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Abstract

Severe Acute Respiratory Syndrome coronavirus (SARS-CoV), Middle East Respiratory Syndrome coronavirus (MERS-
CoV) and the novel SARS-CoV-2 evade the host innate immunity, and subsequently the adaptive immune response, employ-
ing one protease called Papain-like protease (PLpro). The PLpro and the 3CL main protease are responsible for the cleavage
of the polyproteins encoded by the + sense RNA genome of the virus to produce several non-structured proteins (NSPs).
However, the PLpro also performs deubiquitination and deISGylation of host proteins and signaling molecules, and thus
antagonize the host innate immune response, since ubiquitination and ISGylation are critical processes which invoke host’s
antiviral immune responses. Thus, to maintain host antiviral defense, inhibition of the PLpro is the primary therapeutic
strategy. Furthermore, inhibition of the enzyme prevents replication of the virus. The present study employs molecular
modeling approaches to determine potential of different approved and repurposed drugs and other compounds as inhibitors
of the SARS-CoV-2 PLpro. The results of the study demonstrated that drugs like Stallimycin, and known protease inhibi-
tors including Telaprevir, Grazoprevir and Boceprevir, were highly potent in inhibiting the enzyme. In addition, several
plant-derived polyphenols, including Corylifol A and Kazinol J, were found to be potent inhibitors. Based on the findings,
we suggest that clinical trials be initiated with these inhibitors. So far, PLpro inhibition has been given less attention as a
strategy to contain COVID-19 pandemic, and thus the present study is of high significance and has therapeutic implications
in containing the pandemic.
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Introduction need life support systems (Chen et al. 2020). Ever since the

first case was reported in December (2019) from Wuhan

The coronavirus disease 2019 (COVID-19) pandemic has
already taken a death toll of 10,87,069 people and infected
over 38,202,956 across the globe, as of October 15, 2020
(https://covid19.who.int/). The coronavirus (CoV), named
Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-
CoV-2), affects the respiratory tract leading to cough, fever,
shortness of breath and pneumonia, and the patients often
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(Hubei province, China) (Lu et al. 2020a), researchers across
the globe are striving to develop a therapeutic intervention
to control the pandemic. However, instead of the time con-
suming de novo drug discovery, repurposing of the approved
drugs has been investigated more (Guo 2020). This has been
facilitated by elucidation of the viral genome sequence and
enzyme structures, which are the basis for drug discovery
research (Baker 2020; Cunningham et al. 2020). Further,
knowledge gathered from studies on other related viruses
including SARS-CoV, MERS-CoV and Hepatitis C virus
(HCV), has been of great use. Molecular modeling (includ-
ing molecular docking) tools have been the most useful tools
in identifying potential drugs against COVID-19, and so far
more focus has been given on main protease (3CLpro) and
RNA-dependent RNA polymerase (RdRp) of the virus.
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The SARS-CoV-2 has a positive sense single stranded
RNA genome of 29.9 kb (Lu et al. 2020b), comprising of
6—11 open reading frames (ORFs) (Guo 2020). The first
ORF encodes 16 nonstructural proteins (NSPs) including
two cysteine proteases, viz. papain-like protease (NSP3),
chymotrypsin-like protease or 3CL protease (nsp5), and
RNA-dependent RNA polymerase (NSP12) and helicase
(NSP13) (Chan et al. 2020). The other proteins encoded by
the genome of the virus include structural proteins viz. spike
glycoprotein, nucleocapsid, membrane and envelope pro-
teins (Kumar et al. 2020). Following entry into the host cell,
the viral RNA encodes two polyproteins (ppla and pplab)
which are subsequently cleaved into non-structured pro-
teins (NSPs) by two viral proteases, viz. the main protease
(3CLpro) and Papain-like protease (PLpro), resulting in
the formation of replication-transcription complex (Li and
Clercq 2020).

Once such viruses enter host cells, pattern recognition
receptors (PRRs), including Toll-like receptors and retinoic
acid-inducible gene-I (RIG-I)-like receptors (RLRs), acti-
vate kinases which activate several transcription factors like
interferon (IFN) regulatory factor-3 (IRF3), nuclear factor
kB (NF-kB), etc. which lead to production of IFN. Ubiq-
uitination and ISGylation are the primary signaling events
which activate the various mediators and signaling mole-
cules for the production of IFN (Devaraj et al. 2007; Thiel
and Weber 2008; Perlman and Netland 2009; Zielecki et al.
2013). Several researchers reported that SARS-CoV can
evade host innate immune responses by inhibiting produc-
tion of IFN (see (Fung and Liu 2019) for details). The PLpro
of SARS-CoV has been reported antagonize the production
of IFN, and was found to possess deubiquitinase activity,
and inactivate several key signal molecules involved in the
generation of IFN (Sulea et al. 2005; Barretto et al. 2006;
Frieman et al. 2009; Clementz et al. 2010). Recent studies
revealed that the PLpro of SARS-CoV-2 preferentially strips
off the ubiquitin-like interferon-stimulated gene 15 protein
(ISG15), indicating de-ISGylation to be the preferred activ-
ity thereby attenuating type I INF response. It was further
noted that inhibition of the PLpro maintained the INF path-
way and reduced viral replication (Shin et al. 2020), which
makes PLpro one of the most attractive drug targets against
the virus (Domling and Gao 2020).

The present study aims at identifying different com-
pounds, including FDA approved drugs, drugs under clini-
cal trials against different viruses or other pathogens, and
natural products, which may potentially inhibit the PLpro of
the SARS-CoV-2, using molecular modeling. The aim was
thus to identify and suggest putative PLpro inhibitors which
may be used for clinical trials on COVID-19 patients. So far,
as of the time of writing this manuscript, three other such
studies exist, one published and two in Preprint (Arya et al.
2020; Elfiky and Ibrahim 2020; Wu et al. 2020). However,
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these studies used homology modeling to predict the struc-
ture of the protease for the want of the actual structure of
the PLpro of the SARS-CoV-2. The crystal structure of the
protease has recently been determined and released on April
1, 2020. However, this structure does not contain any bound
inhibitor, and as such the site of binding of the inhibitor was
not available. X-ray diffraction structure of the PLpro with
bound inhibitor GRL0617 was made on August 12, 2020.
Thus, the present study is novel, and highly significant.

Methodology
The drug target

The drug target for the present study is the PLpro of the
SARS-CoV-2. The three-dimensional structure of the pro-
tease was downloaded from the RCSB Protein Data Bank,
bearing PDB id 7JRN (https://doi.org/10.2210/pdb7JRN/
pdb). The structure was determined using X-ray diffraction,
at a resolution of 2.48 A, R-value free of 0.287, R-value
work of 0.245 and R-value observed of 0.247. The protein
was expressed in E. coli, and was deposited to the PDB on
August 12, 2020 by Sacco and colleagues. The structure
contains 2 chains (A and J) containing 315 amino acid res-
idues each. One Zn*" ion each is available with both the
chains, and the PLpro inhibitor GRL0617 is also bound
to each of the chains. Studies in SARS-CoV revealed that
Zn>* is essential for catalytic activity of the PLpro, whereby
it acts as a cofactor [16,24. On the contrary, others have
reported the ion to be an inhibitor of the protease activity of
the enzyme (Han et al. 2005; Baez-Santos et al. 2015). Since
the detail of the PDB structure is not yet published, it is not
yet clear which Zn*" jon(s) available with different chains
of the SARS-CoV-2 PLpro structure is a cofactor and which
one is an inhibitor.

The PDB structure was downloaded from the database
in.pdb format. The stereological quality of the structure
was assessed using PROCHECK module of the PDBSum
server (http://www.ebi.ac.uk/thornton-srv/databases/cgi-
bin/pdbsum/GetPage.pl). The Ramachandran plot analysis
revealed that 88.3%, 11.2% and 0.5% amino acid residues
fall in the most favoured, additionally allowed and gener-
ously allowed regions of the plot respectively, while no resi-
due fell in the disallowed region (Supplementary material
1). Thus, the 3-dimensional structure was found to be a good
model for molecular docking analysis.

The drugs
A total of 67 compounds were selected based on litera-

ture review (Table 1). Twenty eight compounds were sug-
gested by Wu et al. (2020) from ZINC database based on
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molecular docking approaches, and were predicted to have
SARS-CoV-2 PLpro inhibitory potential. Similarly, 16 com-
pounds were suggested by Arya et al. (2020). Biltricide has
been suggested by both these authors. Nine compounds were
selected which are known inhibitors of PLpro of SARS-
CoV, MERS-CoV or other related viruses. Kim et al. (2014)
reported five compounds from the plant Psoralea corylifolia
which were found to have PLpro inhibitory potentials. Park
et al. (2017) suggested inhibitory potentials of 10 polyphe-
nols from Broussonetia papyrifera which possess PLpro
inhibitory potential. All of these compounds were included
in the modeling analysis. In addition, we included hydroxy-
chloroquine in our study, since chloroquine was found by
Arya et al. (2020) to have potency in inhibiting SARS-CoV-2
PLpro, and the drug hydroxychloroquine is a more active
derivative of the chloroquine. All the 3-dimensional struc-
tures of the compounds were downloaded from the NCBI
PubChem compounds database (https://pubchem.ncbi.nlm.
nih.gov/compound/) in.sdf format. Since the 3-dimensional
structures of Iopromide, Telaprevir and Grazoprevir were
not available in the database, their 2-dimensional conformers
were downloaded and then 3-dimensional conformers were
developed, followed by energy minimization. The proper-
ties of the ligands including molecular weight, octanol/water
partition coefficient (logP), topological polar surface area
(TPSA), and number of hydrogen bond donor (HBD) and
acceptor groups (HBA) were obtained from the PubChem
compounds database.

The molecular docking

The structure of the drug target was loaded into the Mole-
Gro Virtual docker 6.0 software (MVD). MolDock scoring
function used in MVD is one of the most accurate molec-
ular docking algorithms compared to several other such
algorithms, and provides accuracy of 87% (Thomsen and
Christensen 2006). One of the key scoring functions avail-
able in MVD is the Rerank score, which cross-validates the
MolDock scores and identifies the most promising docking
solution from the solutions obtained by the docking algo-
rithm (Thomsen and Christensen 2006). The water mole-
cules were removed from the workspace, and only chain A
with its inhibitor and Zinc ion was included in the docking
study. Taking the bound inhibitor GRL0617 as the refer-
ence ligand, the molecular docking was performed and the
docking site was selected to be X: 8.37, Y: — 17.46 and Z:
31.28, including amino acids within a radius of 15 A in the
binding site. Scoring function was MolDock, and Grid reso-
lution of 0.30 A was selected. A total of 10 runs with 1500
iterations each were carried out. Using the above mentioned
parameters, the docking was performed following standard
procedures (Mazumder et al. 2019, 2020), to determine the
affinities and geometries of binding of the compounds at the
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active site of the enzyme. The best pose of the ligands, in
terms of MolDock score, was retained for further analysis.

Statistical analysis

To determine the properties of the ligands which are crucial
for inhibition of the enzyme, we performed statistical cor-
relation using MolDock score, Rerank score and Hydrogen
bond score of the ligands with molecular weight, logP, HBD,
HBA and TPSA, using Microsoft Office Excel 2007, and
the Pearson’s correlation coefficient was determined. Before
performing statistical analysis, the docking scores were con-
verted to positive values.

Results
Binding of the drugs

Molecular docking using MVD determines the geometry of
the ligands (drugs) while determining the free energies of
binding. As such, the poses of binding of the compounds
used in the present study were determined. While perform-
ing the docking, the bound inhibitor GRL0617 was also
included to validate the docking. Interestingly, it was found
that the compound binds to the same site of the enzyme
in the same geometry (Fig. 1b), as that of its native bound
state (Fig. 1a). This shows accuracy of the present modeling
study. Further, the results demonstrate that all the ligands
could effectively bind to the same active site. Although Zn>*
was included in the workspace, the ion does not show any
interaction with the inhibitors and was away from this active
site of PLpro. The docked poses of the 7 best inhibitors are
shown in Fig. 1.

Inhibition of the drug target

When a ligand or drug binds with the active site of an
enzyme, it interferes with the binding of the substrate(s).
Furthermore, the binding or docking energies indicate
the amount of energy released when a ligand docks with
the receptor, and thus predict the affinity of a ligand for
the enzyme. In the present study, it was found that out of
the 67 compounds studied, 26 compounds showed bet-
ter inhibitory potentials compared to the bound inhibitor
GRLO617 (Table 1). Among these compounds, the drug
Stallimycin is the best inhibitor with highest (least nega-
tive) MolDock score (— 185.81 kcal/mol), and is followed
by Telaprevir and Kazinol J. Stallimycin is also the best
inhibitor of the enzyme among all the compounds sug-
gested by Wu et al. (2020). However, Kazinol J was found
to show the best Rerank score of — 130.46 kcal/mol, fol-
lowed by Acetophenazine and Stallimycin (Table 1).
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Fig. 1 Docked poses of different ligands at the active site of SARS-
CoV-2 PLpro. a The pose of the bound inhibitor as was available with
the receptor; b docked poses of the same bound inhibitor, ¢ Stallimy-

Interestingly, among these compounds, Kazinol J showed
the best hydrogen bond score of — 6.3682 kcal/mol, and is
the best inhibit among the compounds suggested by Park
et al. (2017). On the other hand, 4'-O-methylbavachalcone

Stallimycin (C22H27NoOy4)

Telaprevir (CssHszN7Os)

cin, d Telaprevir, e Kazinol J, f Cefamandole, g Acetophenazine, h
Sildenafil and i Boceprevir, as obtained following docking using
MVD

was found to be the best inhibitor among the compounds
suggested by Kim et al. (2014).

Thus, the docking results indicate that all these suggested
compounds have the potential to inhibit the PLpro of the
SARS-CoV-2, albeit with different potentials. The chemical

Kazinol J (C26H3404)

Fig.2 Chemical structures of the three best inhibitors of the SARS-CoV-2 PLpro as revealed in the present study. The structures were obtained

from PubChem compounds database

@ Springer
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structures of the three best inhibitors, as revealed by the
present study, are provided in Fig. 2. The inhibitory poten-
tial of Stallimycin, Telaprevir and Kazinol J were compared
to the bound inhibitor (GRL0617), and were found to be
1.36-, 1.31- and 1.2-fold higher. The binding scores of the
compounds which showed inhibitory potentials lesser than
GRLO0617 are given in Supplementary material 2.

Crucial properties of the ligands

The statistical correlation was performed to find the correla-
tion coefficient and thereby to determine the crucial proper-
ties of the ligands which determine their binding affinities
or docking scores. However, since the docking scores are
negative values, and more negative or smaller the score bet-
ter is the inhibition of the receptors, thus the docking scores
were considered positive values for this analysis, follow-
ing Mazumder et al. (2020). The analysis revealed that the
molecular weights of the ligands are positively correlated to
the MolDock score with coefficients of 0.622, while num-
ber of HBD groups present on the ligands was found to be
positively correlated to the hydrogen bond score (coefficient
0.5015) (Table 2).

Discussion

Computational molecular docking is one of the most
powerful tools in drug discovery research, and is fre-
quently employed to identify drugs or lead molecules for
their inhibitory potentials on known targets or enzymes
(Mazumder et al. 2019, 2020). In the wake of drug repur-
posing against COVID-19, a large number of studies have
been performed to identify known compounds which may
be clinically tried for their effectiveness against different
drug targets of the SARS-CoV-2. Of the different available
drug targets of the virus, PLpro is one of the most attractive
ones, since the enzyme has deubiquitination and deISGyla-
tion activities. Owing to this, it inactivates several signal
molecules which need to be ubiquitinated and ISGylated to
generate host immune response, and thus evades the innate
immune responses (Fung and Liu 2019; Chen et al. 2014).
Thus, inhibiting the enzyme alleviates the levels of INF
and thereby the suppression of the host immune responses

Table 2 Table showing the correlation coefficients of the properties
of the ligands with the docking scores

Docking score MW LogP  HBD HBA  TPSA
MolDock 0.622 NC NC NC NC
Rerank NC NC NC NC NC
Hydrogen bond  NC NC 0.5015 NC NC
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Fig.3 Mechanism of PLpro inhibition-mediated inactivation of
SARS-CoV-2. Ubiquitination and ISGylation are critical events in
the innate immune responses against viruses. PLpro of SARS-CoV-2
helps the virus in evading host immunity by reversing these two criti-
cal steps. Thus, inhibitors against PLpro are hypothesized to counter
this evasion mechanism of the virus. This might prevent the virus
from replicating as well

(Fig. 3) as well as attenuates replication of the virus (Shin
et al. 2020).

The present modeling study employed molecular dock-
ing using computational tools to predict efficacy of different
known compounds as well as FDA-approved drugs to target
the PLpro of the SARS-CoV-2. The study screened 67 com-
pounds for their effectiveness in inhibiting the target. So far,
as of the time of writing this manuscript, and to the best of
our knowledge, only three similar molecular modeling stud-
ies using SARS-CoV-2 PLpro exist, including two Preprints
(Arya et al. 2020; Elfiky and Ibrahim 2020; Wu et al. 2020).
However, these studies used Homology modeling based on
the structure and sequences of SARS-CoV to determine
the structure of the SARS-CoV-2 PLpro, and not the actual
PLpro structure of the virus. This might be one of the rea-
sons that although the studies used similar methodologies,
the results in terms of the drugs they reported as inhibi-
tors of PLpro were different, and there was only one such
compound which was suggested by both Arya et al. (2020)
and Wu et al. ( 2020). Thus, ours is the first study using the
PLpro of the SARS-CoV-2, and is thus highly significant.

The present study revealed that Stallimycin is the best
inhibitor of the SARS-CoV-2 PLpro, in terms of MolDock
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score. The compound was earlier suggested by Wu et al.
(2020) using in silico approaches to be a potent inhibitor of
the enzyme, and thus our finding is in line with the earlier
work. The drug is an FDA-approved, oligopeptide antineo-
plastic antibiotic, and it was first isolated from Streptomyces
distallicus. It has antiviral and antiprotozoal activities. Its
effectiveness in inhibiting human papillomavirus has been
reported earlier (Wetzler et al. 2011), and its analogues
were found to have inhibitory activity against Trypanosoma
burcei (Franco et al. 2020). However, these functions are
attributed to its DNA-binding potential, while its antiviral
potential by way of inhibiting PLpro of SARS-CoV-2 is a
novel finding, and may be exploited for developing thera-
peutics against COVID-19. However, no clinical trial of the
same on CODIV-19 is being done so far.

Among known viral protease inhibitors screened in the
present study, Telaprevir, Grazoprevir and Boceprevir were
found to be among the most potent inhibitors of the PLpro
of SARS-CoV-2 (Table 1). Telaprevir is an orally active pep-
tidomimetic drug that inhibits the protease of HCV (Ver-
mehren and Sarrazin 2011). It was originally approved for
the treatment of HCV, and is known to reduce viral replica-
tion (Jazwinski and Muir 2011) as well as facilitate IFN pro-
duction (Meurs and Breiman 2007). Grazoprevir is a directly
acting antiviral drug that inhibits the protease of the HCV
(Keating 2016). Telaprevir, Boceprevir and Grazoprevir are
approved inhibitors of PLpro of HCV (Gonzalez-Grande
et al. 2016; Saleh et al. 2014; Tong et al. 2012; Sarrazin et al.
2012). Other notable compounds that were found to inhibit
the SARS-CoV-2 PLpro include GRL0617, Mycophenolic
acid and GRL0667 (Table 1). In vitro study using Vero E6
cells revealed that GRLO617 inhibits the SARS-CoV repli-
cation with IC50 of 15 pM, and had no cytotoxicity (Ratia
et al. 2008). Similarly, Mycophenolic acid, derived from
Penicillium stoloniferum, inhibits SARS-CoV PLpro (Lee
et al. 2015). GRL-0667, GRL-0617 and Mycophenolic acid
are under clinical trial against SARS-CoV PLpro. Since
the protease of SARS-CoV-2 bears similarities with that of
SARS-CoV, and in view of the present finding, it is surmised
that these compounds would turn out to be effective against
SARS-CoV-2 as well. Thus, it is suggested that in vitro stud-
ies as well as clinical trials are initiated using these com-
pounds against SARS-CoV-2.

In addition, the polyphenols suggested by Kim et al. (Kim
et al. 2014) against SARS-CoV were also found to be potent
inhibitors of SARS-CoV-2 PLpro (Table 1; Supplemen-
tary material 2). Among them, 4’-O-methylbavachalcone
was found to be the best inhibitor, followed by Corylifol
A (Table 1). The compounds are found in the seeds of the
traditional Chinese and Indian medicinal herb P. corylifo-
lia (Kim et al. 2014). The seed of this plant is edible, and
are used against several ailments including skin diseases,
such as psoriasis and leukoderma, and leprosy, vitiligo,

asthma, ulcers and kidney disorders (see (Khushboo et al.
2010; Chopra et al. 2013; Koul et al. 2018) for details). The
polyphenolic compounds found in the plant B. papyrifera
(paper mulberry) were reported to be potent in inhibiting
the PLpro of SARS-CoV (Arya et al. 2020). Further, all the
10 polyphenols isolated from B. papyrifera, and reported
to be effective against PLpro of SARS-CoV and MERS-
CoV by Park et al. (Arya et al. 2020), were also found to be
potent in inhibiting the PLpro of SARS-CoV-2 (Table 1).
Among these, Kazinol J was found to be the most potent in
the present study. B. papyrifera is a deciduous tree distrib-
uted across Asia—Pacific and the USA. The fruit, leaves and
roots of the plant are edible, and have been in use in Chi-
nese traditional medicine against several ailments including
prostatitis, impotence and ophthalmic disorders (Sun et al.
2012). These results indicate that the polyphenols may
potentially be inhibitors of PLpro, and thus different poly-
phenols including those obtained from tea, turmeric, etc.
may be tried for drug discovery research.

Conclusion

The PLpro of the SARS-CoV-2 is one of the most vital drug
targets to control replication of the virus inside host. Stud-
ies in other related CoVs, including SARS and MERS, and
recent findings on SARS-CoV-2 revealed that inhibition of
the enzyme attenuates the processing of the viral polypro-
tein as well as alleviates the suppression of the host innate
immune responses. The present study evaluates 68 different
drugs and compounds which are known inhibitors of PLpro
of related viruses, re-purposed drugs or other compounds
known to have PLpro inhibiting potentials. While Stallimy-
cin was found to be the best inhibitor of the enzyme, known
inhibitors including Telaprevir, Grazoprevir and Boceprevir
were highly potent in inhibiting the enzyme. In addition,
several polyphenols derived from plants and reported to
inhibit the enzyme of SARS and MERS were also found to
be potent inhibitors, among which Kazinol J showed promis-
ing results. Based on the findings, we suggest that clinical
trials be initiated with these inhibitors. Since less focus has
so far been given on this crucial aspect of PLpro inhibition
in containing the COVID-19, the present study is novel and
has therapeutic implications in containing the pandemic.
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