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The Virtual Screening and Molecular Docking
Study of New Inhibitors for SARS-COV-2 Papain-
Like Protease (PLP™)

SARS-COV-2 Papain Benzeri Proteaz (PLpro) icin Yeni
inhibitdrlerin Sanal Tarama ve Molekiiler Yerlestirme Calismasi

ABSTRACT

Although global human mobility has normalized after the COVID-19 pandemic, the disease
remains a major threat due to the emergence of new variants, keeping it a key target for drug
development. Considerable efforts have been put to understand the disease, to create
treatment options, and ultimately to eradicate it. It has been shown that these viruses have the
largest genome size among all known RNA viruses, with their genome consisting of an RNA strand
enclosed in a protein coat. PLP™ is an enzymatic protein which is necessary for the replication
process of SARS-CoV-2 and during viral infection, it is essential in helping coronaviruses evade
the host's innate immune defense. Consequently, targeting PLP™ in antiviral drug development
could be an effective approach to inhibit viral replication and interfere with signaling pathways
in infected cells. This study aims to provide new potential inhibitor candidates for PLP™ (PDB:
7L0S) by molecular modelling study. A total of over 2 million molecules from ZINC15 database
have been screened against PLP™ by structure- based virtual screening, followed by molecular
docking. The docking scores of the top five ligands were in the range of -81.57 kcal/mol and -
83.19 kcal/mol, which were much better than that of co-crystallized ligand Y97 (-58.25 kcal/mol).
The docking results indicated that ligands interact with the key residues (Asp 164, Arg 166, and
Glul67) in the active pocket of PLP®. HO2 revealed some physicochemical properties as a
potential hit according to the ADME results.

Keywords: SARS-CoV-2, PLP™ inhibitors, virtual screening, molecular docking, drug design

0oz

COVID-19 salgini sonrasinda kiiresel insan hareketliligi normale donmus olsa da, hastalik yeni
varyantlarin ortaya ¢ikmasi nedeniyle biyUk bir tehdit olmaya devam ediyor. Bu sebeple, hastalig
anlamak, tedavi secenekleri olusturmak ve nihayetinde ortadan kaldirmak igin énemli ¢cabalar
sarf edilmektedir. Bu virGslerin, bilinen tim RNA virisleri arasinda en biyik genom boyutuna
sahip oldugu ve genomlarinin bir protein kilifi icinde bulunan bir RNA ipliginden olustugu
kanitlanmistir. PLpro, SARS-CoV-2'nin replikasyon stireci icin gerekli olan enzimatik bir proteinidir
ve viral enfeksiyon sirasinda koronavirlslerin konagin dogustan gelen bagisiklik savunmasindan
kagcmasina yardimci olmakta gorevlidir. Sonug olarak, antiviral ilag gelistirmede PlLpro'yu
hedeflemek, viral replikasyonu inhibe etmek ve enfekte hicrelerdeki sinyal yollarina miidahale
etmek icin etkili bir yaklasim olabilir. Bu ¢alisma, molekiler modelleme calismasiyla PLpro (PDB:
7L0S) icin yeni potansiyel inhibitor adaylari saglamayi amaglamaktadir. ZINC15 veritabanindan 2
milyondan fazla molekil, yapi tabanli sanal tarama ve ardindan molekiler yerlestirme ile
PLpro'ya karsi tarandi. ilk bes ligandin yerlestirme puanlari, es-kristalize ligand Y97'nin (-58,25
kcal/mol) puanlarindan ¢ok daha iyi olan -81,57 kcal/mol ve -83,19 kcal/mol araligindaydi.
Yerlestirme sonuglari, ligandlarin PLpro'nun aktif cebindeki anahtar kalintilarla (Asp 164, Arg 166
ve Glul67) etkilesime girdigini gosterdi. ADME sonuglarina gére HO2, potansiyel bir hedef olarak
bazi fizikokimyasal 6zellikler ortaya koydu.

Anahtar Kelimeler: SARS-CoV-2, PLP™ inhibitorleri, sanal tarama, molekller yerlestirme, ilag
tasarimi
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) outbreak,
known as Wuhan Novel Coronavirus (COVID-19) has
raised due to a group of viruses that can affect many
animals and cause respiratory infections in humans
through transmission.** This infection, which spreads
rapidly from person to person, has become a major
problem for many countries in terms of health and other
sociological aspects.® Scientists made tremendous efforts
to understand the disease, develop treatment methods,
and ultimately eliminate the disease entirely.®’ Anintense
work carried out by the biologist has revealed that these
viruses have the largest genome size among the known
RNA viruses,® and their genome is composed of an RNA
strand surrounded by a protein coat.’ Due to their long
RNA genomes, many mutations occur during the copying
of genetic material.® The possible mutations are expected
to lead to the emergence of concerning variants. These
variants are dangerous for public health and may result in
the formation of different strains that could cause future
epidemics.

A series of structural proteins, namely nucleocapsid
(N), envelope (E), membrane (M), and spike (S), are
involved in the virus’s mechanism of infecting the host.%!
The process begins with the virus binding to the host cell
using its surface spike protein (S) to enter the cell through
endocytosis. During this process, the angiotensin-
converting enzyme 2 (ACE2) receptor on the surface of
human cells acts as the target structure for the virus to
bind. Once inside the host, the virus releases its single-
stranded RNA, which carries its genetic information,
allowing this RNA to bind to the host cell’s ribosomes. This
binding enables the synthesis of several essential
enzymatic proteins, including RNA polymerase, the main
protease (MP™), and papain-like cysteine protease (PLP™),
which are necessary for the replication process for SARS-
CoV-2.12 Consequently, they have been essential targets for
antiviral drug development

The critical role of the papain-like protease (PLP™)
enzyme in viral replication is due to its function as a
cysteine protease. Upon infection, the viral RNA is
converted into replicase polyproteins, ppla and pplab.
PLP™is involved in the cleavage of non-structural proteins
(NSP1-NSP6) from the polyproteins and form replication-
transcription complexes. The synthesis of the viral genome
and the direction of replication depend on the formation of
these complexes.'® There are a range of key components of
these replication-transcription complexes and NSP3,

including PLP™, plays a role in processing polyproteins and
modulating host immune responses.'*

During viral infection, PLP™ plays a crucial role in
avoiding coronaviruses from the host's innate immune
response.'>!® PLP® js responsible for removing cellular
proteins such as ubiquitin (Ub) and ISG15 (interferon-
induced gene,’ which are involved in initiating the host's
innate immune response.'”!® Therefore, targeting PLP™ in
the design of antiviral drugs can be an important strategy
to inhibit viral replication and disrupt signaling pathways in
infected cells.

The U.S. Food and Drug Administration (FDA) has
authorized only a few antiviral drugs for emergency use.
Remdesivir (Veklury) and molnupiravir (Lagevrio), although
originally developed for other viral infections, have been
repurposed for SARS-CoV-2. These drugs work by targeting
the viral RNA-dependent RNA polymerase (RdRp)
enzyme.® Paxlovid, which is used as a combination of two
drugs, nirmatrelvir and ritonavir, is another medication for
SARS-CoV-2. Nirmatrelvir inhibits the main cysteine
protease (Mpro or 3CLpro) of SARS-CoV-2, while ritonavir
helps maintain the necessary conditions for nirmatrelvir to
reach effective concentrations against SARS-CoV-2.%°
Although PLP™ is a potential target for SARS-CoV-2
treatment, it has been found that developing effective and
applicable inhibitors is challenging. The primary reason for
this is the characteristics of the P1 and P2 regions, which do
not allow drugs to bind near the cysteine residue in the
active site.?! Suitable inhibitors for cysteine protease
enzymes are identified when the P1 and P2 regions are
targeted, and covalent interactions are formed near the
cysteine residue in the active site.?? This makes it very
difficult to identify new suitable inhibitors for PLP™
inhibition and to repurpose existing ones. The drug
discovery process was directed to find a new potential
target and BL2-groove is now considered as an alternative
location of PLP™ enzyme.?*2°

A range of literature has been reported for the
determination of essential roles of PLP™. Dhananjay et al.
screened 659 compounds from the NPASS database, and
ten compounds were detected as hits and further
interaction study was carried out. The compounds
demonstrated interactions with the Tyr264, His175, Asp
164, Argl66, Asp302 amino acids residues which are
identical with the residues reported in our study.?® Another
study?’ revealed that the screened compounds showed
hydrophobic interactions with the Leul62, Gly163,
Met208, Pro247, Pro248, Tyr264, Gly266 and Tyr273,
hydrophilic interactions with the polar acceptor residues
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Argl66 GIn269 and polar donor residues Asp164, Thr301,
Glul61l. Most of the reported amino acids were also
detected in our study.

In this study, it was aimed to determine compounds
as candidate inhibitors for PLP™ from the public libraries
provided by the repositories ZINC 15 by integrating
multiple computational approaches namely molecular
docking. The best five results of molecules have been
detected with the highest docking scores obtained with
molecular docking study compared to the co-crystallized
ligand and further evaluation have been proceeded.
Screening strategy was designed to start with a compound
library of over 2 million compounds from the ZINC 15
library. The library provided a large, well-curated set of
commercially available compounds in formats (e.g., mol2
with protonation states and 3D conformations) directly
compatible with structure-based virtual screening and
DOCK 6 workflows. ZINC15 has been extensively utilized in
previous  molecular  docking  studies, enabling
reproducibility and facilitating comparison with established
literature. The compound repository was narrowed due to
the large number of molecules in the ZINC databases to
focus on the commercially available targets as well as the
chemical fulfilling the druglike and ADME properties.
Receptor-based screening was performed in compliance
with the better ligand-based screening. The compounds
were classified according to the ADME and bioavailability
properties obtained from screening.

METHODS
Ligand Library Design

The dockable poses of over 2 million compounds
extracted from ZINC15% database were subjected to the
virtual screening using Dock 6.7 to identify molecules with
suitable adaptability to PLP™. They were filtrated as only 3D
structures aiming to find as many molecules as possible to
search for inhibition effect on main protease. Since the
ZINC15 includes mol2 file format of molecules compatible
with Dock6, the molecules were ready for molecular
docking study.

Molecular Docking

As a target protein, x-ray crystal structure of PLP™
(PDB:7LOS)?*® was obtained from the Protein Data Bank
(http://www.rcsb.). PDB entry 7LOS was selected for
docking studies due to its high-resolution structure (2.49 A)
of the SARS-CoV-2 papain-like protease (PLpro) in complex
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with a non-covalent inhibitor. This structure was chosen
because it provides a well-defined binding site, relevant to
our study, with a co-crystallized ligand, allowing for
accurate comparison of docking results. The docking
procedure consists of four main steps. In the first step, both
the ligand and the protein are prepared using UCSF
Chimera. Initially, the ligand and other non-standard
residues are removed from the protein structure.
Subsequently, a molecular surface is generated around the
protein (excluding hydrogens) using the DMS (Dot
Molecular Surface) algorithm, originally developed by
Richards® and later adapted by Connolly.?® Hydrogen
atoms are then added to the receptor, and atomic charges
are calculated using Chimera. The resulting file is saved in
SYBYL mol2 format. The ligand is extracted as a separate
file from the crystal structure (PDB ID: 7SOL), hydrogens are
added, and its charges are computed in its ionic form using
Chimera. The ligand file is also saved in SYBYL mol2 format,
without further energy minimization.

In the second step, receptor-based spheres are
generated to define the potential binding site. The program
sphgen, as implemented in DOCK®°, is used to generate
spheres based on the molecular surface and surface
normal, using minimum and maximum sphere radii of 1.4 A
and 4.0 A, respectively. Since the binding site is known, a
subset of spheres within a defined radius is selected to
represent the active site. The program sphere selector,
implemented in DOCK 6, is employed to select all spheres
located within 10.0 A root-mean-square deviation (RMSD)
of every atom in the crystallographic ligand structure.

The third step involves the generation of the energy
grid. This begins with the creation of a grid box surrounding
the selected spheres. The coordinates and dimensions of
the box are defined as 3.000, 12.000, and 35.000 A, with a
grid size of 30 x 30 x 30 A. The grid program, as
implemented in DOCK 6, is used to generate scoring grids
within the defined binding region.

The final step is flexible docking, where the receptor
is treated as a rigid body while the ligand is allowed to
explore conformational and orientational flexibility.

Absorption, distribution, metabolism, excretion and
toxicity (ADMET) prediction

The ADME properties of ligands by SwissADME web
service were also defined to identify the physicochemical
and drug likeness properties of the ligands. The level of
gastrointestinal absorption, blood-brain barrier (BBB)
penetration, bioavailability and inhibition efficiency of a
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range of hemeproteins namely, CYP1A2, CYP2C19, CYP2C9,
CYP2D6, and CYP3A4 enzymes were identified as
physicochemical properties of the compounds.

RESULTS
Molecular Docking Studies

The structures of the co-crystallized ligand (Y97) and hits
are shown in Figure 1. The validation of the docking process
was tested by re-docking of the co-crystallized ligand to the
protein by Dock 6.7. The docked pose of the ligand was
compared with its x-ray coordinates having a RMSD of
1.383 A (Figure 2). The docking pose shows a similar
conformational pattern with the co-crystallized ligand. The
binding mode of Y97 with the protein is demonstrated in
Figure 2.
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Figure 1. The structures of the co-crystallized ligand (Y97)
and hits.
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Figure 2. A) The superimposed structure of the co-
crystallized ligand (blue) Y97 with the docked pose having
a RMSD value of 1.383 A. B) 2D structure of ligand on
catalytic site.

The binding mode of the ligand Y97 involves a range
of its interactions with key amino acid residues in the
protein. There are diverse interactions, including hydrogen
bonds, pi, and hydrophobic interactions. The cyclic amine
on the azetidine ring forms a conventional hydrogen bond
with Glu167 while the benzene next to the cyclic amine has
a pi-sigma and a pi-anion interaction with Asp164. It also
interacts with Pro248 via the benzene ring by means of T-
shaped pi-alkyl interactions and via the thiophene rings by
pi-alkyl interactions. The secondary amine next to the
tetrahydrofuran group with interacts with Arg267 through
a conventional hydrogen bond and the thiophene ring-with
this residue through amide-pi interaction. The amide group
also forms a hydrogen bond with GIn 269. Finally, the
methyl substitution on the benzene ring interacts with
Leul62 via a hydrophobic manner.
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Following the validation process, over 2 million
compounds were placed into a binding site of PLP™,
specifically BL2-groove, molecular docking method. The
compounds were sorted according to their docking scores,
having the best scores, along with the re-docked co-
crystalized ligand were investigated. This study discusses
the selected five compounds in terms of having the best
docking scores compared to the Y97 ligand and the scores
given in Table 1. The scores given in the table are the DOCK
6 scoring function outputs not actual binding free energy.
The top five molecules with the highest binding scores were
selected for detailed analysis and further in silico
evaluations. These compounds, for which the advanced
studies (MD simulations and MM-PBSA studies) are
ongoing, were chosen to reduce computational costs, limit
the number of candidate compounds for experimental
validation, and enhance focus by prioritizing the most
promising ligands. The information provided in this report
is limited to molecular docking results only, as it serves as
a preliminary report. According to the results HO1 ligand
has the best docking score with the value of -83.191
kcal/mol.

Table 1. Scores (DOCK 6 scoring function outputs) of the
best five ligands in binding site of PLP™ (papain-like
protease) obtained from molecular docking studies

Ligands Dock Score (kcal/mol)
HO1 -83.191
HO2 -82.422
HO3 -82.347
HO4 -81.709
HO5 -81.574
Y97 -58.246
DISCUSSION

Docking studies revealed that hit compounds mainly
interact with Gly266, Pro299, Pro248, Tyr264, Argl66,
Aspl164, Gly163, GIn269, Glul67, Tyr268, Leul62, Lys232,
Thr302 and Ser160 residues via hydrogen bonds. The
individual binding mode of hits with the protein is
demonstrated in Figure 3.

A recent study has highlighted several FDA-approved
drugs exhibiting strong binding affinities to the BL2 groove
of PLpro. Imatinib, commonly used in leukemia treatment,
demonstrated a notable binding affinity with a docking
score of -11.95 kcal/mol. Simeprevir used as an antiviral
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agent for hepatitis C showed a docking score of -11.20
kcal/mol. Two drugs, Naldemedine and Tucatinib, exhibited
identical docking scores of -11.07 kcal/mol and Erdafitinib.
prescribed for metastatic urothelial carcinoma, presented
a docking score of -10.94 kcal/mol. The binding interactions
within the BL2 groove are primarily facilitated by specific
residues. Tyr 264 and Tyr 268 residues significantly
contribute to ligand binding through hydrophobic
interactions. Gln 269 is involved in hydrogen bonding,
aiding in ligand stabilization.3? Another study revealed that
Aspergillipeptide F is one of the best potential PLP™
inhibitors. with a pharmacophore-fit score of 75.916
kcal/mol.?* Garland et al. reported some non-covalent
PLpro inhibitor through a large scale of virtual screening
which the ZINC20 library was used as the source of the
compound and experimental study is provided.3? This study
provides detailed interaction maps via X-ray
crystallography and SPR; confirmed key residues such as
Tyr268, Aspl64. In our study a detailed in-silico binding
mode analysis confirms similar key residues. Importantly,
none of the molecule was reported in Garland’s study
which have been identified as the hit in our study Despite
the absence of experimental data, our study provides novel
contributions to the computational landscape by offering
valuable pharmacokinetic profiles. In addition to that, our
manuscript explores novel ligand scaffolds derived from
available ZINC15 compounds, some of which show
structural divergence from the known GRL-0617 analogs
used in Garland et al.*

Most interactions for the HO1l occur through
conventional hydrogen bonds. The amide group on the
long chain forms hydrogen bonds via its NH and carbonyl
groups with the amino acid residues Asp 164 and Pro 248,
respectively. The thioether linkage and the amino
hydrogen on the cyclohexane ring interact with GIn 269.
Additionally, the NH group on the cyclohexane scaffold
forms an extra hydrogen bond with Leu 162, and Glu 161
forms hydrogen bonds with both the hydroxyl group on the
cyclohexane ring and the amine group on the pyran ring.
The phosphate group interacts with Arg 166, likely forming
a salt bridge through a combination of electrostatic
attraction and hydrogen bonding. Furthermore, additional
carbon-hydrogen bonds are observed with Asp 164, Leu
162, and Glu 161. Hydrogens on the methylene group near
the amide and on the carbon bonded to the cyclohexane
hydroxyl group also contribute to these interactions.

The interactions for H02 predominantly occur
through conventional hydrogen bonds with various amino
acid residues. Lys 232, Tyr 207, Arg 166, and Met 206 form
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hydrogen bonds with the fluorine and ether functionalities
on the polyether chain. GIn 269 establishes a conventional
hydrogen bond with the amide carbonyl group near the
pyrazine ring. Asp 164 is the residue involved in the most
interactions; the tertiary amine nitrogen, the amide
nitrogen, and the pyrazine nitrogen all contribute to these
interactions. The tertiary amine nitrogen forms a salt
bridge with Asp 164, mediated by electrostatic attraction
between the positively charged amine group and the
negatively charged carboxylate group of Asp 164.
Additionally, the pyrazine ring forms a m-anion interaction
with Thr 301, and a similar m-anion interaction is observed
between the benzene ring attached to the pyrazine and Glu
167.

In the case of HO3, the phosphate moiety forms a
conventional hydrogen bond exclusively with the Arg 166
residue. It also establishes a salt bridge with Arg 166,
involving electrostatic attraction and possibly hydrogen
bonding, thereby contributing to the overall stability of the
ligand—protein interaction. Carbon—hydrogen bonds
primarily  involve  hydrogen atoms from the
tetrahydrofuran ring, which interact with Tyr 268, Glu 167,
and GIn 269. GIn 269 engages in a m—sigma interaction with
the imidazole ring. The imidazole and pyrimidine rings are
responsible for amide n-stacked interactions with Gly 163.
Another carbon—hydrogen bond is formed between the
pyrimidine NH and Tyr 264. Asp 164 engages in a m—anion
interaction with the pyrimidine ring. Pro 299 and Pro 248
contribute m—alkyl interactions with the aromatic imidazole
ring. Finally, Glu 266 forms a strong conventional hydrogen
bond with the nitrogen atom of the imidazole ring.

The strongest interactions for HO4 occur between the
guanidine moiety and the residues GIn 174 and Glu 103.
The amide fragment also plays a significant role by forming
conventional hydrogen bonds, particularly between the
amide carbonyl group and Arg 166. The main salt bridge in
this interaction profile is formed between Arg 166 and Glu
103, where electrostatic attraction between the
guanidinium group and the carboxylate group contributes
to the stability of the ligand—protein complex. Additionally,
the amide hydrogen and nearby amino hydrogens form
hydrogen bonds with Thr 301 and Tyr 273. Other
interactions include a m—alkyl attraction between the
isopropyl group and Tyr 171, as well as a carbon—hydrogen
bond between the carboxylic acid on the aliphatic linker
and Ser 170.

In the case of HO5, the amino acid residues primarily
interact through conventional hydrogen bonds with the
hydrophilic groups of the molecule. The hydrogens of the

amide group form these interactions with Gly 266, Pro 248,
Glu 167, and Tyr 268. Additionally, Tyr 268 and Arg 166
establish conventional hydrogen bonds with the amide
carbonyl group. Arg 166 also forms a conventional
hydrogen bond with the carboxylic acid group, and Tyr 273
participates in this interaction as well. Furthermore, a m—
anion interaction occurs between the naphthalene ring and
Glu 161, which helps stabilize the overall binding (Figure 3).

Interactions

I Conventional Hydrogen Bond [] carbon Hydrogen Bond

HO1 (ZINC49777012)
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Interactions.

Conventional Hydrogen Bond
[ Carbon Hydrogen Bond

HO4 (ZINC79209852)

HO02 (ZINC96905512)

HO3 (ZINC169730837)
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Interactions

M conventional Hydrogen Bond B Fi-anion

HO5 (ZINC257373204)

characteristic (Table 2 and 3). CYP1A2, CYP2C19, CYP2C9,
CYP2D6, and CYP3A4 enzymes are different forms of
Cytochrome P450 (CYP) protein which are assumed to be
crucial for drug metabolism. Analyses revealed that the
inhibitory potency of all the ligands was determined at
sufficient level toward the CYP1A2, CYP2C19, CYP2C9,
CYP2D6, and CYP3A4 enzymes except HIT 02 were found to
be effective for the CYP3A4 enzyme inhibition.
Bioavailability and molar refractivity results were
measured as 0.17 and 167.13, respectively.

Table 2. Physicochemical properties of ligands obtained from
SwissADME

Molecular H-bond H-bond Molar
Figure 3. The surface (A) and 2D (B) structures of the Ligand mass acceptors  donors  refractivity
complexes of the ligands with PLP™ produced by docking. HO1 720.73 17 13 162.57
HO2 724.6 12 1 167.13
ADME results were given Table 2 and 3. According to Ho3 948.37 28 13 182.2
results, HO02 ligand demonstrated high level Ho4 72583 10 1 192.26
gastrointestinal absorption property, however none of the HO5 788.76 16 12 191.53
ligand showed blood-brain  barrier permeation
Table 3. Predicted ADME properties of the ligands
Ligand Gl BBB Bio CYP1A2 CYP2C1S CYP2C9 CYP2D6 CYP3A4
absorption permeant Availability
HO1 Low No 0.17 No No No No No
HO2 High No 0.17 No No No No Yes
HO3 Low No 0.11 No No No No No
HO4 Low No 0.17 No No No No No
HO5 Low No 0.11 No No No No No
CONCLUSION Hakem Degerlendirmesi: Dis bagimsiz.

Many compounds were screened against PLP in a
hunt to find potential severe acute respiratory syndrome
(SARS-CoV)-2 drugs. A total of five hits were found as
potential PLP™ inhibitors. It was observed that salt bridges
are essential for a favorable binding of ligands to the
protein. So, HO1 with two salt bridges has the highest
docking scores. According to the ADME results HO2 were
found to be a potential candidate in terms of drug-likeness.
Molecular dynamic calculations are further needed to
evaluate the binding energies of these ligands and
consequently their roles in the conformational changes in
the active site of the PLP™.
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