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ABSTRACT

A very limited number of small molecule inhibitors targeting PD1/PDL1
signaling pathway have entered clinical trials at this point. We investigated
several ligand databases against PD1 and PDL1 separately to evaluate their
prospects as potential small molecule PD1/PDLI inhibitors. Computational
studies showed promising results for our hit compounds and some of
which are commercially available as well. Three potential small molecule
inhibitors for each of PD1 and PDL1 enzyme have been identified based on
our structure based virtual screening of ZINC15 ligand database. Protein-

ligand interactions between our hit compounds and their corresponding
target receptors have been analyzed using relevant software which indicates
significant binding affinity due formation of hydrogen bond and van der
Waals interactions. Predicted ADME properties of all hit compounds have
also been determined using online tools. In addition, molecular dynamics
simulation has also been performed at one nanosecond to investigate the
conformational stability of the protein-ligand complex using GROMACS
software. The Root Mean Square Deviation (RMSD) for protein and ligand
and Root Mean Square Fluctuation (RMSF) of the protein residues at
C-alpha position indicate fair stability.
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INTRODUCTION

Programmed cell death-1 receptor (PD-1) is an immune inhibitory
receptor which is expressed in activated T-cells [1-3]. Programmed Cell
Death Ligand 1 (PD-L1) is the natural ligand of PD-1 which can engage
with PD-1 and is important for maintaining central and peripheral T cell
tolerance (4, 5]. Overexpression of PDLI in different types of tumor cells
in the tumor microenvironment enables the cancerous cells to evade the
host immune system [6-9]. The interaction between PDL1 and PD1 has
been reported to be influential not only in cancer but also in chronic viral
infection and autoimmune disorders [10-13]. PD1/PDL1 interaction causes
conformational change in PD-1 which results in the phosphorylation of the
cytoplasmic Immunoreceptor Tyrosine-Based Inhibitory Motif (ITIM) and
the Immunoreceptor Tyrosine-Based Switch Motif (ITSM) by Src family
kinases [14, 15]. This incident subsequently attenuates T cell-activating
signals. Thus, the PD1/PDLI1 pathway helps to prevent over stimulation
of immune response and maintains the immune tolerance to self-antigens
by negatively regulating it. It has been reported that PD1 is upregulated in
cancer specific T-cells, while PDL1 is overexpressed in various types of human
tumors [16]. Malignancies like cancer and HIV specific T-cells are believed
to use this PD1/PDL1 pathway to evade body’s immune system by inducing
local immune suppression [17-19]. It has been suggested by several researchers
that manipulating PD1/PDL1 pathway using inhibitors may be a competent
strategy to treat different types of cancers and viral infections including
HIV and SIV induced infections [20-23]. Multiple publications reported
that blocking the interactions of PD1 and or PDL1 using Monoclonal
Antibodies (mAbs) show promising antitumor activities in different phases
of clinical trials among human patients [24-29]. So far, six mAbs have been
approved by the US Food and Drug Administration (FDA) since 2011 to
treat different types of cancers [30]. However, antibody therapy to block
PD1/PDLI1 pathway comes with several disadvantages. Inflammatory side
effects or Immune Related Adverse Events (irAEs), poor tissue and tumor
penetration, low oral bioavailability, immunogenicity and high production
costs are some of the undesired characteristics of antibody therapy [31, 32].
To address these shortcomings, small molecule PD1/PDL1 inhibitors are
being actively sought after by academicians and pharmaceutical companies
as small molecule inhibitors have better tissue and tumor permeability,
oral bioavailability, and shorter half-lives [33, 34]. Thus, the development
of small molecule inhibitors for the PD1/PDL1 pathway has huge research
and application prospects. Developing small molecule inhibitors to block
PD1/PDLI pathway is in urgent need. We believe through computational
studies that some small molecule inhibitors could be successfully discovered
to treat cancer and chronic viral infections. Since the approval of the first

monoclonal antibody PD1 inhibitor in 2014 by the FDA, the number of
same class drugs to treat cancer and viral infections has been on the rise.
However, despite antibodies impressive success to treat cancer, recent studies
expose several limitations of antibody therapy. To avoid the problems
associated with antibody therapy, scientists are trying to discover small
molecule inhibitors for the PD1/PDLI1 pathway. A very limited number of
small molecule inhibitors entered clinical trials at this point. In this paper,
we have investigated ligand databases against PD1 and PDL1 separately to
evaluate their prospects as potential small molecule inhibitors against PD1
and PDLI.

MATERIALS AND METHODS
Methods to prepare protein and ligands

The crystal structures of PD1 and PDLI protein have been reported in peer
reviewed journals. The protein files were downloaded from online databases
using the ID mentioned in journals. After some refinements, the protein
file is made compatible to be used in computer software for molecular
modeling [35]. The ligand files that will be docked in the model could be
downloaded from large ligand libraries. Once ligand files are downloaded
and refined, they are placed into a docking model against the target protein.
The software algorithm can then run the ligand files to the protein and
estimate the binding score [36]. We used Auto Dock Vina software for our
molecular docking calculations PD1 (PDB ID: 5GGS) and PDL1 (PDB ID:
5]89) protein files were downloaded from the Protein Data Bank website [37-
39]. Auto Dock Tools was used to prepare protein files. The “Y” chain of the
PD1 protein file and the “A” chain of the PDL1 protein file were identified
and isolated. All water molecules and heteroatoms were deleted, and polar
hydrogens were added to the protein file. Gasteiger charge was calculated,
and grid box was adjusted to ensure it covers the active site residues. After
making these changes, the PD1 and PDLI protein files were saved separately.

Molecular docking: High throughput virtual screening

In silico structure-based drug design is a technique which is very useful to find
potential new ligands of a target protein by analyzing their interaction at the
molecular level [40, 41]. Using computer generated simulation or molecular
modeling, a large group of in silico compounds can be screened using various
methods [42]. These compounds can then be ranked based on the binding
interaction between the compound and the target protein predicted by
computers which is expressed as “Binding score” [43, 44]. The advantage of
this method is the ability to screen large number of compounds at low cost
and relatively fast, compared to a high-throughput screening process [45].
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Once ligand files are downloaded and refined, they can be placed into a
docking model against the target protein. The software algorithm can then
run the ligand files to the protein and estimate the binding score. We used
Auto Dock Vina software for our molecular docking calculations. Molecular
docking studies were performed on PD1 and PDLI protein using Auto Dock
Vina software along with ZINC15 database [46]. The conformational energy
of the ligands from the database was minimized using Avogadro software
[47]. Explicit hydrogens were added to the ligand molecule and then its
energy was minimized under the force field of MMFF94. Optimized ligands
were docked against PD1 and PDL1 with the use of high throughput virtual
screening. This allows for rapid screening of large libraries of ligands. Top
ligands were selected based on their docking studies and then docked again
in PyRx to verify docking results obtained from Auto Dock [48]. From this
final screening three ligands for each protein receptor were selected that
gave a minimum of -7.0 kcal/mol binding affinity against their respective
target proteins (Figure 1 for PD1 inhibiting molecules and Figure 2 for PDL1
inhibitors).

Docking study and data processing

There are several commercially available software which can be used to
simulate and analyze protein-ligand interactions. Using the software, we
can identify the key interacting atoms that are involved in bond formation
between receptor protein and the ligands, which allows us to make appropriate
changes to the ligands to adjust or improve the binding interactions. PyMol,
ChimeraX are some of the software that has been used by our lab [49].

ADME properties prediction

Absorption, Distribution, Metabolism, and Excretion (ADME) properties
may be used to characterize the hit or lead compounds [50]. ADME properties
are also important for preclinical pharmacokinetic evaluations and help to
remove less favorable drug candidates [51]. SwissADME online software was
used to predict different druglike properties including molecular weight,
hydrophilicity, lipophilicity, Topological Polar Surface Area (TPSA), GI
absorption, etc. [52].

Molecular dynamics simulation

Molecular dynamics simulation is an effective tool to predict the natural
motions of atoms involved in protein-ligand complex system for a certain time.
These predictions, in turn, could be very useful to investigate biomolecular

processes like conformational changes, ligand binding mode, etc. [53].
Molecular dynamics work based on the forces acting on atoms according to
classical equations of motion [54]. The reason we need MD analysis for our
protein-ligand system is because the molecular docking tools do not account
for the flexible nature of the protein’s structure while giving the docking
score. MD simulation analysis could be used to overcome this limitation. A
good ligand docking pose will presumably generate a stable MD trajectory
while a bad docking pose will do the opposite. A low Root Mean Square
Deviation (RMSD) from the initial conformation of the ligand will indicate
stability of the docking mode [55]. MD simulation also takes the solvent
molecule’s influence into consideration while predicting the stability of
protein-ligand complex [56]. Thus, MD simulation could be an effective tool
to refine and validate the data obtained from molecular docking tools. We
used GROMACS package to analyze the stability of protein-ligand complex
as a mean to justify our docking results [57]. To execute the simulation, we
employed CHARMM 36 force field to dictate the protein-ligand dynamics
along with TIP3P water model for solvation of the complex [58, 59]. To
neutralize the solvated system, counter ions have been added to the complex
and then energy minimized. Reference temperature was set at 300 K, along
with a reference pressure of 1.0 bar for the dynamics study. The run time for
the simulation was set at 1 nano-second. At the end of the simulation, the
RMSD values for ligand and protein backbone were obtained and plotted
in an excel sheet. In addition, the RMSF values for the protein residues at
C-alpha position were also plotted in the same way.

RESULTS AND DISCUSSION
Selection of small molecule inhibitors for PD1 and PDL1

Top ligands were selected based on their docking studies from Auto Dock
and then verified by redocked in PyRx. From this final screening, three
ligands for each protein receptor were selected that gave a minimum of -7.0
kecal/mol binding affinity against their respective target proteins (Figure 1 for

PD1 inhibitors and Figure 2 for PDLI inhibitors).
Docking results

Each compound was docked against a PD1 protein or PDL1 natural ligand.
The interaction between our ligands and PD1 or PDL1 was analyzed using
PyMol and Discovery Studio Visualizer software. Table 1 represents the
docking score for original structures and scores after modification.
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Figure 2) Hit compounds for PDL-1 inhibitor
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ADME properties

Table 2 provides important information about the ADME properties of the
lead compounds.

Binding mode of PD1_Compound_1

PyMOL and discovery studio visualizer were used to analyze protein-ligand
interactions for each compound. Figures 3A and 3B show the hydrogen bond
and other interactions between PD1 and the ligand. One of the Imidazole
rings of PD1_Compound_1 forms a hydrogen bond with PD1. The hydrogen
atom of the imidazole ring contacts with an oxygen atom of ASN side chain
from a distance of 1.95 A° and constitutes the only hydrogen bond between
PD1 and PD1_Compound_1. Another important protein ligand interaction
could be seen between the fluorine atoms of PD1_Compound_1land the
PRO 83 side chain of PD1 with a bond distance of 3.26A°.

Binding mode of PD1_Compound_2

PD1_Compound_2 develops four hydrogen bonds with the side chains of

TABLE 1
Docking score of hit compounds

Small molecule PD1 and PDL1 inhibitors

PD1. A hydrogen atom of the secondary amine of the indole ring forms the
first two hydrogen bonds with the side chain of LYS 131 and ALA 132 (Figure
4A). The bond distances of these two hydrogen bonds were 2.85A° and 2.69A°
respectively. The six membered lactam ring of PD1_Compound_2 gives two
more hydrogen bonds. The oxygen atom of the amide bond interacts with
side chain SER 87 from a distance of 2.14A° to form a hydrogen bond. The
last hydrogen bond comes from a tertiary nitrogen atom of the lactam ring.
This tertiary nitrogen atom comes into contact of a hydrogen atom of GLU
84 to demonstrate a hydrogen bond. The bond distance of this hydrogen
bond turned out to be 2.14A° (Figure 4B).

Binding mode of PD1_Compound_3

PD1_Compound_3 forms just two hydrogen bonds with PD1. An oxygen
atom and a hydrogen atom of PHE 63 residue forms these two bonds (Figure
5A and 5B). The oxygen atom from the isoxazole ring of PD1_Compound_3
interacts with a hydrogen atom of PHE 63 from a distance of 2.24A°. The
neighboring amine’s hydrogen atom also contacts with the oxygen atom of
the same PHE 63 side chain to form the second hydrogen bond (Figure 5B).

Original structure Name

Binding Score (kcal/mol)

Modified Structure name Binding Score (kcal/mol)

PD1_Compound-1 -7.5
PD1_Compound-2 -74
PD1_Compound-3 -7
PDL1_Compound-1 =71
PDL1_Compound-2 -7.3
PDL1_Compound-3 -7.8
TABLE 2
Relevant physical properties for the compounds of interest
Name Molecular weight g/mol MLogP TPSA LogS(ESOL) Gl Absorption
PD1_Compound_1 351.38 2.18 86.46A°2 -3.64 High
PD1_Compound_2 376.46 1.58 77.23A°? -3.66 High
PD1_Compound_3 369.42 0.93 109.15A°2 -3.35 High
PDL1_Compound_1 292.25 3.52 77.10A°2 -3.37 High
PDL1_Compound_2 268.26 2.06 55.76A°2 -3.53 High
PDL1_Compound_3 298.34 4.25 48.88A°2 -4.11 High
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Figure 4) (A) Hydrogen bonds between PD1 and the ligand PD1_Compound_2. (B) 2D diagram of protein ligand interactions between PD1 and PD1_Compound_2
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The bond distance of this bond was 2.84A°. In addition, there is a pi-Donor
hydrogen bond between the benzene ring and side chain ASN 58 from a
distance of 2.95A°.

Binding mode of PDL1_Compound_1

Figures 6A and 6B show the interactions between natural ligand PDL1 and
PDL1_Compound_1. Two hydrogen bonds were identified using Discovery
Studio Visualizer software. The first hydrogen bond was formed between the
oxygen atom of one of the fused cyclohexanone ring of PDL1_Compound_1
and the hydrogen atom of amine group of ASP 122 side chain. The bond
distance was found to be 2.50 A° in this case (Figure 6B). The second
hydrogen bond came from the same oxygen atom of the cyclohexanone ring.
The amine hydrogen atom of ILE 116 contacted with that oxygen atom from
a distance of 2.90 A° and formed the second hydrogen bond. (Figure 6B)

Binding mode of PDL1_Compound_2

Weak carbon hydrogen bond was observed between SER 117 side chain and
the oxygen atom of one of the fused oxane ring of PDL1_Compound_2. The
bond distance was found to be 3.41 A° Pi- Alkyl interaction was seen between
a benzene ring of PDL1_Compound_2 and the side chain of ILE 54 from
a distance of 4.30 A°. Same type of interaction was also observed between
the second benzene ring of PDL1_Compound_2 and ALA 121 residue at a
distance of 4.65 A° (Figure 7A and 7B).

Binding mode of PDL1_Compound_3

PDL1_Compound_3 formed two hydrogen bonds with PDL1 (Figure 8A
and 8B). A hydrogen atom of the five membered cyclic amine forms both
two hydrogen bonds. First one with the oxygen atom of ILE 116 residue from
a distance of 2.36 A°. The same hydrogen atom also interacted with another
oxygen atom of ASP 122 to create the second hydrogen bond. The bond
distance of this hydrogen bond turned out to be 3.05 A° (Figure 8B).

Proposed modifications of PD1 and PDL1 compounds

As shown in Figure 3A and 3B, PD1_Compound_1 formed only one
hydrogen bond with its receptor protein. Surrounding amino acid residues
VAL, ALA, ILE were not involved in any strong interaction with the ligand.
Replacing the cyclopropane group with a more electron rich functional

Figure 5) (A) Hydrogen bonds between PD1 and the ligand PD1_Compound_3.
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group is expected to increase protein-ligand interaction and thereby improve
binding affinity. Based on Figure 4A and 4B, PD1_Compound_2 has a long
aliphatic chain which makes the molecule less rigid. Increasing the rigidity
of this molecule using pyrazole or furan to replace rotatable aliphatic chain
will probably help to improve binding score. According to Figure 5A and
5B, PD1_Compound_3 has an iso-propane group with limited interaction
with receptor protein. Adding halogen atoms in this group might be a good
idea to increase interaction. Adding heteroatoms in the benzene ring will
probably also be helpful. Based on the above-mentioned information, several
modifications were made to the PD1 hit compounds (Figure 9). These
changes are expected to increase protein-igand interactions and thereby
improve binding scores. Now, we are going to shed some light on PDL1
compounds. Figure 6A and 6B shows that PDL1_Compound_1 has fused
benzene rings with no functional group attached. Adding a functional group
to these benzene rings should improve protein ligand interaction leading
to higher binding score by interacting with, TYR, ALA or MET side chains
of PDL1. As per Figure 7, PDL1_compound_2 did not form any hydrogen
bond with PDL1. Hence, adding functional groups in the benzene rings or
heteroatoms like nitrogen or oxygen is expected to lead towards hydrogen
bond formation with neighboring side chain residues like ALA or ILE.
PDL1_Compound_3 also has fused benzene ring without any heteroatom
or functional groups. The neighboring amino acid residues of this area are
MET and TYR. So, adding amide group or carboxylic group might be a good
strategy to enhance protein ligand interactions to achieve higher binding
affinity. Similar modifications made on PD1 compounds will also be made
to improve the binding scores of PDL1 compounds. Molecular dynamics
data will be obtained after making necessary changes for further analysis.

MOLECULAR DYNAMICS SIMULATION ANALYSIS OF PD1

AND ONE OF ITS HIT COMPOUNDS
Molecular dynamics simulations have been performed for PDI_
Compound_1 against PD1 and PDL1_Compound_2 against PDL1

MD Analysis of PD1_Compound_1

Molecular dynamics simulation indicates a fairly stable complex during
simulation with low RMSD value. PD1_compound_1 was chosen for MD
simulation against PD1. Ligand RMSDs fluctuated between 0.5 A° and
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(B) 2D diagram of protein ligand interactions between PD1 and PD1_Compound_3
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Figure 6) (A) Hydrogen bonds between PDL1 and PDL1_Compound_1. (B) 2D diagram of protein ligand interactions between PDLI and PDL1_Compound_1
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Figure 7) (A) Interactions between PDLI and PDL1_Compound_2. (B) 2D diagram of protein ligand interactions between PDL1 and PDL1_Compound_2
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Figure 8) (A) Interactions between PDL1 and the ligand PDL1_Compound_3. (B) 2D diagram of protein ligand interactions between PDL1 and PDL1_Compound_3
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Figure 10) RMSD plot of PD1 backbone
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RMSF Plot of PD1
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Figure 11) RMSF plot of PD1 residues at Calpha position
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Figure 12) RMSD plot of PDL1 backbone

RMSF Plot of PDL1 at C-alpha position
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Figure 13) RMSF plot of PDL1 residues at Calpha position

3.4 A°during a 1 ns simulation. The RMSD plot of the protein backbone
demonstrated strong stability with a fluctuation of only 0.8 A°. The RMSD
values remained between 1.2 A’and 2.0 A°during the 1ns simulation. Figure
10 showed the RMSD values of protein backbone while the Root Mean
Square Fluctuation (RMSF) value for c-alpha atoms in PD1 residues have
been illustrated in Figure 11. The peaks in RMSF plot reveal the residues
that fluctuated most during simulation. Residues 10-15 and residues 23-29
showed highest fluctuation over the course of 1ns simulation ranging from
0.2 A°and 1.2 A°.

MD analysis of PDL1_Compound_2

Molecular dynamics simulation for PD1_compound_3 against PDLIL
showed good stability. Ligand RMSDs fluctuated between 0.5 A° and 1.5 A°
during a Ins simulation. The RMSD plot of the protein backbone indicated
a moderate stability with a fluctuation of 2.0 A3 ranging from 0.5 A° to 2.6
A°. Figure 12 shows the RMSD values of protein backbone. The Root Mean
Square Fluctuation (RMSF) value for c-alpha atoms in PDL1 residues have
been shown in Figure 13. The peaks in RMSF plot show the residues that

6

fluctuated most during simulation. Residues 5-10 showed high fluctuations
between 0.2 A° to 1.8 A° at the beginning, then residues 10-15 showed
another small peak of fluctuations ranging from 0.3 A°to 1.8 A2. Residue
16-32 seemed pretty stable (Figure 13).

CONCLUSION

We have screened about half a million compounds from ZINC 15 database
trying to find a suitable small molecule inhibitor for PD1 and PDLI1
cycle. Our strategy involved identifying the PD1/PDL1 proteins that are
responsible for the inception and progression of several types of cancers
and acute viral infections. We used the crystal structures of the proteins of
interest that were reported in literature to identify the binding region and
corresponding amino acid side chains. Next, large number of compound
strcutures was screened using High Throuput Virual Screening (HTSV)
technique. Based on our computational studies, several hit compounds were
discovered with promising predicted druglike properties. After proposed

J Nanosci Nanomed. Vol 7 No 1 March 2023



modification, we expect to develop novel PD1/PDLI inhibitors which will
go for clinical studies and eventually get approval from the FDA.
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