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Abstract

SARS-CoV-2 or COVID-19 has caused more than 10,00,000 infections and ~55,000 deaths
worldwide spanning over 203 countries, and the numbers are exponentially increasing. Due to
urgent need of treating the SARS infection, many approved, pre-clinical, anti-viral, anti-malarial
and anti-SARS drugs are being administered to patients. SARS-CoV-2 papain-like protease
(PLpro) has a protease domain which cleaves the viral polyproteins a/b, necessary for its survival
and replication, and is one of the drug target against SARS-CoV-2. 3D structures of SARS-CoV-
2 PLpro were built by homology modelling. Two models having partially open and closed
conformations were used in our study. Virtual screening of natural product compounds was
performed. We prepared an in house library of compounds found in rhizomes, Alpinia
officinarum, ginger and curcuma, and docked them into the solvent accessible S3-S4 pocket of
PLpro. Eight compounds from Alpinia officinarum and ginger bind with high in silico affinity to
closed PLpro conformer, and hence are potential SARS-CoV-2 PLpro inhibitors. Our study
reveal new lead compounds targeting SARS-CoV-2. Further structure based modifications or
extract formulations of these compounds can lead to highly potent inhibitors to treat SARS-CoV-
2 infections.
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1. Introduction

Coronaviruses (CoVs) are a large family of viruses that cause diseases ranging from cold to
Severe Acute Respiratory Syndrome (SARS). Severe acute respiratory syndrome coronavirus
(SARS-CoV) had spread to five continents in 2003 with 10% fatality [1,2] and Middle East
Respiratory Syndrome Coronavirus (MERS-CoV) broke out in the Arabian countries with 35%
fatality [3]. Both SARS-CoV and MERS-CoV are zoonotic viruses with hosts being bat/civet and
dromedary camels respectively [4,5]. CoVs are enveloped viruses with a positive stranded RNA
having large 30kb genome, belonging to the Coronaviridae family of the order Nidovirales, and 8
genus. CoVs contain at least four structural proteins: Spike (S) protein, envelope (E) protein,
membrane (M) protein, and nucleocapsid (N) protein. Among them, S proteins promote host
attachment and virus—cell membrane fusion during virus infection [6], and also determines the
host range [7]. There is no approved therapeutic drug or vaccine for the treatment of human

coronavirus.

SARS-CoV-2 or COVID-19 infection has spread worldwide spanning 203 countries [8-10]. The
SARS-CoV-2 infections spread rapidly between humans in short time, compelling WHO to
declare it a pandemic. SARS-CoV-2 has caused more than 10,00,000 infections with ~55,000
deaths and ~40,000 are in serious condition, and the numbers are increasing exponentially
[www.worldometers.info/coronavirus]. Sequence alignment of human coronaviruses from
various species indicates SARS-CoV exhibited the highest genome sequence identity (80%) to
SARS-CoV-2, and MERS has 50% identity with SARS-CoV-2. SARS-CoV from bat have the
highest genome sequence identity (>88%) to SARS-CoV-2 [11]. The SARS-CoV-2 has higher
infectivity than SARS-CoV because of higher binding affinity (~20 times) of its surface S
proteins with human angiotensin-converting enzyme Il (ACE2) receptors, and efficient
endocytosis into host cells after priming S1/S2 by human TMPRSS2 proteases [12, 13]. Apart
from bat SARS-CoV, a recent report indicates Pangolin-CoV found in Malayan pangolins is the
most closely related CoV to SARS-CoV-2 with 91% genome similarity [14].

Vaccines against SARS and MERS are not yet available. Vaccines in case of MERS were not
successful as human antibodies subsided after treatment. Vaccine development against SARS-
CoV-2 might take time as its human response is unknown. There is an urgent need to treat

SARS-CoV-2 infection. The sequences of proteins of SARS-CoV-2 share very high similarity to



its closest coronavirus homologue, SARS-CoV, and hence many approved, pre-clinical, anti-
viral, anti-malarial and anti-SARS drugs are being repurposed, and even administered to patients
[15-17]. Targeted therapy against the enzymes of SARS-Cov-2 with new drugs, will be a rational

approach to treat the infections in long run.

SARS-CoV-2 has two proteases, papain-like protease (PLpro) and chymotrypsin like protease
(3CLPro), necessary for its survival in hosts [18]. SARS-CoV-2 encodes polyproteinl a/b (PP
a/b) which is cleaved by these two proteases, yielding multifunctional proteins involved in
transcription, replication and infection of the virions. SARS-CoV-2 PLpro cleaves first three
sites at the N-terminus and 3CLpro cuts at the other 11 sites of PP a/b forming 16 non-structural
proteins (Nsp) [19, 20]. Since the SARS-CoV-2 genome release the structural biology research
made rapid progress, and ninety three structures of SARS-CoV-2 proteins are now available in
PDB. SARS-CoV-2 PLpro crystal structure is not yet available in PDB. SARS-CoV-2 PLpro
performs three proteolytic processing of the PP a/b aiding replication as well as subverts cellular
ubiquitination machinery to facilitate viral survival. Hence SARS-CoV-2 PLpro is a promising

drug target against SARS-CoV-2 resulting in disruption of virus replication and survival.

Our approach is targeted therapy against SARS-CoV-2 PLpro, with the goal to identify natural
products as drugs. Natural products still holds a stake of more than 60% of all the FDA approved
drugs, even though combinatorial synthesis coupled with molecular docking have led to many
synthetic drugs [21]. Hence virtual screening of our natural product compound database was
performed by docking with closed and partially open conformers of SARS-CoV-2 PLpro
homology models. Here onwards partially open PLpro conformer would be denoted as open
PLpro conformer. We prepared a natural product compounds library of 60 selective compounds
which fit into the S3-S4 substrate binding pocket of SARS-CoV-2 PLpro. These low molecular
weight compounds are found in rhizomes, Alpinia officinarum (used in Indian Ayurveda), and
ginger and curcuma (used as Indian spices), and were docked. In silico results are promising as
this selective class of compounds bind with high in silico affinity to SARS-CoV-2 PLpro, and
are potential inhibitors against SARS-CoV-2. Our results reveal new lead compounds targeting
SARS-CoV-2 PLpro, and pave way to further structure-based modifications or extract
formulations of these compounds as new potent inhibitors to treat infections. Subsequent in

vitro and in vivo experiments are planned to elucidate their efficacy against SARS-CoV-2.



2. Methods and materials

2.1. Amino acid sequence alignment, homology modelling and molecular docking

Protein sequence alignment, viewing and analysis were performed using ClustalX and Jalview
[22, 23].

The sequences of proteins of SARS-CoV-2 share very high similarity to its closest coronaviruses
homologue, SARS-CoV. Homology modelling was done on Swissmodel online server using
SARS PLpro crystal structures templates [24]. The 3D homology models of PLpro were build
using the PDB structure templates, PDB ID 3E9S which has the ligand TTT in S3-S4 pocket
(GMQE = 0.95 and QMean = -0.22) and has flap closed, and PDB ID 5TL6 (GMQE = 0.92 and
QMean = -0.22) which has flap partially open.

A virtual screening of natural product compounds was performed using molecular docking with
SARS-CoV-2 Plpro to find potential inhibitors. A small in-house library of natural product
compounds was constructed, containing 60 compounds fitting the S3-S4 pocket of PLpro. These
compounds are present in rhizomes Alpinia officinarum, and, ginger and curcuma [25-27] found
in Indian sub-continent. Few compounds were synthesized in our laboratory.

Ligands were prepared using Openbabel and optimized using ACD chemsketch [28, 29]. Ligand
and protein hydrogens and charges were added at pH 7, using LeadlT incorporated in
BioSolvel T software suite [30]. The 60 compounds were docked into the small solvent
accessible substrate binding cavity spanning S3-S4 pocket in both open and closed SARS-CoV-2
PLpro catalytic domains using LeadlT with a limit of 200 poses per compound. Top 10 docked
poses per compound were extracted. Hyde calculations were carried out on each pose to obtain
the binding free energy (AG) and ligand efficiency (LE) values [31]. Each docked compound
was visually inspected for H-bonds, electrostatic and hydrophobic interactions. Interaction
diagrams were made using LeadlIT. Structural, surface and superposition figures were made
using Pymol and protein cavity sizes were determined using Mole2.0 [32, 33].

3. Results and discussions
3.1. Active site and substrate binding pockets of SARS-CoV-2 PLpro homology models

The on-going SARS-CoV-2 epidemic makes us painfully realize that our current options for
treating life-threatening zoonotic coronavirus infections are very limited. Although the outbreaks
of SARS in 2003 and MERS-CoV in 2012 triggered extensive research efforts, there are
currently no drugs that can treat any zoonotic coronavirus. Such emerging coronaviruses will



continue to pose a threat to global public health in the future. Vaccines and approved drugs
against human coronavirus infections are absent. Therefore, finding new inhibitors targeting the
essential viral proteins should be developed urgently. The sequences of proteins of SARS-CoV-2
share more than 80% similarity to SARS-CoV. Targeted therapy against SARS-CoV-2 enzymes,
especially proteases will lead to direct inhibition, and more potent and specific anti-SARS-CoV-
2 drugs. The SARS-CoV PLpro is a potential drug target and inhibitors were designed against it
targeting the substrate binding site [34]. The SARS-CoV PLpro and SARS-CoV-2 PLpro share

high sequence homology as shown in figure 1.
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Figure 1: Superposition of the amino acid sequences of PLpro of SARS-CoV-2 with bat, SARS and
MERS CoVs. Catalytic dyads, C114 and H275 are enclosed in red boxes.

The closed and open PLpro models superpose well with backbone 0.5A rmsd as seen in figure 2.
Close to the docking site, the enzyme active site is located as shown in figure 2. The PLpro
active site is similar to cysteine proteases where the catalytic dyad residues C114 and H275 are
located spanning the S1/S1° pocket (figures 2 and 3). The important residues involved in
catalysis are shown in figure 3.
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Figure 2. Superposition of the closed (green) and partially open (blue) SARS-CoV-2 PLpro models
used in docking. The protease residues in active and docking sites are shown in sticks.

S4 pocket
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Figure 3. Cartoon of SARS-CoV-2 PLpro protein backbone showing the active site and docking site
residues in green sticks. Substrate binding pockets are shown in freehand red enclosures. One
docked compound (blue sticks) is shown in the S3-S4 pocket.



The H275 deprotonates catalytic C114 when substrate peptide binds, and the generated
thioanionic hole is stabilized by the nearby tryptophan, W109 residue. Nucleophilic attack by
C114 thioanion on scissile peptide carbonyl, generates a covalent intermolecular tetrahedral
intermediate [20]. The aspartic acid, D289 might be involved in the covalent bond cleavage
enabling N-terminal peptide to exit. Substrate binding pockets are shown as S1-S4 in figure 3
within red enclosures. The region near C114 spanning S1-S1° pocket is narrow and is not solvent
exposed, hence drugs cannot not bind to that pocket in closed PLpro conformer. It was shown
that highly analogous SARS PLpro can accommodate only di-gly containing peptides at P1-P1°,
and recognizes the consensus cleavage sequence LXGG, which is also the consensus sequence
recognized by cellular de-ubiquitinating enzymes [35]. S2 pocket is only partially solvent
exposed. The binding pocket S3-S4 is small, spanning from G166 to M211 and P251, where the
inhibitors can dock (figure 3). S3-S4 pockets 1 in both conformers have the largest volumes as
shown in figure 4 (closed PLpro volume = 851A% and open PLpro volume = 843A%), and
volumes are similar due to curling of flap in open form is away from pocket 1. The volume of
next largest pocket 2 in PLpro open conformer is 111 A% more than that of closed conformer. The
pocket 2 contains the catalytic residues, and are not solvent accessible in both closed and open
models, which can be seen in surface representations in figure 5. The flexible substrate binding
loop containing Q272 and Y271 and connecting [B-sheets are expected to open up more to
accommodate the substrate PP a/b chain for cleavage (figures 2 and 5). Hence our open model is
possibly partially open model.

Figure 4. Cavities in the closed (left, volume = 851 (docking site) / 338 (catalytic site) A®) and
partially open (right, volume = 843 (docking site) / 449 (catalytic site) A% SARS-CoV-2 PLpro
homology models. Ligands were docked in the larger cavity 1.



Figure 5. Charged surface of the closed (left) and open (right) conformer of PLpro models. A
docked ligand spanning the S3-S4 pocket is shown in green sticks. It is seen that the catalytic site
pocket 2 is not exposed to solvent.

We docked our ligands in S3-S4 pocket of both closed and open conformers. The 270s substrate
binding loop, locked in an open conformation by inhibitors would also inhibit protease action, as
seen in HIV-1 protease [36].

3.2. Natural product compound docking against SARS-CoV-2 PLpro

Two homology models of SARS-CoV-2 PLpro were used in molecular docking, one having
closed and other partially open conformations. To search for potential therapeutic drugs against
SARS-CoV-2 PLpro, we virtually screened a library of natural product compounds. The 60
compounds used in docking are active components of rhizomes from Indian sub-continent,
Alpinia officinarum and, ginger and curcuma used as Indian spices [25-27]. Currently HIV-1
protease drugs, lopinavir and ritonavir are being administered to patients infected with SARS-
CoV-2. To compare the docking results with our natural product compound library, we docked
all US FDA approved HIV-1 protease inhibitors and all PLpro ligands available in PDB with
closed and open conformers of PLpro. Lopinavir and ritonavir did not give good docking scores.
We found that only one ligand, TTT in PDB ID 3ZYE binds with high affinity (AG = -50 kJ/mol
and LE = 0.49) to closed PLpro model, but shows poor binding to the open model. We find that
the binding affinities of other drugs were less that -24 kJ/mol and LE less than 0.20.

Table 1 shows the AG and LE values of the docked compounds having AG < -30 kJ/mol with

closed PLpro conformer. Corresponding values for open conformer are shown in the line below.



Table 1. List of natural product compounds docked against SARS-CoV-2 PLpro with
AG and LE values. Open indicates the values with open conformer. Ligands are sorted
from highest to lowest affinity with closed PLpro, where compounds 1-14 belong to
Alpinia officinarum, 15-17 belong to ginger and 18-19 belong to curcuma rhizomes.
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We also docked the currently administered anti-malarial drugs chloroquine and hydroxy-
chloroquine, shown as compounds nos. 20 and 21 in table 1 [37]. Hydroxy-chloroquine binds
with moderate affinity to both closed and open conformer of PLpro as compared to Chloroquine.
Overall we find that most of the compounds bind with lowest AG values to closed conformer of
PLpro. The compounds also bind to open conformer but with higher AG values. Interestingly
few compounds are docked partly in the S2 pocket in the open PLpro conformer. Our docking
results will be based on closed Plpro conformer. In table 1, we list the 14 compounds (1-14)
which are active components of Alpinia officinarum, 15-17 belong to ginger, and 18-19 belong to
curcuma rhizomes, which bind with high affinity (AG > -30 kJ/mol) to closed PLpro.

We predict compounds 16, 13, 45, 36 and 22 from Alpinia officinarum, and 8-Gingerol, 10-
Gingerol and 6-Gingerol from ginger are potent inhibitors of PLpro, having nM binding affinity



and high LE values. Curcumin and its derivative Cur2 bind to PLpro better than the anti-malarial
drugs, but have lower LE values than the above eight compounds. The eight docked molecules
on protease surface and their interactions with protease residues are shown in figure 6. The
docking site surfaces in the open and closed PLpro are negatively charged (figure 5). The docked
compounds make 3-5 hydrogen bonds and have favourable electrostatic and hydrophobic
interactions with PLpro residues (figure 6) contributing to their low AG values.

16 13

10-Gingerol



Figure 6. The eight docked compounds (name in inset) are potential inhibitors of SARS-CoV-2
Plpro. They are bound to the closed conformer surface (left) and their interactions are shown with
PLpro residues (right).

Our in silico results indicate the selective class of compounds found in rhizomes of Alpinia
officinarum and ginger, bind with high affinity (nM range) to SARS-Cov-2 PLpro.These
compounds are one of the major component in the rhizomes. In India these rhizomes are
extensively used in cooking, to treat infections and taken during cough and cold. This correlates
with the fact that SARS-CoV-2 infections are less in India, and recovery is expected to be more.
Therefore, natural product compounds or rhizome extract concentrates containing these
compounds, can be used to treat of SARS-CoV-2 infections. Natural product compounds from
plants will be a good start point since they are already being consumed. Also they provide a
skeletal know how to the synthetic chemists to further modify them as more potent anti-SARS-
CoV-2 drugs. Few of these compounds are synthesized in our laboratory, and further in vivo and
in vitro anti-viral testing are planned. Our results are shared with the scientific community to
urgently develop formulations and anti-SARS-CoV-2 inhibitors and provide immediate relief to

infected patients.

4. Conclusions

The in house library of natural product compounds found in rhizome family, Alpinia officinarum,
ginger and curcuma, were docked against the closed and partially open conformers of SARS-
CoV-2 PLpro homology models. Eight compounds found in rhizomes of Alpinia officinarum and
ginger were identified as potential inhibitors of SARS-CoV-2 PLpro. Our study on structure
based molecular docking show these natural product inhibitors are promising drug candidates

and potential use of their rhizome extracts against SARS-CoV-2.
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