, along with apo hPD-L1 
(corresponding to chain A of the hPD-L1/BMS-202 crystallographic 
complex [19]), underwent 2 μs molecular dynamics (MD) simula-
tions. In all cases the AMBER ff14SB [72] force field was employed for 
the proteins, while the latest version of the Generalized Amber Force 
Field [73] (GAFF2) was used for the inhibitors. RESP[74] atomic 
partial charges, obtained through the Antechamber accessory 
module of AmberTools [75], were assigned to the ligands. In detail, 
ab-initio Hartree-Fock [76] HF/6–31G* calculations were carried out 
with the revision C.01 of the Gaussian16 [77] software to compute 
the electrostatic potential (ESP) [78] on optimized geometries of the 
ligands obtained at the density functional theory (DFT) level by 
employing the hybrid B3LYP [79] functional. Then, RESP charges 
were derived through the two-stages fitting procedure implemented 
in Antechamber.

The leap program available in AmberTools was used to prepare 
each system for the MD simulations. A 12 Å layer of TIP3P [80] water 
molecules was added, affording a box of about ∼70 Å × ∼65 Å 
× ∼85 Å. Neutrality was ensured by adding Na+ ions, modelled with 
Joung and Cheatham [81,82] parameters. Finally, coordinates and 
topology files for the whole systems were obtained.

All the simulations were performed with Gromacs 2020.6 [83]. 
The Verlet cut-off scheme was used for non-bonded interactions 
neighbor search, the smooth Particle-Mesh Ewald [84] (SPME) 
method was employed for long-range electrostatic interactions, 
while the cut-off for long-range Van der Waals interactions was set 
to 1.2 nm. The equilibration protocol consisted in energy minimiza-
tion followed by subsequent NVT and NPT runs. The energy mini-
mization consisted in two steps performed by using the steepest 
descent algorithm: i) 20000 steps, with harmonic restraints of 
1000 kJ mol-1 nm-2 applied to the ligand (when present) and to the 
protein heavy atoms, so that only the solvent was unconstrained; 
and ii) 20000 steps during which the entire system was allowed to 
relax. Only for these runs, a gradual decrease in the Coulomb and 
Lennard-Jones potentials was imposed between 1 and 1.2 nm.

For all the MD simulations (either equilibration or production), 
the leap-frog [85] algorithm for integrating Newton’s equations of 
motion was used and a time step of 2 fs was chosen, while the LINCS 
[86] algorithm was employed to constrain bonds involving hydrogen 
atoms. During the MD equilibration procedure, the system was 
gradually heated by increasing the temperature with subsequent MD 
runs in the canonical ensemble (NVT) using the weak-coupling Be-
rendsen [87] scheme. In particular, three 500 ps NVT steps were 
performed by gradually increasing the temperature of 100 K up to 
300 K. At each step, harmonic restraints were applied to all the 
heavy atoms of both the protein and the inhibitor (when present), 
and were gradually decreased from 1000 to 500 and then to 
250 kJ mol-1 nm-2. Then, two NPT equilibration runs of 1 and 5 ns, 
respectively, were performed to adjust the box volume, using the 

Berendsen algorithm for pressure coupling. In the first NPT step, 
restraints of 50 kJ mol-1 nm-2 were applied on heavy atoms, while no 
restraints were used in the last equilibration run.

For the 2 μs production runs, temperature and pressure controls 
were carried-oud with the velocity-rescale [88] and Parrinello- 
Rhaman [89,90] scheme, respectively. All the trajectories visualiza-
tion, RMSD and center of mass distances analyses were performed 
with the VMD [91] software. The root mean square fluctuation 
(RMSF) calculations and cluster analysis on the MD trajectory of the 
hPD-L1/BMS-202 complex were carried out using specific tools im-
plemented in Gromacs.[83] In the latter case, the trajectory frames 
were clustered based on the RMSD of the binding site residues  
A,BTyr56, A,BGlu58, A,BArg113, A,BTyr123 with a cutoff of 1.5 Å, pro-
viding two main possible protein conformations. In-house codes 
were used to evaluate hydrogen bonds and Pearson coefficients. The 
latter have been calculated according to the following equation:

=
x x x x

C
( )( )

,
x x

ij
i i j j

i j

where the numerator is the covariance between two variables, xi

and xj and xi and xj are the standard deviations of each variable. 
The normalization obtained dividing the covariance by the product 
of the standard deviation of the variables allows having values 
ranging between ‐1 and +1. The variables represent the Cα atoms’ 
positional vectors and the Pearson correlation coefficients have been 
evaluated between any pairs of Cα atoms. This equation has also been 
adapted to calculate cross-correlation coefficients among other 
physical quantities extracted from the MD simulations such as re-
sidues’ RMSD.

All the presented figures were obtained using PyMOL [92] and 
the image manipulation program Gimp (2.10.22 revision 3), while 
the graphics were made with the Xmgrace [93] software.

3. Results and discussion

3.1. MST binding assays on human and murine PD-L1

The binding affinity (KD) between compounds BMS-202 and RS39 
and either hPD-L1 or mPD-L1 was determined by MST, a powerful 
technique to quantify biomolecular interactions in solution, in-
cluding the affinity of low-molecular-weight binders to fluorescently 
labeled proteins [94]. As far as P18 is concerned, it is known to ex-
hibit similar binding affinity to human and murine PD-L1 (KD = 
0.0883 μM and 0.174 μM, respectively) by Isothermal Calorimetry 
Titration (ITC) [32], and therefore it was not submitted to MST. In our 
assay, hPD-L1 and mPD-L1 were covalently labelled with a fluor-
ophore to monitor the experiment. The addition of increasing con-
centrations of ligands altered to a different extent the 
thermophoretic behavior of the proteins, observed as a change of the 
corresponding normalized fluorescence (Fnorm) parameter 
(Supplementary Fig. S2). Our data points from two independent 
dilution series were analyzed as previously reported [47], and the 
calculated KD values are listed in Table 1. In agreement with pre-
viously reported NMR data, BMS-202 exhibited high specificity to-
ward human versus murine PD-L1 [25]. Indeed, a KD value of 1.1 
(  ±  0.3) μM was determined for its interaction with hPD-L1, while no 
binding was observed in the case of mPD-L1. RS39 also exhibited a 
good degree of specificity for the human versus the murine PD-L1, 
with estimated KD values of 2.8 (  ±  0.5) and 41 (  ±  9) μM, respec-
tively. These data apparently diverge from those provided by the 
biochemical binding assay employed to determine the inhibitory 
effect of the same compounds on the hPD-1/hPD-L1 interaction (i.e. 
HTRF) [33]; however, they are in line with previous studies reporting 
KD values of 7.2 and 8.2 μM for the hPD-1/hPD-L1 interaction mea-
sured by MST and surface plasmon resonance (SPR) techniques, 
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respectively [95,96]. Finally, a negative control for the interaction 
with both human and murine PD-L1, represented by compound 8 of 
our previous work [33], was also used. The measurements, carried 
out as described above, did not show any interaction with both the 
protein isoforms (Supplementary Fig. S2).

3.2. NMR spectroscopy on hPD-L1

NMR titrations were performed to confirm that the binding 
surface of RS39 and P18 in the hPD-L1 is mostly superimposable to 
that of BMS-202, identified by X-ray crystallography [19]. To this aim, 
the variation in signal intensity in 1D 1H and 2D 1H−15N HSQC 
spectra were monitored for all three compounds. The effect observed 
on the 2D 1H–15N HSQC spectra of the protein in the presence of 
12.5 μM of each ligand (protein:ligand ratio equal to 1:0.25) are 
shown in Fig. 2. Notably, upon addition of increasing sub-stoichio-
metric concentrations of each ligand, the cross-peaks of the free 
protein in the 2D 1H–15N HSQC spectrum decrease in intensity while 
new cross-peaks, corresponding to the protein complexed with the 
inhibitor, appear and increase in intensity. This indicates that the 
three ligands are in slow exchange on the NMR timescale.

Fig. 3 shows the per-residue intensity changes in hPD-L1 in the 
presence of each investigated ligand. An analysis of the amino acids 
exhibiting a decrease in intensity, and thus diagnostic of ligand-in-
duced perturbation, suggests that the three compounds recognize 
the same region of hPD-L1 including the C, C’, C’’ F, G strands and the 
C’’D loop (see Supplementary Fig. S3 for canonical Ig-strand desig-
nation). Notably, for BMS-202 the number of perturbed residues in 
the region comprising the C’ and C’’ strands and the C’’D loop (a.a. 
65–78) is higher than observed for the other two ligands; moreover, 
the cross-peaks of the free protein and of the protein bound to this 
ligand have similar intensities (Fig. 2a).

These data agree with the X-ray PD-L1/BMS-202 complex [19]
where one molecule of ligand induces protein dimerization. Also, in 
the presence of P18, at the compound concentration of 12.5 μM, the 
signals corresponding to the free and to the bound protein are si-
milar (Fig. 2c). As to RS39 (Fig. 2b), the signal intensity of the free 
protein is higher (about 75% of the total) than that of the bound 
protein (about 25% of the total), indicating that also RS39 binds to 
PD-L1, albeit with lower affinity than the other two compounds, in 
line with the known IC50 and herein measured KD. To sum up, the 
three compounds bind to the same PD-L1 region (Fig. 3) and can 
induce to a variable extent protein dimerization upon binding, in 
line with previous studies [21,26,48,50].

3.3. MD simulations on hPD-L1/inhibitor complexes

The binding behavior of BMS-202, RS39 and P18 to hPD-L1 
homodimer was then investigated at atomic resolution through 2 μs 
MD simulations. In these studies, the protein was considered in a 
homodimeric form based on our 2D 1H–15N HSQC spectra and on 
recent publications indicating the formation of the PD-L1 dimer in 
presence of small molecule ligands [21,26,48,50]. The starting MD 

configurations, either from a crystal structure (BMS-202) or from 
molecular docking simulations (RS39 and P18) (see Materials and 
Methods), are characterized by the inhibitor accommodated at the 
interface between the Ig-like V-type domains of each PD-L1 
monomer (referred to as chain A and B), as suggested by our 2D  
1H–15N HSQC spectra. Here, each ligand occupies almost the same 
binding region, mainly surrounded by AThr20, A,BIle54, A,BTyr56,  
A,BMet115, A,BSer117, A,BAla121, A,BAsp122, A,BTyr123 and ALys124 
(Supplementary Fig. S4), but establishing a different number of 
contacts depending on their size and chemical features. More in 
detail, the three ligands share two anchor points represented by two 
stacking interactions: i) a T-shaped π-π between the biphenyl moiety 
and ATyr56, and ii) a π-π between BTyr56 and the central aromatic 
ring (pyridine, triazine and chlorophenyl in BMS-202, RS39 and P18, 
respectively). In both BMS-202 and RS39 cases, the linear chain is 
involved in water-mediated interactions with AAsp122 and ALys124. 
Notably, P18 can establish a higher number of interactions compared 
to the other compounds, i.e. hydrogen bonds with the BGln66 side 
chain and the AArg125 backbone, π-π with ATyr123 and electrostatic 
interactions with both BAsp73 and AAsp122. During MD simulations, 
the binding poses of the three ligands (Fig. 4) remain overall stable, 
in agreement with the experimentally proven capability to bind 
hPD-L1. However, a detailed investigation of ligands and protein 
behavior over time allows rationalizing the different affinity trends 
and understanding at molecular level the reasons behind the most 
perturbed 2D 1H–15N HSQC signals. The analysis of the RMSD of each 
small molecule (Fig. 5a) along its respective MD trajectory points out 
that the largest fluctuations are observed with RS39, in line with the 
lower affinity of this molecule for PD-L1 compared to BMS-202 and 
P18. Accordingly, the most potent compound, P18, shows the lowest 
RMSD values, likely due to the additional interactions that it can 
establish compared to the other ligands.

Table 1 
Equilibrium dissociation constants (KD) for the binding of BMS- 
202 and RS39 to hPD-L1 or mPD-L1 obtained by MST experi-
ments. 

System KD (μM)

BMS-202/h-PDL1 1.1 ( ±  0.3)
RS39/h-PDL1 2.8 ( ±  0.5)
BMS-202/m-PDL1 n.b.[a]

RS39/m-PDL1 41 ( ±  9)

[a] n.b. = no binding detected under the experimental condi-
tions employed.

Fig. 2. Enlargement of 2D 1H–15N HSQC spectra of 50 μM free PD-L1 (in black) and PD- 
L1 upon addition of 12.5 μM BMS-202 (A), RS39 (B) and P18 (C) (in red). The displayed 
cross-peak is assigned to residue Gly95.
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To better disentangle the driving forces behind these trends, we 
performed an RMSD analysis on each of the main functional groups 
of the ligands i.e. the biphenyl, the central aromatic ring and the side 
chain (Fig. 5b and Supplementary Fig. S5), and carefully inspected 
the interaction networks in which they are involved. In all cases, the 
RMSD values of the biphenyl group are really low, in accordance 
with the tight binding of this moiety to the hydrophobic pocket 
defined by A,BIle54, ATyr56, A,BMet115, A,BSer117, A,BAla121 and  
BTyr123. The importance of the biphenyl moiety in small molecule 
PD-L1 inhibitors was already underlined in previous studies 
[18,19,21–23,26,31,97], and our results clearly confirm its crucial role 
as an anchor point for the receptor. However, our MD simulations 
show that, depending on the inhibitor considered, this group could 
interact with variable strength with the surrounding ATyr56, influ-
encing in turn both its conformational freedom and interaction 
pattern. With BMS-202 and RS39, the T-shaped π-stacking interac-
tion initially involving the biphenyl moiety and ATyr56 is weakened 
over time; indeed, the distance among these aromatic systems in-
creases up to 6.5–7 Å (Supplementary Fig. S6). As a result, ATyr56 can 
rearrange and approach BTyr123 and AGlu58 establishing, respec-
tively, a π-stacking and a H-bond interaction with these residues 

(Supplementary Fig. S6 and S7, Table S1); in turn, BTyr123 is 
prompted to form a H-bond with AArg113 (Supplementary Fig. S8). 
Conversely, with P18, the π-stacking between the ligand’s biphenyl 
moiety and ATyr56 is reinforced. As a result, ATyr56 cannot approach  
BTyr123 which, in turn, remains tightly bound to AGlu58 and far 
from AArg113 (Supplementary Fig. S6–8). These differences can be 
probably ascribed to the larger overall volume occupied by P18, 
which stabilizes its interactions with the protein (in line with lowest 
RMSD oscillation range) and limits the conformational space ex-
plored by the surrounding ATyr56 and BTyr123 residues. In all cases, 
a further stabilization of the binding pose is provided by a sulfur-π 
interaction involving the proximal phenyl ring of the biphenyl 
moiety and BMet115, retained for the 97%, 86% and 97% of the tra-
jectories with BMS-202, RS39 and P18, respectively.

Regarding the central core of the inhibitors, it generally showed 
low RMSD values (< 2.5 Å), with higher oscillations observed only for 
the triazine ring of RS39 (Fig. 5b). Indeed, over the simulation time 
scale, all ligands, and in particular BMS-202 and P18, maintain a 
stable π-π interaction with BTyr56 (Supplementary Fig. S9), which 
has been previously reported as another important anchor point for 
small molecule PD-L1 binders[23,26,48]. Interestingly, the very low 

Fig. 3. Graphical representation of the per-residue intensity changes in PD-L1 in the presence of 12.5 μM BMS-202 (a, d), RS39 (b, e) and P18 (c, f). The residues exhibiting the 
highest decreases in signal intensities (BMS-202: Thr20, Thr22, Val23, Met36, Ile38, Glu39, Lys41, Ile54, Val55, Tyr56, Glu58, Met59, Ile64, His69, Glu71, Leu74, Val76, Gln77, 
Arg113, Tyr118, Gly119, Gly120, Asp122, Tyr123, Arg125; RS39: Glu39, Cys40, Ile54, Glu58, Met59, Lys64, Gly70, Val76, Ala98, Arg113, Ile116, Ser117, Gly120, Asp122; P18: Thr22, 
Lys25, Glu45, Ile54, Asn63, Ile64, Phe67, His78, Leu92, Gly95, Val111, Arg113, Tyr118, Gly119, Asp122) have been colored in blue in the plots (a-c) and on the X-ray structure of the 
protein (d-f) (PDB code: 5J89).
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fluctuations of the P18 chlorophenyl core could be due to the es-
tablishment of additional interactions, such as the hydrogen bond 
between the cyanobenzyl group and the backbone of BArg125 and its 
π-π interaction with ATyr123 (Supplementary Fig. S10), which con-
certedly contribute to stabilize its binding conformation.

Finally, we evaluated the impact of the side chain on the binding 
dynamics of the three investigated ligands. In general, the flexibility 
and mobility of the linear chain, and in turn, the observed RMSD 
values, can be correlated with the capability of its functional groups 
to establish stable electrostatic or hydrophobic interactions with the 

surrounding residues. More in detail, the polar side chain of P18, 
which shows the lowest RMSD values, can form, albeit with different 
strength, electrostatic interactions with AAsp122 and BAsp73 
through its piperidine and terminal amine moieties (Supplementary 
Fig. S11), respectively, and a hydrogen bond with BGln66 side chain 
by its amide oxygen, which is retained for about 80% of the trajec-
tory. The side chain of BMS-202 instead forms a single electrostatic 
interaction with AAsp122 (Supplementary Fig. S12) through its 
amine moiety and a labile hydrogen bond with the ALys124 side 
chain (detected for ∼36% of the trajectory) by its amide oxygen. Fi-
nally, the RS39 side chain is not equally able to retain stable polar 
interactions, forming a single hydrogen bond with the BGln66 side 
chain, which is maintained in about 30% of the trajectory.

To describe the effect of the ligands on the overall protein dy-
namics we then measured the RMSF (Fig. 6) of each PD-L1 monomer 
in the different small molecule complexes over the whole MD tra-
jectory. As expected, the largest RMSF values are found in the most 
flexible protein regions, i.e. the loops connecting the β-strands 
(18–25, 42–53, 74–85, 88–95, 103–109 residues ranges). However, it 
is interesting to note that also the amino acids at the 56–66 (C,C’ 
strands) and 118–124 (F, G strands) positions show significant RMSF 
values. Since many of these residues (A,BTyr56, A,BGlu58, A,BIle64,  
A,BGln66, A,BAsp122, A,BTyr123, A,BLys124) are located in the PD-L1 
binding pocket, this effect can be ascribed to the chemical pertur-
bation induced by the investigated ligands. Nonetheless, these va-
lues are lower than in the monomeric apo hPD-L1, suggesting that 
both the dimerization and the ligand binding reduce the con-
formational freedom of these residues (see Supplementary Fig. S13). 
The RMSF analysis further unveils, only for BMS-202, higher fluc-
tuations of residues ranging from 70 to 76 (chain B). This is in 
agreement with 2D 1H–15N HSQC experiments revealing that these 
residues are mostly perturbed in the presence of this ligand (Fig. 3). 
At an atomic level, the high flexibility in this protein region allows  
BIle64, BLeu74 and BVal76 to form a hydrophobic cage around BMS- 
202 (Supplementary Fig. S14), and to induce the formation of some 
new contacts, such as an electrostatic interaction between BAsp73 
and BArg82, which are instead located at ∼10 Å with RS39 and P18. 
RMSF analysis thus suggests that ligand’s affinity, and possibly the 
PD-L1 dimerization process, are ruled by the inhibitor capability to 
induce receptor conformational changes which can further stabilize 
the binding.

To give further insight on the protein dynamics perturbation 
induced by the investigated ligands, we also performed a Pearson 
coefficients analysis. At macroscopic level (Fig. 7), a general decrease 
of chain cross-correlation, especially the inter-chain, is more pro-
nounced when moving from the less (RS39) to the more potent (P18) 
ligand, in line with an increasing capability to reduce the dimer 
dynamics. Indeed, with RS39 many positive and negative inter-chain 
cross correlations with Pearson coefficients larger than 0.5 (absolute 
values) were found among secondary structure elements (canonical 
Ig-strand designation is employed in the discussion).

Focusing on the binding site, the only positive correlation is 
found between the F strand of Chain A (comprising AArg113 and  
AMet115) and the A loop and both the A and B strands of Chain B 
(encompassing residues 18–41); conversely, the C and C’ strands 
from chain B (in particular, residues 56–66) are anti-correlated with 
the A and F strands from Chain A. Altogether, these data suggest a 
limited capability of RS39 to stabilize the hPD-L1 dimer, in line with 
the NMR data here reported. With BMS-202, a positive correlation 
occurs between the C and C’’ strands from Chain A and the whole 
Chain B except for its C’’ strand and C’’-D loop (residues 72–76), to 
which they are instead anti-correlated. This is in line with both NMR 
and RMSF analyses, that highlighted these as the most flexible re-
sidues in the PD-L1/BMS-202 trimeric complex. For P18, a cross- 
correlated behavior is hardly detectable, except for some amino 
acids belonging to the binding site (residues 113–120 of F strand 

Fig. 4. Schematic representation of a) BMS-202 (orange sticks), b) RS39 (cyan sticks), 
and c) P18 (magenta sticks) at the binding pocket of the hPD-L1 homodimer after a 
2 μs long trajectory. The main surrounding residues interacting with each ligand and 
participating to the homodimer stabilization are represented in blue (chain A) and 
green sticks (chain B). The rest of the protein is represented as a cartoon. Hydrogen 
atoms are hidden for clarity.
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from Chain A and residues 55–65 of C and C’ strands from Chain B) 
showing positive cross-correlation. In summary, both NMR and 
computational outcomes suggest that the capability of each PD-L1 
ligand to interact with and stabilize the receptor depends both on 
the number of direct contacts that it can form with the protein and 
the structural perturbations it can induce. An important role is 
played by the contacts that the small molecule inhibitor can estab-
lish with both Tyr56 and Tyr123 which can, in turn, influence the 
interaction network required for the hPD-L1 dimer stabilization. We 
also underline that tight hPD-L1 inter-chain contacts would hamper 
the ligand access to the binding site in a pre-existing protein dimer, 
in line with the hypothesis that a small molecule inhibitor would 

first bind to a hPD-L1 monomer and then interact with a second 
monomer to form a stable dimer complex [98].

3.4. MD simulations on mPD-L1/inhibitor complexes

As stated in the Introduction, despite the sequence and structural 
similarity (87.6%, Ig V-type domain: 19–127 amino acids), human 
and murine PD-L1 are characterized and diversified by few key point 
substitutions (see Supplementary Fig. S15 for a schematic re-
presentation). Some of these, such as Ile54Val, Asn63Gln, Arg113Cys 
and Met115Ile, occur at the PD-1/PD-L1 interaction surface or in its 
close proximity, and have been suggested, based on a static view of 
the protein, to impact on ligand binding and on PD-L1 dimerization 
[25]. However, to our knowledge, the role of these mutations in the 
binding event and their effect on the surrounding residues, has not 
been characterized in full detail. To investigate these aspects at a 
dynamic level, and with the aim to rationalize the different affinity 
profiles towards mPD-L1 of the three biphenyl ligands selected in 
this study, we performed 2 μs long all-atom MD simulations on the 
Ig V-type domain of this protein.

Due to the lack of affinity of BMS-202 for mPD-L1, we exclusively 
focused on RS39/ and P18/mPD-L1 trimeric complexes, which were 
prepared according to the procedure explained in the Materials and 
Methods. Notably, the initial binding pose of each ligand is highly 
comparable to those observed with hPD-L1. However, while the 
binding mode of P18 is overall retained along the whole MD tra-
jectory, the pose of RS39 undergoes major changes, as attested by 
the final MD configuration (Fig. 8) and by the RMSD plots of each 
ligand (Fig. 9a). Indeed, the only stably anchored point of RS39 is its 
triazine moiety that stacks with BTyr56, although broader RMSD 
oscillations suggest a less tight bond compared to the human 
counterpart. In fact, the biphenyl moiety can move out from the 
hydrophobic cage defined by residues such as A,BVal54, ATyr56,  
A,BIle115, A,BSer117, A,BAla121 and BTyr123 (A,BVal54 and A,BIle115 are 
replaced by Ile54 and Met115 in hPD-L1, respectively) to explore a 

Fig. 5. a) Heavy atoms RMSD of BMS-202 (left), RS39 (center), P18 (right) shown as dots. b) RMSD of the main functional groups: biphenyl (red); BMS-202 pyridine, RS39 triazine, 
P18 chlorophenyl (black); linear chain, including the piperidine ring in P18, (violet). The P18 cyanobenzyl RMSD is shown in Supplementary Fig. S5. Prior to RMSD calculations, 
trajectories were aligned on the Cα of the secondary structural elements with respect to the initial MD frame.

Fig. 6. hPD-L1 Chain A and Chain B residues RMSF for the three complexes (BMS-202, 
top; RS9, center; P18, bottom). The analysis is performed on the protein Cα atoms 
excluding the C-terminal residues 127–144 due to their large mobility.
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different cleft where it can form new interactions with residues such 
as A,BIle115, ATyr123 and BArg125 (Supplementary Fig. S16). This 
behavior is confirmed by the very high RMSD fluctuations of the lone 
biphenyl group (Fig. 9b), and is different from the hPD-L1 case, 
where the same moiety is highly stable in the MD timescale (Fig. 5b). 
It is also interesting to remark that biphenyl dynamics is found to be 
linearly correlated with that of the mutated residues A,BIle115, as 
testified by the positive cross-correlation coefficients of their RMSD 
(equal to 0.25 for AIle115 and 0.79 for BIle115, respectively); con-
versely, it is uncorrelated with human A,BMet115 (RMSD correlation 
coefficients are in the order of 10-2).

This indicates that, in mPD-L1, the displacement of the biphenyl 
system can depend on the different conformational landscape of 
Ile115 compared to Met115, as already suggested by Skalniak and 
coworkers through sequence alignment and docking analysis [25]. 
Herein, a comparison of the two molecular dynamics simulations 
(on human and mouse PD-L1) suggests that the Met115Ile mutation 
also prevents the formation of the sulfur-π interactions with the 
biphenyl moiety observed in the chain B of the human complex. 
These interactions are lost also in the P18/mPD-L1 complex, and thus 
contribute to explain the general loss of affinity of biphenyl ligands 
towards mPD-L1. Notably, our studies also suggest that biphenyl 
binding in mPD-L1 might also be influenced by the replacement of  
A,BArg113 with a cysteine. Indeed, this substitution implies the 

absence of the electrostatic contacts that are formed by A,BArg113 at 
the dimer interface in the human protein, which could, at least in 
part, destabilize the biphenyl binding cleft in mPD-L1.

Changes in the binding pattern of the ligands’ side chain can 
instead be ascribed to Asn63Gln substitution. The importance of this 
mutation in human/murine differential ligand binding was firstly 
postulated by Skalniak and coworkers [25], even if its role was not 
deeply investigated. To this regard, our MD simulations show that 
with RS39 the high fluctuations of the linear chain (average RMSD 
∼9 Å) are correlated to that of the murine BGln63 (cross-correlation 
coefficient of 0.54), while no correlation is found with the hPD-L1 
residue BAsn63. It is interesting to note that, in addition to a direct 
interference with ligand binding, the BAsn63Gln substitution con-
tributes to altering the local arrangement of the C’’ strand, along 
with other mutations present on the C-C’ β-turn, C’ and C’’ strands 
and C’’-D loop such as Met59Lys, Lys62Glu, Asn63Gln, Ile64Val, Hi-
s69Ala, Val76Pro, Ser80Asn and Tyr81Phe. Altogether, the mutated 
amino acids prompt the C’’ strand to be more structured and the C’’- 
D loop to be differently oriented in mPD-L1 compared to the human 
protein, as already noticeable in the apo state (Supplementary Fig. 
S18). Nonetheless, the dynamics of this protein region can be dif-
ferentially modulated by the interacting ligand and vice versa. In-
deed, the Asn63Gln substitution in chain B seems to increase the 
stability of the P18 side chain which can form an additional 

Fig. 7. Cross-correlation matrix built considering Cα atoms for the three hPD-L1 complexes. The analysis is performed on the protein Cα atoms excluding residues 127–144 due to 
their large mobility. Black circles indicate the inter-chain regions showing larger cross correlations in absolute value.
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hydrogen bond with the BGln63 amide oxygen through its terminal 
amine (∼38% of the trajectory). Thus, P18 seems to rigidify this 
subdomain through its interactions with BGln66 and BAsp73, which 
are even reinforced with respect to the human case (80% vs. 90% and 
∼85% vs. ∼67% of the trajectory in mPD-L1 and hPD-L1, respectively). 
In line with these outcomes, the RMSF analysis (Supplementary Fig. 
S19) of mPD-L1 highlights larger fluctuations of residues 60–80 of 
chain B in presence of RS39 compared to P18, reflecting its lower 
capability to interact with and stabilize these residues through its 
side chain. In summary, three single point mutations, Asn63Gln, 
Arg113Cys and Met115Ile, seem to be mainly responsible for the 
different ligand affinity towards the two species. Notably, a dynamic 
view of ligand binding to the two PD-L1 species reveals that the 
above-mentioned mutations can modulate the ligand affinity not 
only in a direct manner (causing steric clashes or loss of interactions, 
e.g. Met115Ile) but also inducing changes in the local protein 

arrangement, in the amino acids interaction network (e.g. Asn63Gln) 
and even in the inter-chain dynamics at the dimer interface (e.g. 
Arg113Cys).

3.5. Molecular determinants for reduced/lost mPD-L1 affinity and hints 
for the design of novel anti-PD-L1 small molecules

The results obtained from our simulations were firstly used to 
rationalize, from a dynamic point of view, the complete loss of af-
finity of BMS-202 for mPD-L1. To this aim, we superimposed the MD 
final conformation of BMS-202 in complex with hPD-L1 with that of 
P18 in the murine protein (Fig. 10). Despite the good overlap of the 
two small molecules, the BMS-202 shorter polar side chain cannot 
reach the mouse BGln63, which conversely contributes to stabilize 
the P18 binding. More interestingly, the comparison shows that the 
reorientation of ATyr56 observed in the MD simulation of BMS-202/ 
hPD-L1 complex would be hindered in mPD-L1 by the mutated  
AGln63, as already hypothesized by Skalniak and coworkers [25]. We 
remark that also the Met115Ile mutation can impact on the binding 
of BMS-202 to mPD-L1. Indeed, this substitution causes the loss of 
the peculiar sulfur-π interactions that the compound can form with 
both A,BMet115, although these could be compensated by van der 
Waals contacts with mutated Ile.

To further extend our structure-activity relationship analysis, we 
also examined BMS-1166 [26], another biphenyl compound for which 
the inactivity towards mPD-L1 has been reported. This compound has 
similar size to P18, from which it differs for the presence of a 1,4- 
dioxane ring fused with the biphenyl group and for the nature of the 
polar side chain. A superposition between the hPD-L1/BMS-1166 X- 
ray complex (PDB code: 6R3K [26]) and the MD conformation of the 
P18/mPD-L1 trimer (see Fig. 10) shows that, in the murine protein, the 
1,4-dioxane would clash with ATyr56, whose conformational freedom 
is limited in mouse by the mutated Gln63. As seen for BMS-202, the 

Fig. 8. Schematic representation of a) RS39 (cyan sticks), and b) P18 (magenta sticks) 
at the binding pocket in a mPD-L1 homodimer after a 2 μs long trajectory. The main 
residues interacting with each ligand and participating to homodimer stabilization 
are represented in blue (chain A) and green sticks (chain B). The rest of the protein is 
represented as a cartoon. Hydrogen atoms are hidden for clarity.

Fig. 9. a) Heavy atoms RMSD for RS39 (left) and P18 (right) shown as dots. b) RMSD of 
the main ligands functional groups: biphenyl (red); RS39 triazine, P18 chlorophenyl 
(black); linear chain, including piperidine ring in P18 case, (violet). The P18 cyano-
benzyl RMSD is shown in Supplementary Fig. S17. Prior to RMSD calculations, tra-
jectories were aligned on the Cα of the secondary structural elements with respect to 
the initial MD frame.
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shorter length and the different electrostatic nature of the side chain 
would not allow BMS-1166 to establish the same stabilizing interac-
tions formed by P18 (see Fig. 10). This analysis supports our MD re-
sults showing that, while in mPD-L1 the ATyr56 flexibility is highly 
limited, in hPD-L1 the same residue seems to be intrinsically flexible 
and able to adapt to the incoming ligand. Indeed, in the presence of 
P18, which is tightly anchored to the binding surface, ATyr56 is highly 
stable in its position stacking with terminal phenyl of the ligand 
(superimposable to that of the BMS-202 X-ray complex). Conversely, 
in the MD simulation of RS39, showing higher fluctuations than P18 at 
the binding surface, the ATyr56 bends against the AAsn63 opening up 
an amphipathic tunnel (Supplementary Fig. S6 and S20). The ex-
istence of this channel, which is nearly symmetrical to the area 
hosting the polar chain of BMS-202, has been previously disclosed by 
X-ray structures of both BMS-1166 and C2-symmetric inhibitors such 
as LH1307 (PDB codes: 6R3K and 6RPG [22], respectively). In spite of 

these observations, to date, most of the available anti-hPD-L1 agents 
are “short” molecules (see Fig. 1, “first generation”) that cannot target 
this additional protein region. On the other hand, compounds “ex-
tended” either symmetrically or asymmetrically (i.e. featuring either 
the same or different branches on the two sides, respectively) are now 
emerging as “second generation” anti-hPD-L1 ligands, however they 
are still a minority. To investigate in more detail here the differences 
between the “short” and the “extended” molecules in the interaction 
with PD-L1, four representative compounds, featuring two 
(INCB086550 [38] and GS-4224 [39]), three (BMS-1058) [54] or four 
branches (BMS-40770) [53] were docked (Fig. 11 and Supplementary 
Fig. S21) in the crystal structure of hPD-L1 in complex with LH1307 
(PDB code: 6RPG).

Docking results allowed us to generate a 5-points pharmaco-
phore model fitting into the five sites of the bone-shaped PD-L1 
dimer pocket. The main anchor point is represented by the biphenyl- 
containing system; herein, the presence of two aromatic rings next 
to the biphenyl core allows engaging, at the same time, Tyr56 from 
both monomer A and B. The other four points are represented by the 
two polar side chains, which can contact Thr20, Asp122, and Lys124 
of each monomer and, when present, by the additional cyanopyr-
idine ring (or by any other aromatic ring substituted with a H-bond 
acceptor) that can simultaneously interact with Tyr123 from both 
monomers (Supplementary Fig. S21). Remarkably, our MD simula-
tions show that this would not happen with smaller ligands such as 
BMS-202, which can only interact with BTyr56. Along the same line, 
the absence of a second polar side chain does not allow “short” li-
gands to form the aforementioned electrostatic contacts (with 
Thr20, Asp122, Lys124) in both PD-L1 monomers. A more dynamic 
view of the 5-points pharmacophore model was obtained through 
an ensemble docking approach, using frames extracted from the MD 
trajectory of the hPD-L1/BMS-202 (see Materials and Methods for 
details). In particular, docking of “extended” ligands INCB086550 and 
GS-4224 in the most representative protein conformation provided 
poses superimposable to those obtained using the X-ray structure 
(see Supplementary Fig. S22). Interestingly, both these PD-L1 
structures show ATyr56 in the same orientation, which allows the 
opening of the amphiphilic channel and, in turn, the accommodation 
of “extended” ligands.

Thanks to the additional interactions established with hPD-L1, 
“extended” ligands could in principle display not only an improved 
potency but also a prolonged residence time, so as to stabilize more 
efficiently the PD-L1 dimer, which is required to inhibit the inter-
action with PD-1 in vivo. In fact, although in HTRF assays the IC50s of 
“short” and “extended” ligands are in some cases comparable [99], 
the latter ones perform much better in cell-based assays.[22] Also, in 
light of their larger volume and the more demanding steric and 
electrostatic requirements, “extended” compounds can offer higher 
specificity towards the PD-L1 compared to “short” molecules that 
may more easily bind to the binding pocket of other receptors; this 
might, in turn, lead to reduced off-target, or more generally toxic, 
effects. Altogether, these considerations would possibly explain why 
the “extended” INCB086550 is the most advanced compound in the 
complex clinical trial pathway (successfully accomplished Phase I 
clinical studies). Finally, although the dual activity on hPD-L1 and 
mPD-L1 is surely desirable to speed up preclinical research for pu-
tative inhibitors, this aim is challenged by the mutations occurring at 
the binding site of the murine protein. Indeed, such substitutions 
can especially affect the flexibility of Tyr56 with respect to hPD-L1, 
so that, in mPD-L1, the access to above-mentioned channel would be 
precluded to “extended” ligands. On the other hand, doubly bran-
ched “short” ligands like P18, which are endowed with both an 
aromatic and a highly polar chain, can overcome the detrimental 
effect of the mutations by tightly interacting with mPD-L1. Alto-
gether, molecular dynamics and docking studies, supported by MST 
assays and NMR experiments, have here unraveled the structural 

Fig. 10. Superposition of the last frame of the P18/mPD-L1 MD simulation with: a) 
BMS-202/hPD-L1 (final MD conformation); b) BMS-1166/hPD-L1 (crystal structure, 
PDB code: 6R3K). P18, BMS-202 and BMS-1166 are shown in magenta, orange and 
yellow sticks, respectively. The residues mainly contributing to binding affinity dif-
ferences between the two species are shown as blue and marine blue sticks for chain 
A of hPD-L1 and mPD-L1, respectively, and green and forest green sticks for chain B of 
hPD-L1 and mPD-L1, respectively. The tertiary structure of both the proteins is re-
presented as a cartoon. Hydrogen atoms are hidden for clarity.
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determinants of the species’ specificity of PD-L1 ligands, providing 
clues that may assist medicinal chemists to design the next gen-
eration of small molecule drugs.

4. Conclusions

In this study, using a combined experimental and computational 
approach, we have provided a molecular description of the binding 
behavior of the biphenyl-based compounds BMS-202, RS39 and P18 
to human and murine PD-L1, also unveiling the main determinants for 
their different affinity profile towards the human protein and for their 
reduced potency towards the mouse orthologue. In particular, we 
have shown that the specific size and nature of the inhibitor can in-
fluence not only the number of interactions that it can establish at the 
PD-L1 dimer interface, but also the protein inter-chain dynamics and 
stabilization. A crucial role in these events is also played by single 
point mutations, which diversify the two proteins, occurring both in 
proximity and far from the ligand binding site. The extensive analysis 
of hPD-L1 MD simulations performed with “short” ligands and the 
docking studies on the “extended” compounds provided results that 
can be used to guide the design of future PD-L1 inhibitors.
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