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ABSTRACT
The study aims to evaluate the potency of two hundred natural antiviral phytocompounds against the
active site of the Severe Acquired Respiratory Syndrome - Coronavirus � 2 (SARS-CoV-2) Main-
Protease (Mpro) using AutoDock 4.2.6. The three- dimensional crystal structure of the Mpro (PDB Id:
6LU7) was retrieved from the Protein Data Bank (PDB), the active site was predicted using MetaPocket
2.0. Food and Drug Administration (FDA) approved viral protease inhibitors were used as standards for
comparison of results. The compounds theaflavin-3-3’-digallate, rutin, hypericin, robustaflavone, and
(-)-solenolide A with respective binding energy of �12.41 (Ki ¼ 794.96 pM); �11.33 (Ki ¼ 4.98 nM);
�11.17 (Ki ¼ 6.54 nM); �10.92 (Ki ¼ 9.85 nM); and �10.82 kcal/mol (Ki ¼ 11.88nM) were ranked top as
Coronavirus Disease � 2019 (COVID-19) Mpro inhibitors. The interacting amino acid residues were
visualized using Discovery Studio 3.5 to elucidate the 2-dimensional and 3-dimensional interactions.
The study was validated by i) re-docking the N3-peptide inhibitor-Mpro and superimposing them onto
co-crystallized complex and ii) docking decoy ligands to Mpro. The ligands that showed low binding
energy were further predicted for and pharmacokinetic properties and Lipinski’s rule of 5 and the
results are tabulated and discussed. Molecular dynamics simulations were performed for 50 ns for
those compounds using the Desmond package, Schr€odinger to assess the conformational stability and
fluctuations of protein-ligand complexes during the simulation. Thus, the natural compounds could
act as a lead for the COVID-19 regimen after in-vitro and in- vivo clinical trials.

Abbreviations: mM: micromolar; nM: nanomolar; pM: picomolar; mg: microgram; pg: picogram; mmM:
millimicron molar; 3CLpro: 3-chymotrypsin-like protease; ACE-2: Angiotensin-converting enzyme-2;
BatCoV RaTG13: Bat Corona Virus; COVID-19: Corona Virus Disease-2019; FDA: Food and Drug
Administration; HPLC: High Performance Liquid Chromatography; HSV-1, HSV-2: Herpes Simplex Virus-
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1, 2; IC50: Inhibitory Constant 50; LD50: Lethal Dosage; JEV: Japanese Encephalitis Virus; OPLS:
Optimized Potential for Liquid Simulations; AMBER: Assisted Model Building with Energy Refinement;
kcal/mol: Kilocalories per mole; Ki: Inhibition constant; LGA: Lamarckian Genetic Algorithm; GA: Genetic
Algorithm; Mpro: Main-Protease; NMR: Nuclear; Magnetic Resonance; Nsp5: Non-structural protein 5;
PDB: Protein Data Bank; RNA: Ribonucleic Acid; SARS-CoV-1: Severe Acquired Respiratory Syndrome-
Corona Virus-1; SARS-CoV-2: Severe Acquired Respiratory Syndrome-Corona Virus-2; WHO: World
Health Organization; GPF: Grid Parameter File; GLG: Grid Log File; DPF: Docking Parameter File; DLG:
Docking Log File; MD: Molecular Dynamics; Single-Point Charge; SPC; PBC: Periodic Boundary
Conditions; PME: Particle -Mesh Ewald; RMSD: Root Means Square Deviation; RMSF: Root Mean Square
Fluctuation; TF1: Theaflavin; TF2A: Theaflavin-3-monogallate; TF2B: Theaflavin-3’-monogallate; TF3:
Theaflavin-3-3’-digallate; HIV: Human Immuno Virus; MTT: (4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide; SI: Selective Index

1. Introduction

The 21st century has encountered with deadly viral diseases
viz., SARS-CoV-1 and MERS coronaviruses, avian and swine
influenza, Ebola, Zika, and hantaviruses (Dawood et al., 2009;
Grubaugh et al., 2018; Ksiazek et al., 2003; Mesch &
Schwirian, 2019; Zaki et al., 2012). The novel COVID-19 origi-
nated from Wuhan, China in December 2019. The World
Health Organization (WHO) declared the disease as a public
pandemic emergency on March 11, 2020, as causative for
the Severe Acquired Respiratory Syndrome (SARS-CoV-2)
(Andersen et al., 2020; Zhang et al., 2020). The disease out-
break has affected more than 16.09 million people globally
(as of 27th July, 2020) with a casualty of 6,46,384 people
from 216 countries and a case fatality rate of 4.01% declared
by the WHO. The current global hotspot for coronavirus out-
break includes nations like the USA, Brazil, India, Russia,
South Africa, Mexico, Peru, Chile, Spain, the United Kingdom,
Iran, etc. India reported a total of 1.43 million cases with a
casualty of more than 32,000 people as of end-July, 2020.
After days of research, the scientists identified that the beta
family of coronaviruses (SARS-CoV-2) is responsible for the
respiratory disease, which showed only 4% genome variabil-
ity compared to the Bat SARS coronavirus. The SARS-CoV-2,
which shares a close relation to the SARS group of viruses
are considered to be zoonotic. Studies also report the pres-
ence of SARS-CoV-2 in the lung tissue samples of pangolin in
China that also claimed to be a potential host for
Coronavirus and Sendai viruses (Liu et al., 2019). Pangolin-
CoV isolated from dead Malayan pangolin matched 91.02%
and 90.55% similarities in genome sequences with SARS-
CoV-2 and BatCoV RaTG13, respectively (Zhang et al., 2020).
The virus was suspected to be transmitted from Bats to an
intermediate host and then to the humans, because of the
difference in the Ribosome Binding Sites between the two
viruses (Lillie et al., 2020).

The SARS-CoV-2 belongs to the beta-family of the corona-
viruses. It is a single-stranded RNA virus encapsulated by a
lipid membrane and spike-like protein S, membrane protein
M, Nucleo-Capsid N protein, and envelope E protein. The S
spike protein is responsible for the adhesion onto the
Angiotensin-Converting Enzyme 2 (ACE2) receptor of mam-
malian lung cells causing the release of endogenous viral
RNA genetic material into the host cell (Bosch et al., 2003;
Ge et al., 2013; Han et al., 2006). The main-protease called
3CLpro (3- chymotrypsin-like protease) helps in the

replication of the viruses and thus becomes an important
antiviral drug target. Protease inhibitors are effective in
blocking the coronavirus replication and proliferation by
interfering with the post-translational processing of essential
viral polypeptides (Zhavoronkov et al., 2020). Liu et al. crys-
tallized the main-protease (PDB Id: 6LU7) from the SARS-
CoV-2, which provided an opportunity to combat the disease
by manifesting as a drug target. Mpro of SARS-CoV-2 shares
96% homology with the SARS-CoV-1, with its dimer-like
structure present in with a peptide-like inhibitor as a co-crys-
tallized structure, N3-Mpro (Xu et al., 2020). The crystal struc-
ture of Mpro is a monomer (molecular formula:
C1499H2318N402O445S22) and possesses a molecular mass of
33.79 KDa with 306 amino acids and a resolution of 2.16 Å.
The 3CLpro referred to as Nsp5, shares similar amino acid
residues CYS 145 and His 41 with SARS-CoV-1 protease that
makes it to be an essential antiviral target leading to the
development of small-molecule inhibitors. The protease pos-
sesses three domains, namely, I (8-101 residues), II (102-184
residues), and III (201-303 residues) with 185-200 amino acid
residues linking domain I and II forming a loop (Yang et al.,
2003). To initiate a therapeutic strategy, it is necessary to
observe the conservation of the sequences among SARS-CoV
and other CoV, which was the protease (Hatada et al., 2020).
The main-protease 3CLpro proteolytically cleaves the tran-
scribed viral polypeptide at 11 different sites that facilitate
the viral replication. By inhibiting the activity of Mpro, the
viral replication inside the host gets blocked (Boopathi et al.,
2020; Islam et al., 2020).

People infected with coronavirus currently treated with a
cocktail of medications used for influenza virus, HIV, and
other severe respiratory illnesses, as there are no effective
treatment methods to date. Drug repurposing sought to
reduce death rates worldwide. Medications like convalescent
plasma therapy (da Silva, 2020), dexamethasone, remdesivir,
hydroxychloroquine, chloroquine, azithromycin, and vitamin
D are used. Current prevention strategies include the use of
hand sanitizers, soaps to dissolve virus lipid coat, face masks,
self-isolation, and social distancing (Peng et al., 2020). It takes
about 4-6months to develop a commercially available vac-
cine and strain-specific antiviral agents. Many institutes and
companies succeeded in clinical trials for vaccine develop-
ment (Jackson et al., 2020). Current treatment strategies
include orotracheal intubation, invasive, and non-invasive
ventilation support in critical cases (~Namendys-Silva, 2020).
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Formulation of improvised antiviral drugs is essential to
counteract the viral-escape mutants. The use of antiviral
agents from natural sources helps in improving the use of
broad-spectrum drugs. It can be effective against novel
viruses and helps build resistance. Hydroxychloroquine, an
antimalarial drug has inhibited SARS-CoV-2 viral infection
under in-vitro conditions (Boopathi et al., 2020; Liu
et al., 2020).

Mythological and culturally, there has been evidence of
reliability on the medicinal plants for health care. With thou-
sands of currently available natural drugs isolated from
plants, the latter can produce a large number of secondary
metabolites such as flavonoids, terpenoids, alkaloids tannins,
etc. in response to abiotic stress. These metabolites exhibit
different biological activities such as anti-inflammatory, anti-
bacterial, antiviral, anti-cancer, etc. that has been under
extensive research for ages. For several years, the in-vitro and
in- vivo proved the exhibition of antiviral properties by sev-
eral plants and their associated compounds (Zakaryan et al.,
2017). For instance, apigenin is active against Herpes Simplex
Virus (HSV-1 and HSV-2), Luteolin showing antiviral effects
against the SARS-CoV, rhesus rotavirus, and Japanese
encephalitis virus (JEV), kaempferol, and myricetin as a chem-
ical inhibitor against the SARS-CoV (Yi et al., 2004). The thera-
peutic drug discovery is a time-consuming, and expensive
process wherein the initial screening of large libraries of
potential drugs against the diseases (Gupta et al., 2020;
Sarma et al., 2020). With recent advances, these tools have
gained phenomenal acceleration in lead identification and
optimization. These computational tools enable the visualiza-
tion of the ligand-target interaction (molecular docking) and
the identification of the compounds that bind more effi-
ciently with the target (Zoete et al., 2009).

Over 30 different docking programs are currently avail-
able, of which the most widely used is the AutoDock. The
aim of molecular docking involves the binding mode identifi-
cation, for which there is a need for a search algorithm to
perform native protein-ligand interaction simulations (Sousa
et al., 2006). AutoDock 4.2.6 works on the principle of the
Lamarckian Genetic Algorithm (LGA) which is a combination
of the Genetic Algorithm (GA), Monte Carlo simulation, and
hybrid local search Genetic Algorithm (Forli et al., 2016;
Ibrahim et al., 2020; Morris et al., 1998). This algorithm helps
us in the comprehensive study of protein-ligand conforma-
tions based on lowest-binding energies (Kumar et al., 2018).
Development of bioinformatics and computational biology
has led to several add on features such as overcoming the
previous drawbacks such as the identification of inhibitory
constants for the docked conformations.

Molecular dynamics (MD) simulation is an essential tool
that aid in the study of macromolecules like nucleosomes
(Roccatano et al., 2007), ribosomes (Brandman et al., 2012),
membrane proteins, organic solids, proteins-ligand complexes,
etc. and has evolved rapidly over the last 4 decades due to
advances in force fields, thanks to the development of quan-
tum physics and computational chemistry. The simulation is
widely used in the analysis of the structure to function rela-
tionship of protein and protein-ligand complexes. The current

generation molecular dynamics mimic the actual biological
systems (Hospital et al., 2015) with a potential of simulation
up to 5,00,000 atoms and their behaviour in the order of
nanoseconds with appropriate system configurations using
high-speed supercomputers. It takes thousand to several mil-
lion steps and involves intra and interatomic interactions
simulated simultaneously for which supercomputers play a
vital role in attaining so. It is very essential to study the simu-
lation in the order of shortest duration preferably femtosec-
onds since the structural and functional properties of
biomolecules concerning to nano and microseconds
(Hollingsworth & Dror, 2018). Optimized Potentials for Liquid
Simulations 3 (OPLS), a force field developed at Purdue
University is very similar to AMBER (Jorgensen and Tirado-
Rives et al., 1988). The OPLS3 force field is more accurate than
other small molecule force fields due to its fitting on to tor-
sional parameters. MD simulation is very helpful in analyzing
the conformational stability and dynamics of the protein and
protein-ligand complexes at different nanosecond time inter-
vals, fluctuations, and their deviations from the reference
structure that will be discussed in the study.

Hence, this research work scintillates on the development
of antiviral lead molecules from natural compounds against
Mpro of SARS-CoV-2 in-silico tools and study their pharmaco-
kinetic and toxicity properties. This can be accomplished by
inhibiting the active site of Mpro thereby preventing the
adhesion and entry of viral RNA into host cells. The work
aims to compare the binding energies of natural compounds
with the FDA approved protease inhibitors and the drugs
currently repurposed against COVID-19. The MD simulation
will help analyze insights of stability and interactions of the
docked complexes. The work also discusses the future pro-
spectus anticipated to be carried out soon. The schematic of
the workflow is shown in Figure 1.

2. Materials and methods

The following software were used in the present study: i)
AutoDock 4.2.6, ii) Python 3.8.2, iii) MGLTools 1.5.4 iv)
Discovery Studio 3.5, v) UCSF Chimera 1.13.1, vi) PyMOL 2.3,
vii) LigPlotþ v.2.2, viii) Java Platform SE binary version 8, and
ix) Toxicity Estimation Software Tool 4.2.1 by the
Environmental Protection Agency (EPA). ChemDraw online ser-
ver was used to draw the two-dimensional structure of ligands
(https://chemdrawdirect.perkinelmer.cloud/js/sam-
ple/index.html).

2.1. System information

The following were the system properties with which the
study was conducted. Processor: Intel CORE i3-7100U CPU @

2.40 GHz processor, system memory: 4 GB RAM, system type:
64-bit operating system, Windows 10 as Operating System.
These requirements were prescribed in the software manual
for the compatibility of the above-mentioned software. The
molecular dynamics simulations were performed in HP z238
microtower workstation with i7 processor and system mem-
ory 8GB RAM in Ubuntu 18 Operating System. These system
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requirements were prescribed for the compatibility by the
software owners.

2.2. Ligand preparation

Two hundred natural antiviral compounds were collected
through a literature survey and databases and retrieved from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/)
(Bekhit & Bekhit, 2014). Canonical Smiles of ligands were
retrieved, converted to protein data bank format, and used
for docking (Table S1). FDA approved protease inhibitors
were retrieved by the same procedure and used for docking.
These were used as standards for comparison. Moreover, sev-
eral drugs that are repurposed and used as ‘drug of choice’
against the Mpro were also docked and compared.

2.3. Protein preparation

The 3-dimensional structure of Mpro (PDB Id: 6LU7) respon-
sible for Severe Acquired Respiratory Syndrome was retrieved
from the Protein Data Bank database (https://www.rcsb.org/)
(Figure 2). The alpha helices denoted in red; beta-sheets in
yellow and turns and loops in green colour. The protein was
in a complex with a peptide inhibitor. Water molecules,
inhibitor, and other heteroatoms from the protein removed
using and used for docking.

2.4. Determining the active site

The active site is the target for an enzyme’s inhibition. The
active site of the protease was predicted using the
MetaPocket 2.0 online server (https://projects.biotec.tu-dres-
den.de/metapocket/) (Huang, 2009; Zhang et al., 2011). The
processed protein data bank file without heteroatoms was
uploaded and the top result from the best 3 (based on the
z-score) potential ligand-binding sites was chosen for dock-
ing. Table 1 shows the active site of the protease used in the
study. The amino acid residues predicted were then com-
pared with the amino acids in the active site of the N3
inhibitor-Mpro co-crystallized complex. This was done by
manually opening the co-crystallized complex in the
LigPlotþ v.2.2 (Wallace et al., 1995) and the interacting resi-
dues were identified and were very similar to the ones pre-
dicted by MetaPocket 2.0 server, hence proving the active
site. Only after this step, molecular docking was succeeded.

2.5. Molecular docking using AutoDock 4.2.6

AutoDock 4.2.6 was downloaded from ‘The Scripps Research
Institute’ official website (http://autodock.scripps.edu/) along
with other supporting software viz., Python 3.8.2 and
MGLTools 1.5.4. Docking of ligands and Mpro was performed

Figure 1. Work flow of the study.
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indigenously by docking ‘one ligand at a time to the protein’
manually using AutoDock 4.2.6 (Morris et al., 2009). It is free
and considered one of the most reliable software for molecu-
lar docking by the scientific community (Ravindranath
et al., 2015).

2.5.1. Initializing and preparation of PDBQT files
Before docking, the starting directory was set to the desired
folder. The processed protein molecule was imported into
the AutoDock 4.2.6 workspace. The polar hydrogen atoms
were added; the Kollman and Gasteiger charges were com-
puted for the protein. The protein was then saved in PDBQT
format that was then used as the target. The ligand was
imported into the workstation; the torsion tree was defined
by choosing the root; the number of rotatable bonds was
identified and saved in PDBQT format. The ligand and pro-
tein were imported in PDBQT format into the workspace for
further simulation process.

2.5.2. Grid parameters
The active site predicted matched the 2-dimensional LigPlot
of co-crystallized protease with a peptide inhibitor. This was
done to ensure the ligand exactly binds to the active site of
the protease. Assigning the grid parameters is the most
important step in molecular docking since it navigates the
ligand to the binding site of the protease. Grid spacing was
set to 0.375 Å (default). Center grid box values were set to x
¼ �13.677, y¼ 12.737, and z¼ 70.782 with offset values
�18.806, 8.167, and 43.083 respectively. The number of grid
points along the x, y, and z dimensions was set as 70� 76 x
78. The total grid points per map were 431893. These param-
eters were set to cover the entire 3-dimensional active site
of the protease. The output was saved in the grid parameter
file (GPF) file format. The grid size and coordinates fixed was
very similar to the ones reported by Odhar et al. and Yu
et al. (Odhar et al., 2020; Yu et al., 2020).

2.5.3. Running AutoGrid and AutoDock
The AutoGrid was executed by providing the AutoGrid exe-
cutable and GPF files as input and converted to the grid log
file (GLG). The grid was then launched. After the successful
execution of AutoGrid, the genetic algorithm was set to
default and is as follows: i) the number of GA runs: 10; ii)

Table 1. Active site of Mpro predicted using MetaPocket 2.0.

S. No Amino acid Residue number

1 Threonine 24
2 Threonine 25
3 Threonine 26
4 Leucine 27
5 Histidine 41
6 Valine 42
7 Cysteine 44
8 Threonine 45
9 Serine 46
10 Glutamic acid 47
11 Aspartic acid 48
12 Methionine 49
13 Leucine 50
14 Asparagine 51
15 Proline 52
16 Tyrosine 54
17 Tyrosine 118
18 Asparagine 119
19 Phenylalanine 140
20 Leucine 141
21 Asparagine 142
22 Glycine 143
23 Serine 144
24 Cysteine 145
25 Histidine 163
26 Histidine 164
27 Methionine 165
28 Glutamic acid 166
29 Leucine 167
30 Proline 168
31 Histidine 172
32 Aspartic acid 187
33 Arginine 188
34 Glutamine 189
35 Threonine 190
36 Alanine 191
37 Glutamine 192
38 Alanine 193

Figure 2. Three-dimensional structure of Main-protease (PDB Id: 6LU7).
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population size: 150; iii) the number of energy evaluations:
2.5 million (2.0 Å clustered tolerance); and iv) the number of
generations: 27000. The Lamarckian genetic algorithm was
used and the output was saved in docking parameter file
(DPF) file format. The AutoDock was executed by providing
the AutoDock executable and DPF files as input, converted
to the docking log file (DLG) and docking was launched. The
final DLG file contained essential details viz., top ten free
binding energy energies for every run and inhibitory con-
stant. The results were analyzed; ranked based on their bind-
ing energies; saved in PDBQT format; the lowest binding
energy complex was saved in PDB format for further analysis.

2.6. Visualizing interactions

Discover Studio 3.5 from Biovia, LigPlotþ v.2.2, UCSF
Chimera 1.13.1, and PyMOL 2.3 were used to visualize and
study the 2-dimensional, 3-dimensional, and surface annota-
tion of ligand interaction with the protein.

2.7. Docking validation

The docking procedure was validated using two methods
viz., i) The N3 peptide inhibitor from the Mpro was removed
and re-docked into the active site using AutoDock 4.2.6 (Al-
Khodairy et al., 2013). It was done manually by opening the
co-crystallized complex in a notepad, removing the inhibitor
heteroatoms from the Mpro, and pasting it into a new note-
pad and saved as an inhibitor in PDB file format. The same
protocol including the grid parameters was unchanged in
the process. It was done to ensure the inhibitor binds exactly
to the active site cleft and must show less deviation com-
pared to the actual co-crystallized complex. The re-docked
complex was then superimposed on to the reference co-crys-
tallized complex using PyMOL 2.3 and the root mean square
deviation (RMSD) was calculated and the 2-dimensional
image showing the superimposed amino acid residues were
highlighted using LigPlot v.2.2 software and ii) Decoy ligands
similar to N3 peptide inhibitor were obtained from DUD-E
online server (http://dude.docking.org/) (Mysinger et al.,
2012) and docked against the active site of Mpro. Decoys are
compounds that are similar in physical properties with
respect to the reference ligand that might not bind effect-
ively to a protein. It was done to enhance ligand enrichment,
which is essential to assess the docking procedure and to
eliminate false positives.

These were done to validate the docking procedure to
ensure the validation of docking.

2.8. Pharmacokinetic properties and Lipinski’s rule of 5

Pharmacokinetic properties are essential in determining the
absorption, distribution, metabolism, and excretion of drug
molecules. This prediction was done using admetSAR (http://
lmmd.ecust.edu.cn/admetsar1/; http://lmmd.ecust.edu.cn/
admetsar2/) versions 1 and 2 and SwissADME (http://www.
swissadme.ch/) (Cao et al., 2012; Daina et al., 2014; 2017;
Daina & Zoete, 2016). Lipinski’s oral drug likeliness properties

were predicted using the PubChem database. This includes i)
Molecular weight (<500 Daltons), ii) Number of hydrogen
bond donors (<5), iii) Number of hydrogen bond acceptors
(<10), iv) Log P (<5), and v) Molar refractivity (<140)
(Lipinski, 2000; 2004). The toxicity properties of ligands were
assessed through the EPA’s Toxicity Estimation Software Tool
4.2.1 software (Benfenati et al., 2009). The pharmacokinetic
properties were predicted for the top 10 ligands that showed
the best binding energy and the drugs that are currently
investigated for a potential cure against SARS-CoV-2.

2.9. Molecular dynamics simulations

Molecular dynamics simulations were performed using the
Desmond package for the following complexes i) Free-pro-
tein, ii) Protein co-crystallized with N3 peptide inhibitor, and
iii) Top three best low binding energy ligand-protein com-
plexes after docking. All the complexes were solvated indi-
vidually by placing them in an explicit water box of size 10 Å
with a single-point charge (SPC) water model TIP3P with
periodic boundary condition (PBC). The OPLS3e force field
was used (Harder et al., 2016; Sarma et al., 2020) to model
the protein and ligand, Naþ, and Cl- ions were added to
make the total charge of system neutral. Subsequently, the
system was energy minimized for 2000 steps before a pro-
duction run of 50 ns. After minimization, the complex was
further subjected to the production run at the NPT ensem-
ble. The system was slowly heated to maintain a temperature
of 300 K and pressure by using the Nose-Hoover thermostatic
algorithm and The Martina-Tobias-Klein method. Particle-
Mesh Ewald (PME) method was utilized to calculate long-
range electrostatic interactions keeping a grid spacing of
0.8 Å. The Simulation Interaction Diagram tool implemented
in the Desmond package was used to analyze the detailed
interactions between the ligand and protein. The results
were analyzed in terms of protein and ligand RMSD and root
mean square fluctuation (RMSF) values with respect to the
reference. The same procedure was reported by Pant et al.
(Pant et al., 2020).

3. Results and discussion

Details of ligands with best conformations are listed in Table
2. From the work, the natural compounds have shown the
potential to inhibit the virulence of viral Mpro (Table 3). This
was compared with the available data from the PDBsum web
page. The LigPlot interactions from PDBsum significantly
match with the interacting residues in the present study.

Theaflavin-3-30-digallate, a natural phenolic compound
had the best binding conformation with the protease with a
binding energy of �12.41 kcal/mol followed by rutin, hyperi-
cin, robustaflavone, and (�)-solenolide A with �11.33,
�11.17, �10.92, and �10.81 kcal/mol respectively (Table 3)
which were comparable with the FDA approved viral prote-
ase inhibitors (Table 4).

Lesser the binding energy, the greater the binding effi-
ciency, hence augmented inhibition. Drugs namely atazanavir
(�13.24 kcal/mol) (Figures 3 & 4), saquinavir (-12.74 kcal/mol),
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Table 2. Details of top 10 natural compounds with high binding energies.

S. No Compound IUPAC name Structure Chemical formula

1 Theaflavin-3-30-digallate [3-hydroxy-5-oxo-4-(3,4,5-trihydroxybenzoyl)oxy-
1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-dihydro-2H-
chromen-2-yl]benzo[7]annulen-6-yl] 3,4,5-
trihydroxybenzoate

C43H32O20

2 Rutin 2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-
[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
[[(2R,3R,4R,5R,6S)-3,4,5-trihydroxy-6-
methyloxan-2-yl]oxymethyl]oxan-2-
yl]oxychromen-4-one

C27H30O16

3 Hypericin 9,11,13,16,18,20-hexahydroxy-5,24-
dimethyloctacyclo[13.11.1.12,10.
03,8.04,25.019,27.021,26.014,28]octacosa-
1(26),2,4(25),5,8,10,12,14(28),15(27),
16,18,20,23-tridecaene-7,22-dione

C30H16O8

4 Robustaflavone 6-[5-(5,7-dihydroxy-4-oxochromen-2-yl)-2-
hydroxyphenyl]-5,7-dihydroxy-2-(4-
hydroxyphenyl) chromen-4-one

C30H18O10

5 (-)-Solenolide A [(1S,2S,3R,4R,7R,8S,10Z,12S,13S,14R,16S,17S,18R)-
12-acetyloxy-8-chloro-2,3-dihydroxy-4,13,18-
trimethyl-9-methylidene-5-oxo-6,15-
dioxatetracyclo[11.5.0.03,7.014,16]octadec-10-
en-17-yl] hexanoate

C28H39ClO9

(continued)
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Table 2. Continued.

S. No Compound IUPAC name Structure Chemical formula

6 Rhusflavone 6-[5,7-dihydroxy-2-(4-hydroxyphenyl)-4-oxo-2,3-
dihydrochromen-8-yl]-5,7-dihydroxy-2-(4-
hydroxyphenyl)-2,3-dihydrochromen-4-one

C30H22O10

7 Ginkgetin 5,7-dihydroxy-8-[5-(5-hydroxy-7-methoxy-4-
oxochromen-2-yl)-2-methoxyphenyl]-2-(4-
hydroxyphenyl)chromen-4-one

C32H22O10

8 Rhinacanthin E Dimethyl (2E)-2-(1,3-benzodioxol-5-
ylmethylidene)-3-[(7-methoxy-1,3-
benzodioxol-5-yl) methyl]butanedioate

C23H22O9

9 Sorbarin 5,6-dihydroxy-2-(4-hydroxyphenyl)-7-
[(2S,3R,4R,5R,6S)-3,4,5-trihydroxy-6-
methyloxan-2-yl] oxychromen-4-one

C21H20O10

10 Betulinic acid (1R,3aS,5aR,5bR,7aR,9S,11aR,11bR,13aR,13bR)-9-
hydroxy-5a,5b,8,8,11a-pentamethyl-1-prop-1-
en-2-yl-1,2,3,4,5,6,7,7a,9,10,11,11b,12,13,
13a,13b-hexadecahydrocyclopenta[a]chrysene-
3a-carboxylic acid

C30H48O3
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darunavir (�12.50 kcal/mol), and ritonavir (�11.15 kcal/mol)
exhibited the best binding conformations with Mpro in the
current study.

Since the motive of the study was to find a cure from nat-
ural plant metabolites, these FDA drugs were used as a com-
parison. Theaflavin-3-30-digallate is formed due to the
oxidative condensation of flavonoids epigallocatechin 3-gall-
ate and epicatechin 3-gallate during fermentation and is rich
in natural sources including citrus fruits like orange, lemon,
sweet lime and black tea (Ding et al., 2017; 2020; Schuck
et al., 2008). The compound has proven potential as antiviral,
antioxidants, and anticancer agents through apoptosis (De
Oliveira et al., 2015; Hibasami et al., 2004). The compound
interacted with 19 amino acid residues in the active site of
the protease with 7 hydrogen bonds within 3 Å with 5 amino

acid residues viz., CYS 145, HIS 41, HIS 164, THR 26, TYR 54
residues (Figures 5 and 6). Similar interacting residues were
reported by (Khan et al., 2020). Greater the number of hydro-
gen bonds, the higher the binding efficiency and inhibition
(Kumar et al., 2015). Figure 7 denotes the surface image
active site cleft of the Mpro with theaflavin-3-30-digallate
bound to it. The in-silico study predicted an inhibition con-
stant (Ki) value of 794.96 pM of theaflavin-3-30-digallate as
effective against viral protease (Table S1). Inhibition constant
value is the half-maximum inhibition of an enzyme by a
chemical compound and is used to estimate the potential of
substrate/inhibitor in enhancing/inhibiting the biological and
function of enzymes (He et al., 2016). Compounds with an
inhibition constant less than 100 mM are considered to be
potential inhibitors whereas inhibition constant greater than
100 mM are non-potent inhibitors (Zheng & Polli, 2010).

Rutin, also known as rutoside is a flavonoid glycoside
formed by combining disaccharide rutinose and flavonol
quercetin abundantly found in citrus fruits has interacted
with 20 amino acid in the active site of Mpro. Apart from this,
the bioflavonoid has also formed 10 hydrogen bonds with 7
residues, namely, CYS 145, GLN 192, GLU 166, HIS 163, HIS
164, PHE 140, and TYR 54 (Figures 8 and 9) (Das et al., 2020).
Rutin has a predicted inhibition constant of 4.98 nM at 298 K.

Hypericin is an anthraquinone predominantly an active
component of Hypericum perforatum, a flowering plant

Table 3. Interactions and binding energies of top 10 conformations of ligands with Mpro within 3 Å.

S. No Compound
Binding

energy (kcal/mol) Interacting amino acid residues
No. of

hydrogen bonds Hydrogen bond interactions

1 Theaflavin-3-30-
digallate

�12.41 ARG 188, ASN 142, ASP 187, CYS 145, GLN 189, GLU 166,
GLY 143, HIS 41, HIS 164, LEU 27, LEU 141, MET 49, MET
165, PRO 168, SER 144, THR 25, THR 26, THR 190,
TYR 54

7 CYS 145, HIS 41, HIS 164, THR
26, TYR 54

2 Rutin �11.33 ALA 191, ARG 188, ASN 142, ASP 187, CYS 145, GLN 189,
GLN 192, GLU 166, HIS 41, HIS 163, HIS 164, HIS 172,
LEU 141, LEU 167, MET 165, PHE 140, PRO 168, SER 144,
THR 190, TYR 54

10 CYS 145, GLN 192, GLU 166,
HIS 163, HIS 164, PHE 140,
TYR 54

3 Hypericin �11.17 ASN 142, ARG 188, CYS 145, GLN189, GLN 192, GLU 166,
GLY 143, HIS 41, HIS 164, LEU 141, LEU 167, MET 165,
PHE 140, PRO 168, SER 144

6 ASN 142, CYS 145, GLU 166,
HIS 164

4 Robustaflavone �10.92 ALA 191, ASN 142, CYS 145, GLN 189, GLN 192, GLU 166,
GLY 143, HIS 41, HIS 163, HIS 164, HIS 172, LEU 27, LEU
141, MET 165, PRO 168, SER 144, THR 25, THR 26,
THR 190

2 HIS 163, THR 26

5 (-)-Solenolide A �10.81 ALA 191, ARG 188, ASN 142, ASP 187, CYS 145, GLN 189,
GLN 192, GLU 166, GLY 143, HIS 41, HIS 163, HIS 164,
HIS 172, LEU 141, LEU 167, MET 49, MET 165, PHE 140,
PRO 168, SER 144, THR 190, TYR 54

0 –

6 Rhusflavone �10.77 ALA 191, ARG 188, ASP 187, CYS 145, GLN 189, GLN 192,
GLU 166, HIS 41, HIS 163, HIS 164, HIS 172, LEU 141,
LEU 167, MET 165, PHE 140, PRO 168, SER 144, THR 190,
TYR 54

4 CYS 145, GLN 189, GLN 192,
HIS 163

7 Ginkgetin �10.47 ARG 188, ASN 142, ASP 187, CYS 145, GLN 189, GLU 166,
GLY 143, HIS 41, HIS 163, HIS 164, HIS 172, LEU 27, LEU
141, MET 165, PHE 140, SER 144, THR 25, THR 26,
TYR 54

3 ASN 142, HIS 163, THR 26

8 Rhinacanthin E �10.43 ARG 188, ASN 142, ASP 187, CYS 44, CYS 145, GLN 189,
GLU 166, GLY 143, HIS 41, HIS 164, LEU 27, LEU 141,
MET 49, MET 165, PRO 52, SER 144, THR 25, THR 26,
TYR 54

0 –

9 Sorbarin �10.02 ALA 191, ARG 165, ASN 142, ASP 187, CYS 145, GLN 189,
GLN 192, GLU 166, GLY 143, HIS 41, LEU 27, LEU 167,
MET 49, MET 165, PRO 168, SER 144, THR 25, THR 26,
THR 190, TYR 54

4 CYS 145, GLN 192, THR 26

10 Betulinic acid �9.99 ASN 142, ASP 187, CYS 145, GLN 189, GLU 166, GLY 143,
HIS 41, HIS 164, MET 49, MET 165, THR 25, THR 26

2 GLU 166, THR 26

Table 4. Binding energy of FDA approved protease inhibitors.

S. No Drug Binding energy (kcal/mol)

1 Atazanavir �13.24
2 Saquinavir �12.74
3 Darunavir �12.50
4 Ritonavir �11.15
5 Indinavir �11.07
6 Amprenavir �10.38
7 Nelfinavir �10.02
8 Fosamprenavir �9.77
9 Lopinavir �9.70
10 Tipranavir �9.13

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 9



Figures 3 and 4. 3 D and 2 D interaction of atazanavir with Mpro (�13.24 kcal/mol).

Figures 5 and 6. 3 D and 2 D interaction of theaflavin-3-3’-digallate with Mpro (�12.41 kcal/mol).

Figure 7. Surface image of theaflavin-3-3’-digallate in the Mpro active site cleft.
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belonging to Hypericaceae family was effective against viral
protease with a binding energy of �11.17 kcal/mol. The plant
is well known for its activity against several viruses namely,
influenza A, herpes simplex virus, bronchitis virus, and
human immune viruses (Chen et al., 2019; Pu et al., 2009).
Hypericin interacted with 15 amino acids in the active site
with 6 hydrogen bonds with ASN 142, CYS 145, GLU 166, HIS
164 amino acid residues (Figures 10 and 11) with predicted
Ki value of 6.54 nM. CYS 145 and MET 165 formed alkyl and
p-alkyl bonds with hypericin. Islam et al. reported the anti-
viral potential of hypericin with a binding energy
�10.70 kcal/mol against Mpro at the active site with a p-alkyl
interaction with CYS 145 (Islam et al., 2020) similar to the
present study.

Robustaflavone, a natural flavonoid formed by combining
two molecules of apigenin through oxidative coupling form-
ing hydrogen bond between C3 and C6 carbon atoms of
hydroxyphenyl and chromene ring respectively (Lin et al.,

2000; Xu et al., 2009; Zengion & Yarnell, 2011).
Robustaflavone in conformation with protease has binding
energy �10.92 kcal/mol and interacted with 19 residues and
2 hydrogen bonds with HIS 163 and THR 26. The biflavonoid
compound has proven to be potential against hepatitis B
infections. Apart from its antiviral property, the biflavonoid
also has been reported as free radical scavengers (Zembower
et al., 1998).

Figure 12 shows the LigPlot image of Mpro with an N3
peptide (02 J-ALA-VAL-LEU-PJE-010) inhibitor. The inhibitor
formed 8 hydrogen bond interactions with PHE 140, GLY
143, HIS 163, HIS 164, GLU 166, GLN 189 and THR 190 resi-
dues of protease which denote the active site of the enzyme
and is comparable with 2-dimensional and 3-dimensional
structure of Mpro in complex with natural inhibitors in the
present study. It is evident from the present study that con-
firms hydrogen bonds with the same amino acid residues.
Apart from hydrogen bonds, other interactions like van der

Figures 8 and 9. 3 D and 2 D interaction of rutin with Mpro (�11.33 kcal/mol).

Figures 10 and 11. 3 D and 2D interaction of hypericin with Mpro (�11.17 kcal/mol).
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Waals, alkyl, carbon-hydrogen, sigma, and p-p bonds were
found. Hydrogen bonds are the strongest bonds bonded to
end OH- ions of the ligand to amino acids of the protein.
More the number of hydroxyl groups in a ligand, more the
number of hydrogen bonds, hence higher the binding effi-
ciency (Khodarahmi et al., 2015).

There has been no reported case for in-silico elucidation
of bioactive compounds against SARS-CoV-2 protease.
However, studies have been carried out using SARS-CoV-1
Mpro and SARS-CoV-2 RNA polymerases. Chowdhury et al.

reported the antiviral property of polyphenolic compounds
from black tea namely theaflavin, theaflavin-30-monogallate,
and theaflavin-3-30-digallate during the early onset of hepa-
titis C viral infections under in-vitro conditions. Their study
reported that theaflavin and its derivatives could inhibit viral
replication and cell-to-cell proliferation (Chowdhury et al.,
2018). They reported an EC50 value of 17.89, 4.08, and
2.02 lM respectively had a significant impact against viral
replication (Chowdhury et al., 2018). Chen et al. screened
720 natural compounds using HPLC protease assay to

Figure 12. Two-dimensional LigPlot image of N3-Mpro complex from PDBsum.
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combat against 3 C-like protease of SARS- CoV-1 and
reported two compounds tannic acid and 3-isotheaflavin-3-
gallate with IC50 values 3 mM and 7 mM respectively inhibited
the enzyme’s virulence which is comparable with the present
study (Chen et al., 2005). Lung et al. reported the efficiency
of flavonoid theaflavin and its derivatives against modelled
SARS-CoV-2, SARS-CoV-2, and MERS-CoV RNA polymerases by
inhibiting transcription process. The best docking conform-
ation was attained with binding energy �9.11 kcal/mol for
SARS-CoV-2, SARS-CoV-1 for �8.03 kcal/mol, and �8.26 kcal/
mol for MERS-CoV (Lung et al., 2020). Jo et al. reported the
antiviral activity of 64 flavonoid metabolites against SARS-
CoV-1 Mpro 3CLpro using Schr€odinger software. They
reported the maximum binding energy of �9.26 kcal/mol
with the flavonoid herbacetin and kaempferol with
�8.52 kcal/mol (Jo et al., 2020). The present study reported a
maximum of �12.41 kcal/mol against the protease. Elfiky
et al. studied the effectiveness of FDA approved antiviral
compounds against modelled RNA polymerases of SARS-CoV-
2 virus using the SWISS-MODEL and simulated using
AutoDock Vina. Setrobuvir exhibited the best inhibition with
the energy of �9.3 kcal/mol followed by ribavirin and tenofo-
vir (Elfiky, 2020). Rutin is proven to possess antiviral property
against hepatitis B, hepatitis C, herpes, orthomoxyvirus, and
retroviruses (Carvalho et al., 2013; Ganeshpurkar & Saluja,
2017). Chen et al. studied the in-vitro and in-vivo antiviral
potential of hypericin against bronchitis virus on CEK cells.
Hypericin was extracted using ethyl acetate solvent from
flowers and leaves of Hypericum perforatum. mRNA expres-
sion of interleukin-6, tumour necrosis factor and nuclear fac-
tor kappa beta of bronchitis virus were reduced. Other
factors such as MDA5, INF-a, IFN-b, and mitochondrial anti-
viral signalling gene expressions were augmented signifi-
cantly and inhibiting the viral proliferation and neutralizing
its potential (Chen et al., 2019).

Pillayar et al. used chemical small molecules to inhibit
protease 3CLpro of SARS-CoV-1, similar to Mpro of SARS-CoV-
2. Interestingly 3CLpro (SARS-CoV-2) contains similar amino
acid residues at their active sites and small molecule inhibi-
tors from their study interacted with same amino acid resi-
dues concerning the present study viz., CYS 145, GLN 189,
GLN 192, GLU 166, HIS 41, HIS 164, LEU 167, MET 165, PRO
168, SER 144, THR 25, and THR 190 thereby proving that the
present study has inhibited the viral protease significantly
(Pillaiyar et al., 2016). Shie et al. studied a diverse library of
synthesized aniline against SARS-CoV-1 3CL protease. 2-
chloro-4-nitroaniline, l-phenylalanine, and 4-(dimethylamino)
benzoic acid showed the highest inhibition potential with Ki

¼ 0.03 mmM binding with CYS 145 containing thiol group in
the active site (Shie et al., 2005). Lalani and Poh studied the
in-vitro antiviral potency of flavonoids and their derivatives
against enteroviral protease from the Enterovirus EV-A71
strain. Compounds namely, penduletin, quercetin, baicalein,
and kaempferol exhibited best antiviral potentials with IC50
values less than 10 mM (Lalani & Poh, 2020). Lin et al. studied
the efficiency of robustaflavone from Rhus succedanea as
hepatitis B non-nucleoside inhibitor viral replication by inhib-
iting the RNA polymerase with an EC50 value of 0.25mM (Lin
et al., 1997). Dang et al. reported the antiviral property of
(-)-solenolide A isolated from marine ear shell Haliotis laevi-
gata against herpes simplex (Dang et al., 2011). Hayashi
et al. extracted biflavonoid ginkgetin from Cephalotaxus dru-
pacea and tested against the herpes simplex virus and was
found to inhibit the viral replication with an IC50 value of
0.91 mg/mL and inhibited the early transcription genes and
protein (Hayashi et al., 1992). Ngoc et al. studied the antiviral
properties of rhinacanthone, racemate, rhinacanthins C, D, E,
N, and Q from the root extract of Rhinacanthus nasutus
against CVB3, HR1BV, and PR8 infected cells. 1 D, 2D-NMR,
and Mass spectrometry were used to determine their struc-
tures. Rhinacanthins inhibited all three infected cell lines
with an IC50 value of 0.03 to 23.7 mM (Ngoc et al., 2019). Wen
et al. in their research work reported that savinin and betu-
linic acid competitively inhibited SARS-CoV-1 protease
3CLpro with Ki value of 9.1 ± 2.4mM and 8.2 ± 0.7 mM (Wen
et al., 2007). The present study reported a Ki value of
47.91 nM for betulinic acid against Mpro of SARS-CoV-1.

Table 5 shows the binding energies of drugs that are cur-
rently repurposed against the SARS-CoV-2 viral infections.
These drugs were docked against SARS-CoV-2 Mpro (PDB Id:
6LU7) to analyze and compare their efficiencies with the
potential antiviral phytocompounds reported in the present
study. The same docking procedure was followed including
the grid parameters. The following is the increasing order of
binding energies dexamethasone (�7.77 kcal/mol)< hydroxy-
chloroquine (�7.28 kcal/mol)<festinavir (�7.15 kcal/mol)<
oseltamivir (�7.01 kcal/mol)<chloroquine (�6.93 kcal/
mol)<remdesivir (�6.77 kcal/mol)<azithromycin (�6.14 kcal/
mol)<favipiravir (�4.78 kcal/mol). From the above-docked
results, dexamethasone, a corticosteroid, according to WHO,
had a significant reduction in death rate in COVID-19 patients
showed the best binding conformation interacting within the
active site cleft with 6 hydrogen bond interactions with ASN
142, CYS 145, HIS 163, LEU 141, PHE 140, and SER 144 within
3 Å. The antimalarial drug, hydroxychloroquine was repur-
posed as a drug against COVID-19, however the exact mechan-
ism of action is not known some studies report a possible
alteration in the pH in the cell membrane surface (Liu et al.,
2020; Singh et al., 2020). Hydroxychloroquine has ranked
second in the present study in terms of binding energy form-
ing 2 hydrogen bonds. Hagar et al. studied the in-silico elucida-
tion of hydroxychloroquine and remdesivir against Mpro of
SARS-CoV-2 using AutoDock 4.2 and reported a slightly higher
binding energy of �6.06 and �4.96 kcal/mol forming polar
hydrogen bonds with ALA 191, GLN 192, GLU 166 and GLN
189, GLU 166 (Hagar et al., 2020). Beura and Chetti performed

Table 5. Binding energies of drugs repurposed against COVID-19.

S. No Drugs
Binding energy

(kcal/mol)
Hydrogen
bonds

1 Dexamethasone �7.77 6
2 Hydroxychloroquine �7.28 2
3 Festinavir �7.15 3
4 Oseltamivir �7.01 5
5 Chloroquine �6.93 1
6 Remdesivir �6.77 5
7 Azithromycin �6.14 3
8 Favipiravir �4.78 7
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a pharmacophore study that reported a binding energy of
�3.48 and �3.27 kcal/mol for hydroxychloroquine and chloro-
quine which is higher in energy compared to the present
study, however, no interactions were formed with the amino
acids in the active site (Beura & Prabhakar, 2020). Festinavir, an
HIV nucleotide reverse transcriptase inhibitor drug was found
to possess binding energy of �7.15 kcal/mol against the Mpro

in the present study. Muralidharan et al. performed the in-silico
blind docking of lopinavir, oseltamivir, and ritonavir against
the Mpro (PDB Id: 6LU7) using AutoDock and reported binding
energy of �4.10 kcal/mol, �4.65 kcal/mol, and �5.11 kcal/mol
respectively, however only ritonavir was found to interact with
the amino acids in the active site viz., GLN 189, GLU 166, HIS
41, MET 165, and PRO 168 (Muralidharan et al., 2020). The
reported results were quite contradictory to results reported in
the present study viz., lopinavir (-9.70 kcal/mol), oseltamivir
(�7.01 kcal/mol), and ritonavir (�11.15 kcal/mol), however
these drugs exactly bound to the active site residues. Beck
et al. studied the in-silico computational analysis of 3411 drugs
against SARS-CoV-2 3CLpro, 20-O-ribose methyltransferase, 30-
to-50 exonuclease, endoRNAse, helicase, and RNA-dependent
RNA polymerase using AutoDock Vina. They reported the fol-
lowing results similar to the current study i.e. i) atazanavir, a
retrovirus targeting drug was found to be the best drug candi-
date against 3CLpro with an inhibitory potential 94.94 nM
(7.40 kcal/mol), followed by ii) remdesivir (113.13 nM)
(-6.40 kcal/mol), iii) efavirenz (199.17 nM) (-5.40 kcal/mol), iv)
ritonavir (204.05 nM) (-6.80 kcal/mol), and v) dolutegravir
(336.91 nM) (-7.20 kcal/mol) against the 3CLpro (Beck et al.,
2020). The present study also reported the best drug to be ata-
zanavir. A recent research work by Yu et al. reported the anti-
viral activity of remdesivir, chloroquine, ribavirin, and luteolin
against Mpro (PDB Id: 6LU7), of which ribavirin and luteolin
reported best binding conformations interacting with active
site cleft with CYS 145, GLN 189, LEU 4, LEU 27, THR 25, THR
26, VAL 3, and ASN 142 forming covalent hydrogen bonds and
p-cation interactions (Yu et al., 2020).

3.1. Docking validation

3.1.1. Re-docking and superimposition
The re-docking was done to examine the docking procedure
and efficiencies. The same methodology that was used previ-
ously was used in the re-docking process. The peptide

inhibitor bound exactly to the active site with good binding
energy of �8.12 kcal/mol. ALA 191, ASN 142, CYS 145, GLN
189, HIS 41, LEU 50, LEU 141, MET 49, PRO 168, and THR 190
are the interacting amino acids (Data not shown) in the
active site pocket and totally 8 hydrogen bonds were formed
with a threshold distance of 3.00 Å. The re-docked complex
was then superimposed on to the native co-crystallized N3-
Mpro from PDB using PyMOL and a low RMSD of 0.615 Å was
observed (Figure 13). Gentile et al. performed the re-docking
of N3 peptide inhibitor against SARS-CoV-2 Mpro using
AutoDock 4 and observed binding energy of �11.00 kcal/mol
and superimposed the re-docked complex onto co-crystal-
lized N3-Mpro complex with RMSD of 0.254Å were reported
(Gentile et al., 2020). The complex was then found to interact
with the same amino acid residues compared to the ones
reported in the present study. Mirza and Froeyen performed
similar re-docking of N3-Mpro of SARS-CoV-2 and observed
covalent interactions with the CYS 145 and HIS 41 residues
and the peptide inhibitor with a low RMSD after superimpos-
ing onto native complex (Mirza & Froeyen, 2020). Andrade
et al. in their in-silico research against SARS-CoV-2 Mpro re-
docked the N3-Mpro and observed an RMSD of 1.94 Å after
superimposing onto the native co-crystallized complex.
Similar to the present study, they reported the contribution
of CYS 145 and HIS 41 amino acids in the active site with
the peptide inhibitor (Andrade et al., 2020).

The re-docked complex was then superimposed onto the
native co-crystallized N3-Mpro using LigPlotþ v.2.2 interest-
ingly re-docked complex was superimposed completely onto
the native co-crystallized complex without any adjustments.
All the atoms of amino acids of both the complexes were
superimposed without any constraints. On the whole, there
were a total of 14 amino acid residues superimposed. The
superimposed 2-dimensional structure is shown in Figure 14,
the superimposed amino acids of the complexes are
encircled in red. This partially proved the efficiency and val-
idity of the docking protocol (Joshi et al., 2020).

3.1.2. Docking decoy ligands
Decoy are compounds similar to the active ligands in phys-
ical properties like molecular weight, log P values, topo-
logical surface area, hydrogen bond donors, etc. (Verdonk
et al., 2004). but chemically different from them. This is
based on the fact to overcome false positives and enhancing

Figure 13. Superimposition of re-docked N3-Mpro (blue) onto co-crystallized complex (red) in the active site using PyMOL (RMSD ¼ 0.625 Å).
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ligand enrichment (Kirchmair et al., 2008). Decoy ligands are
assumed that they do not bind to the target molecule
(Cereto-Massagu�e et al., 2012) because the chemical proper-
ties are the ones that influences the interactions between a
ligand and a target, physical similarities have nothing to do
with (Huang et al., 2006). This is an easy technique to assess
the protocol and efficiency of the AutoDock 4.2.6 software.
Docking a ligand to a target must show high binding energy
in comparison with N3-Mpro re-docked complex to prove the
docking efficiency. A total of 51 decoy ligands similar to N3
peptide inhibitor were retrieved from the DUD-E web server
along with binding energies are reported in Table 6, their
binding energies remained between �8.23 to �2.00 kcal/mol

(Table 6). Fifty decoy ligands out of fifty-one showed high
binding energy compared to the re-docked Mpro-N3 complex,
in other words only one decoy ligand had low binding
energy (�8.23 kcal/mol) and ranked higher compared to the
re-docked complex (�8.12 kcal/mol). Only a negligible quan-
tity of decoy was found to have greater binding affinity than
the re-docked complex, hence this confirms the docking effi-
ciency and protocol.

3.2. Pharmacokinetic prediction and lipinski’s rule of 5

Pharmacokinetic and Lipinski properties of the top 10 best
potential antiviral ligands were predicted, studied, and

Figure 14. Re-docked N3-Mpro onto co-crystallized complex using LigPlotþ v.2.2 showing superimposed amino acids (red circle).
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tabulated (Tables 7–9). It is clear that except (-)-solenolide
A and rhinacanthin E, none penetrated the Blood-brain
barrier. Mitochondria is the subcellular location for the dis-
tribution of all the compounds after entering the
human body.

(-)-Solenolide A, ginkgetin, rhinacanthin E, sorbarin, and
betulinic acid satisfied their properties according to Lipinski’s
rule of 5 (Table 10). Lipinski rule is considered one of the
essential criteria to predict the oral drug likeliness of a drug
(Benet et al., 2016). To enhance the predictions of drug

Table 6. Binding energies of decoy ligands against Mpro.

S. No Decoy ligands in smiles format
Binding energy

(kcal/mol)

1 Cc1cc(nc(n1)NS(¼O)(¼O)c2ccc(cc2)NC(¼O)CCCCC(¼O)Nc3ccc(cc3)S(¼O)(¼O)[N-]c4nc(cc(n4)C)C)C �8.23
2 Cc1c(c2cc(ccc2[nH]1)OC)CC(¼O)Oc3ccc(cc3)C(¼O)OCCN4CC[NHþ](CC4)CCN5CCOCC5 �8.11
3 COC(¼O)[C@H]1CCCN1C(¼O)C2¼ C[C@H]([C@H]([C@@H](C2)OC(¼O)NCCCl)OC(¼O)NCCCl)NC(¼O)Nc3ccccc3Br �8.05
4 CCOC(¼O)Oc1c(cc(cc1OC)C(¼O)O[C@@H]2C[C@@H]3C[NHþ]4CCc5c6ccc(cc6[nH]c5[C@@H]4C[C@@H]3[C@@H]

([C@@H]2OC)C(¼O)OC)OC)OC
�7.99

5 c1cc-2c(cc1S(¼O)(¼O)NCCCCCC(¼O)O)C(¼O)c3c2ccc(c3)S(¼O)(¼O)NCCCCC C(¼O)[O-] �7.93
6 CCOC(¼O)N1CCc2c(sc(c2C(¼O)N)NC(¼O)c3ccc(cc3)S(¼O)(¼O)N(CCOC)CCOC)C1 �7.90
7 c1ccc(cc1)OCC[NHþ]2CCN(CC2)C[C@@H](COc3ccc(cc3)OC[C@@H](CN4CCN(CC4)CCOc5ccccc5)O)O �7.90
8 c1cc(cnc1)[C@H](C[NH2þ]CCc2ccc(cc2)[N-]S(¼O)(¼O)c3ccc(cc3)n4c(¼O)n(nn 4)CCCC5CCCC5)O �7.85
9 c1cnc(nc1)NS(¼O)(¼O)c2ccc(cc2)NC(¼O)CCSCCC(¼O)Nc3ccc(cc3)S(¼O)(¼O)[N-]c4ncccn4 �7.68
10 c1cc(c(cc1C/C(¼N/O)/C(¼O)NCCSSCCNC(¼O)/C(¼N\O)/Cc2ccc(c(c2)Br)[O-]) Br)O �7.65
11 CCOC(¼O)COc1ccc(cc1OC)C¼NNC(¼O)C(¼O)N/N¼ C/c2ccc(c(c2)OC)OCC(¼O)OCC �7.63
12 c1cc(ccc1C(¼O)NNC(¼O)CCCN2C(¼O)/C(¼C\3/C(¼O)N(C(¼S)S3)CCCC(¼O)NNC(¼O)c4ccc(cc4)[Nþ](¼O)[O-])/

SC2¼ S)[Nþ](¼O)[O-]
�7.60

13 c1ccn2c(c1)nc(c(c2¼O)/C¼ C\3/C(¼O)N(C(¼S)S3)CCCCCCCCCCC(¼O)[O-])NC COCCO �7.59
14 CC(¼O)O[C@@H]1CC[C@@]2([C@H](C1)CC[C@@H]3[C@@H]2[C@@H](C[C@@]4([C@@H]3CC[C@@H]4/C(¼N\NC(¼O)N)/

CO[C@@H]5[C@H]([C@@H]([C@H]([C@@H](O5)C(¼O)OC)OC(¼O)C)OC(¼O)C)OC(¼O)C)C)O)C
�7.56

15 CCOc1cc(ccc1OC(¼O)c2cccc(c2)OC)/C¼N/NC(¼O)c3c(n(nn3)c4c(non4)N)COc5ccc(cc5)F �7.54
16 CCN(CC)S(¼O)(¼O)c1ccc(cc1)C(¼O)NCc2nnc(n2c3ccccc3OC)SCC(¼O)Nc4nnc(s4)SCC �7.51
17 c1cc(ccc1C(¼O)Nc2nnc(s2)CCOCCOCCc3nnc(s3)NC(¼O)c4ccc(cc4)Cl)Cl �7.30
18 CC(¼O)OC[C@H]([C@]1(CC[C@@H]2[C@@]1(C[C@@H]([C@@H]3[C@@H]2CC[C@@H]4[C@@]3(CC[C@H](C4)O[C@H]5

[C@@H]([C@H]([C@@H]([C@H](O5)C(¼O)OC)OC(¼O)C)OC(¼O)C)OC(¼O)C)C)O)C)O)OC(¼O)C
�7.27

19 COc1ccc(cc1OC)CNc2nc(n(n2)C(¼O)COc3ccc(cc3)Cl)NCc4ccc(c(c4)OC)OC �7.04
20 c1cc(cnc1)[C@H](CNCCc2ccc(cc2)[N-]S(¼O)(¼O)c3ccc( cc3)n4c(¼O)n(nn4)CC CC5CCCC5)O �6.96
21 Cc1ccc(cc1)S(¼O)(¼O)N(CCN(CCO)S(¼O)(¼O)c2ccc(cc2)C)CCN(CCO)S(¼O)(¼O)c3ccc(cc3)C �6.94
22 COC(¼O)c1cc(c(nc1C/C(¼N\NC(¼S)N)/C(¼N/c2ccc(c(c2)Cl)Cl)/[O-])C/C(¼N /NC(¼S)N)/C(¼N/c3ccc(c(c3)Cl)Cl)/[O-])C(¼O)OC �6.86
23 CCN(CC)C(¼O)CSc1nc2ccsc2c(¼O)n1CCCC(¼O)NCCc3ccc(cc3)S(¼O)(¼O)N �6.85
24 CCCCOc1ccc(cc1)C(¼O)NCc2nnc(n2c3ccc(cc3)Br)SCC(¼O)Nc4nnc(s4)SCC �6.66
25 c1ccc(cc1)OCCN2CC[NHþ](CC2)C[C@H](COc3ccc(cc3)OC[C@H](CN4CCN(CC4)CCOc5ccccc5)O)O �6.65
26 c1ccc(c(c1)C(¼O)NNC(¼O)CCCCCN2C(¼O)/C(¼C\3/C(¼O)N(C(¼S)S3)CCCCCC(¼O)NNC(¼O)c4ccccc4[O-])/SC2¼ S)O �6.59
27 Cc1c(c(sc1C(¼O)OC)NC(¼O)CCCS(¼O)(¼O)c2nc(cc(n2)C(F)(F)F)c3ccc(c(c3)OC)OC)C(¼O)N �6.58
28 C/C(¼C\CC[C@](C)(C¼ C)O[C@H]1[C@@H]([C@H]([C@@H]([C@H](O1)COC(¼O)/C(¼C/CC[C@](C)(C¼ C)O)/C)O)OC(¼O)/C(¼C/CC[C@@]

(C)(C¼ C)O)/C)O)/C(¼O)O
�6.55

29 CCOC(¼O)[C@@](C(F)(F)F)(NC(¼O)Nc1ccc(cc1)S(¼O)(¼O)[N-]c2nnc(s2)SCC )OCC(F)(F)F �6.46
30 Cc1cc(no1)C(¼O)N[C@@H](C)C(¼O)N[C@H](C(C)C)C(¼O)N[C@H](CC(C)C)C(¼O)N[C@@H](C[C@H]2CCNC2¼O)/C¼ C/C(¼O)OC �6.34
31 COc1cc(cc(c1OC)OC)/C¼ C/C(¼O)O[C@H]2[C@@H]([C@H](O[C@@]2(CO)O[C@@H]3[C@@H]([C@H]([C@@H]([C@H](O3)COC

(¼O)c4ccc(cc4)O)O)O)O)CO)O
�6.32

32 CC(¼O)OC/C(¼N\NC(¼O)N)/[C@]1(CC[C@H]2[C@]1(CC(¼O)[C@@H]3[C@@H]2CC[C@@H]4[C@@]3(CC[C@H](C4)O[C@H]5[C@@H]([C@H]
([C@@H]([C@@H](O5)C(¼O)OC)OC(¼O)C)OC(¼O)C)OC(¼O)C)C)C)O

�6.00

33 CCN(CC)S(¼O)(¼O)c1ccc(cc1)C(¼O)NCc2nnc(n2c3ccccc3OC)SCC(¼O)Nc4ccc(cc4)OC �5.86
34 COc1c(c(cc(c1)/C¼ [NHþ]/CCCN2CCN(CC2)CCC/[NHþ]¼C/c3cc(c(c(c3)OC)OC)OC)OC)OC �5.83
35 C/C(¼C\CC[C@](C)(C¼ C)O[C@H]1[C@@H]([C@H]([C@@H]([C@H](O1)CO)OC(¼O)/C(¼C/CC[C@](C)(C¼ C)O)/C)OC(¼O)/C(¼C/CC[C@@](C)

(C¼ C)O)/C)O)/C(¼O)O
�5.65

36 CC(¼O)O[C@@H]1[C@H]([C@@H](O[C@@H]([C@@H]1O)O[C@@H](C/N¼ C/c2c3ccccc3ccc2O)[C@@H](CO)O[C@@H](C/
N¼ C/c4c5ccccc5ccc4[O-])O) CO)O

�5.59

37 CCOC(¼O)c1ccc(cc1)NC(¼O)CSc2nnc(n2c3cc(ccc3OC)OC)CNC(¼O)c4ccc(cc4)S(¼O)(¼O)N(C)C �5.53
38 C/C(¼N\O)/C(NCCC(CCNC(/C(¼N/O)/C)(C)C)CCNC(¼O)CCCC(¼O)Oc1c(c(c(c(c1F)F)F)F)F)(C)C �5.52
39 CCCCC/C¼ C\C/C¼ C\C¼ C/C¼ C\[C@H]([C@H](CCCC(¼O)OC)O)SC[C@](C(¼O)NCC(¼O)[O-])([NH3þ])N1[C@@H](CCC1¼O)C(¼O)[O-] �5.49
40 C/C¼ C(\C[C@@H](N(Cc1c[nHþ]c(nc1N)C)C¼O)O)/SS/C(¼C\C)/C[C@@H](N(Cc2cnc(nc2N)C)C¼O)O �5.47
41 c1c(csc1COc2c3c(nc(n2)N)n(cn3)CCCCCCCCO[C@@H]4[C@H]([C@@H]([C@@H]([C@@H](O4)CO)O)O)O)Br �5.17
42 CCO[P@@](¼O)(CCCCCCCCCC(¼O)NCCCCCNC(¼O)CCCC[C@@H]1[C@@H]2[C@@H](CS1)NC(¼O)N2)[O-] �4.87
43 c1ccc(c(c1)C(¼O)[O-])NC(¼O)CCCCCN2C(¼O)/C(¼C\3/C(¼O)N(C(¼S)S3)CCC CCC(¼O)Nc4ccccc4C(¼O)[O-])/SC2¼ S �4.87
44 C/C¼ C(\C[C@H](N(Cc1cnc(nc1N)C)C¼O)O)/SS/C(¼C\C)/C[C@@H](N(Cc2cnc(nc2N)C)C¼O)O �4.70
45 c1cc(c(cc1C[C@H](C(¼O)[O-])OC(¼O)[C@@H]2[C@@H]([C@@H]([C@@H] 2C(¼O)O[C@@H](Cc3ccc(c(c3)O)O)C(¼O)

[O-])c4ccc(c(c4)O)O)c5ccc(c(c5)O) O)O)O
�4.60

46 CC1(c2ccccc2[Nþ](¼C1/C¼ C/C¼ C/3\C(c4ccccc4N3CCCCC(¼O)NCCOCCOCC[NH2þ]CCO[C@@H]5[C@H]([C@H]([C@@H]([C@@H](O5)CO)O)
O)O)(C)C)C)C

�4.42

47 CC(C)(C)OC(¼O)C[NHþ](CC(¼O)OC(C)(C)C)[C@@H](Cc1ccc(cc1)N)CN(CC(¼O)OC(C)(C)C)CC(¼O)OC(C)(C)C �4.29
48 COc1cc(c(c(c1OC)OC)S(¼O)(¼O)NCCOc2ccccc2)S(¼O)(¼O)NCCOc3ccccc3 �3.80
49 CC[C@H]([C@](C)(/C¼ C(\C)/C(¼O)[C@H](C)C[C@@](C)([C@@H]([C@@H](C)[C@@H]([C@@H](C)C(¼O)[O-])O[C@H]1C[C@@]([C@H]

([C@@H](O1) C)O)(C)OC)O[C@H]2[C@@H]([C@H](C[C@H](O2)C)[NHþ](C)C)O)OC)O)O
�3.55

50 CCCCCCCCCC(¼O)O[C@@H]1[C@H]([C@@H]([C@@H](O[C@@H]1O[C@@]2([C@@H]([C@@H]([C@@H](O2)CO)O)O)CO)CO)OC(¼O)C(C)C)OC
(¼O)C(C)C

�3.08

51 CCCCCCCCCCCCCCCCO[C@H]1[C@@H]([C@H]([C@@H]([C@H](O1)CO)O[C@@H]2[C@@H]([C@H]([C@@H]([C@H](O2)CO)O)O)O)O)O �2.00
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likeliness, Ghose, Veber, Egan, and Muegge filters have been
used in the study. Rhinacanthin E with bioavailability score
of 0.55 is the only compound that satisfied all the rules used
to predict the drug likeliness. Theaflavin-3-30-digallate, rutin,
hypericin, and robustaflavone did not follow any of the rules
for oral drug likeliness, however, these lead molecules upon
in-vitro, in-vivo, and clinical trials, can be administered
through other routes of drug administration namely, intra-
venous, intranasal, intraperitoneal, and subcutaneous. None
of the drugs are either mutagenic or carcinogenic. Every
compound is hepatotoxic if administered above pre-
scribed limits.

Theaflavin derivatives, theaflavin (TF1), theaflavin-3-
monogallate (TF2A), theaflavin-30-monogallate (TF2B), and
theaflavin-3-30-digallate (TF3) extracted from black tea, was
proven to be an anti-oxidant, anti-cancer, anti-inflammatory,
and antiviral agents. Determining the anti-HSV1-1 effect on
Vero and A549 cells, TF3 showed the best activity among
other theaflavin derivatives with a half-maximum effective
concentration (EC50 ¼ 20 mM) and selective index (SI ¼ 4).
The cytotoxicity of TF3 was evaluated via MTS assay showing
non-toxicity up to 75 mM, with a hindrance in cell prolifer-
ation at the rate of 2.75%. The CC50 value was obtained as
112.5 mM, moreover, TF3 showed the best antiviral potency
when compared to other derivatives (De Oliveira et al.,
2005). Rutin, water-insoluble ubiquitous flavonoid was
studied in-vitro regarding its potent antiviral ability against
the Dengue virus type-2 (DENV-2). The 50% cytotoxicity
value of the compound via MTT assay was evaluated as
>1000 mg/mL (CC50). Thus, showing no significant cytotox-
icity against Vero cells (Keivan et al., 2011; Silva et al., 2011).
Hypericin, with effective inhibitory activity against Retrovirus,
had a low in-vitro cytotoxic activity with the concentration
enough to show antiviral effect in Friend virus-induced mur-
ine tissue culture. With prolonged exposure at a dose of
<50mg/mL, for almost 9 days, the viability of the culture was
retained along with the proliferation rate (Meruelo et al.,
1988). Rhusflavone exhibited significant antiviral activities
against the Influenza virus, measles, and HSV-2 viruses with
SI values of 9.3, 8, and >6.4. The lower EC50 value of the
rhusflavone against these viruses indicates high potency at
low concentrations. Robustaflavone has a significantly higher
SI value (438) against the Influenza B virus and slightly mod-
erate activity against influenza virus B and found to be the
most potent antiviral drug among the screened compounds
(Lin et al., 1999). Robustaflavone was reported against HIV-1
reverse transcriptase (RT), with IC50 values of 65mM, and
proved to be an efficient drug component (Perez, 2003).
Ginkgetin had lower cytotoxicity and was found to be a
potent inhibitor against the influenza virus even at lower
concentrations when used as a conjugate with sialic acid
(Miki et al., 2007). Ginkgetin caused a dose-dependent inhib-
ition of virus replication with a 50% cytotoxic activity at
12.8 pg/mL and 50% anti-HSV-1 activity at 0.91ug/ml, the
therapeutic index 14.1. Ginkgetin also showed inhibitory
effects against HSV type 2 and human cytomegalovirus with
therapeutic indices of 13.8 and 11.6, respectively. Ginkgetin
had a weak viricidal activity against HSV-1 at more thanTa
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5mg/mL. Both adsorptions of HSV-1 to host cells and virus
penetration into cells were unaffected by this agent.
Ginkgetin suppressed viral protein synthesis when added at
various steps of HSV-1 replication and exerted strong inhib-
ition of transcription of the immediate-early genes (Hayashi
et al., 1992). Rhinacanthin E exhibited significant antiviral
activity against influenza type A virus (Flu-A) when tested in
a hemadsorption-inhibition assay and in viral cytopathic
effect assay. Under the assay conditions used, the compound
exhibited some cytotoxicity, but at concentrations well above
the antiviral endpoints (Kernan et al., 1997). Rhinacanthin E
exhibits antiviral activity against the influenza PR8 virus with
CC50 >50 (Ngoc et al., 2019). Betulinic acid, a natural triter-
pene is associated with anti-cancer, anti-bacterial, and anti-
malarial properties. On estimating the anti-viral herpesviral
activity, it was found that the betulinic acid showed compel-
ling inhibition, with IC50 ¼ 1.6mM. The cytotoxicity examined
in Vero cells was found to be CC50 greater than 100 mM
(Visalli et al., 2015). Thus, natural phytocompounds are not
naturally occurring and reported negligible toxicity when
tested in-vitro, hence could be a promising drug candidate
and can be tested in-vitro then in-vivo.

3.3. Pharmacokinetics of drugs that are currently
repurposed against COVID-19

Pharmacokinetic properties of the drug that are currently
repurposed against COVID-19 is reported in table 11. Of
these drugs, except favipiravir, festinavir, and remdesivir, the
rest of the other drugs are approved by the FDA. None of
these drugs were carcinogenic. No drugs inhibited the cyto-
chromes. Azithromycin and remdesivir were P-glycopro-
tein inhibitors.

Drugs dexamethasone, hydroxychloroquine, oseltamivir,
and chloroquine satisfied all the drug likeliness properties.
Festinavir and favipiravir did not satisfy the Ghose filter
respectively. Azithromycin and remdesivir did not satisfy any
of the drug likeliness properties (Table 12). The Lipinski’s rule
of 5 is one the essential criteria for oral drug likeliness, that
was not satisfied by remdesivir and azithromycin with 2 vio-
lations each.

Hydroxychloroquine and chloroquine share similarities
with each other and found to be AMES toxic, from the two,
chloroquine is more toxic compared to hydroxychloroquine,
hence hydroxychloroquine has the greater therapeutic ratio

Table 8. Drug likeliness of top 10 ligands with high binding energies.

S. No Compound Lipinski Ghose Veber Egan Muegge Bioavailability score

1 Theaflavin-3-30-digallate No No No No No 0.17
2 Rutin No No No No No 0.17
3 Hypericin No No No No No 0.17
4 Robustaflavone No No No No No 0.17
5 (-)-Solenolide A Yes No Yes No Yes 0.55
6 Rhusflavone No No No No No 0.17
7 Ginkgetin Yes No No No No 0.55
8 Rhinacanthin E Yes Yes Yes Yes Yes 0.55
9 Sorbarin Yes Yes No No No 0.55
10 Betulinic acid Yes No Yes No No 0.56

Table 9. Toxicity properties of top 10 ligands with high binding energies.

S. No Compound
AMES
toxicity

Acute oral
toxicity
(kg/mol) Carcinogenicity Hepatotoxicity

Tetrahymena
Pyriformis
Toxicity

pIGC50, mg/L

Rat acute
toxicity

LD50, mol/kg Biodegradation

1 Theaflavin-3-30-digallate No 2.952 No Yes 0.653 2.669 No
2 Rutin No 2.593 No Yes 1.200 2.593 No
3 Hypericin No 1.010 No Yes 2.175 2.687 No
4 Robustaflavone No 1.529 No Yes 1.143 3.123 No
5 (-)-Solenolide A No 4.951 No Yes 0.847 2.566 No
6 Rhusflavone No 2.712 No Yes 0.917 3.643 No
7 Ginkgetin No 2.492 No Yes 1.046 2.898 No
8 Rhinacanthin E No 2.185 No Yes 0.809 3.045 No
9 Sorbarin No 2.669 No Yes 1.027 2.545 No
10 Betulinic acid No 3.382 No No 1.575 3.891 No

Table 10. Lipinski properties of ligands.

S. No Compound
Molecular weight
in g/mol (<500 Da) Log P (<5)

H-bond
donor (<5)

H-bond
acceptor (<10)

Molar refractivity
(<130)

1 Theaflavin-3-30-digallate 868.7 0 13 20 0
2 Rutin 610.5 0 10 16 0
3 Hypericin 504.4 1.15 6 10 49.73
4 Robustaflavone 538.5 �0.02 6 10 121.82
5 (-)-Solenolide A 555.1 �0.69 2 9 107.71
6 Rhusflavone 542.5 �0.22 6 10 122.19
7 Ginkgetin 566.5 �1.04 4 10 124.72
8 Rhinacanthin E 442.4 1.74 0 9 85.23
9 Sorbarin 432.4 �1.91 6 10 89.83
10 Betulinic acid 456.7 0.42 2 3 98.49
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(Table 13) (Wallace et al., 2012). These two drugs in S(þ)
hydroxychloroquine and S(þ) chloroquine forms had signifi-
cantly contributed renal failure at high dosage compared to
S(-) hydroxychloroquine and S(-) chloroquine forms (Salazar-
Bookaman et al., 1994). The dosage of chloroquine is often
given lower when compared to hydroxychloroquine.
Chloroquine, favipiravir, festinavir, and remdesivir were
reported to be hepatotoxic. Azithromycin, an antibiotic was
found to be toxic causing phospholipidosis during clinical tri-
als in rats (30mg/kg dose) was reported (Patel et al., 2019).
None of the natural compounds did report any toxicity and
mutagenic property. Lethal doses (LD50) of all the natural
compounds were higher when compared to chemical drugs,
which denotes that even at a higher dosage, natural com-
pounds are less toxic compared to chemically synthesized
drugs. Thus, chemical drugs are toxic from the pharmacoki-
netic predictions compared to natural compounds, moreover,
natural compounds have shown potential against several dis-
eases with the least side effects (Ardalan & Rafieian-
Kopaei, 2013).

3.4. Molecular dynamics simulations

To investigate the stability and dynamics of the free protein
(PDB Id: 6LU7), protein-N3 co-crystallized complex, and top 3
ligand-protein complexes that showed high affinity low bind-
ing energy were simulated for 50 ns to analyse the RMSD
and RMSF (Figure 15 (i to x)). Lower the RMSD, greater the
stability of protein (Aier et al., 2016). Mpro of Covid-19 was
considered as control in our MD simulation calculations, pro-
tein and protein-ligand co-crystallised complex of Mpro were
found to be stable within 50 ns of simulation. The RMSD of
free protein was found to increase initially and reached
2.25 Å at 20 ns and later the RMSD decreased slightly to 2 Å
and remained constant for the remaining simulation and no
significant deviation in the RMSF of each amino acid residue
measured with respect to Ca carbon atom was observed dur-
ing the simulation (Figure 15(i)). The highest fluctuation was
observed in the ASP 155 with RMSF of 2 Å possibly due its
high flexibility due to the formation of b-turn in the protein
structure at that position (Huang et al., 2003) (Figure 15(ii)).

For the MD of protein and ligand complexes, the
response was studied in terms of protein and ligand RMSD
values that is generally used to measure the scalar distance
for the protein (Ca backbone) and ligand throughput the tra-
jectory. For the protein-N3 co-crystallized complex, the pro-
tein attained a maximum RMSD value of 3.1 Å at 35 ns and
decreased further increase in the time up to 50 ns and
became stable. For the same complex, the N3 ligand under-
went fluctuations initially and reached 4.5 Å and became sta-
ble touched 4.0 Å at 50 ns (Figure 15(iii)). The RMSF of the
complex remained less than 2Å throughout the simulation
(Figure 15(iv)). In comparison with control, three of our test
complexes viz., theflavin-3-3-digallate, rutin, and hypericin
performed well and were stable.

Theaflavin-3-3-digallate-protein also performed well, and
there was no much fluctuation observed in the complex dur-
ing MD simulation. The protein RMSD remained stable, andTa
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the maximum deviation was observed at 37 ns (2.5 Å) that
later got stabilized (Figure 15(v)). The ligand RMSD was
found maximum at 13 ns and further got stable for the rest
of the simulation time. The maximum fluctuation in RMSF
was observed in the residue GLY 275 probably (Figure 15(vi))
due to its high flexibility because of the proton side chain
and backbone u and w angles responsible for the degree of
rotation (Ko�ca et al., 1994).

In the rutin-protein complex, the protein was stable till
35 ns within 2.4 Å, then fluctuated slightly and became stabi-
lized after 45 ns remained within �2Å. The ligand showed a
little fluctuation but got stable till 10 ns and then got a sharp
jump in RMSD at 42 ns which further came down (Figure
15(vii)). The RMSF of the rutin-protein complex was stable
with fewer fluctuations. Among the three test complexes,
hypericin-protein showed a little fluctuation in RMSD. The
highest RMSF of 2.55 Å was observed towards the terminal
end of the protein, SER 301, a flexible amino acid
(Figure 15(viii)).

For the hypericin-protein complex, the protein RMSD fluc-
tuated initially at attained peak at 14 ns with 2.7 Å and got
stabilized for rest of the simulation. The ligand RMSD was
stable throughout the simulation and fluctuated slightly after
45 ns and was stabilized on reaching 50 ns (Figure 15 (ix)).
Hypericin fluctuated throughout the simulation was reported
by Islam et al. (Islam et al., 2020). Similar to theaflavin-3-30-
digallate, the RMSF values during the simulation was
observed highest in GLY 275 however, the complex was sta-
ble (Figure 15(x)).

Protein-ligand interactions provided a better insight of
simulation, elucidated the conformational stability, and cor-
related well. CYS 145, HIS 41, and GLU 166 were among
the top critically important residue which was observed to
play a predominant role in ligand binding (Figure

16(i–viii)). CYS 145 worked as a nucleophile and has its
major role in the formation of a covalent bond with the
ligand. However, we were not focussing on covalent inhib-
ition in the present work. In the N3-Mpro complex, GLU
166 donated side chain hydrogen bonds 54%, 67%, and
68% of the time to nitrogen (lone pair electrons), oxygen,
and hydrogen atoms of the inhibitor (Figure 16 (i)). THR
190 formed bonds with N-H 94% of the time with the lig-
and. GLY 143 and SER 144 donated their side chain hydro-
gen bonds 32% and 51% of the time with a hydroxyl
group on the ligand. Lowering the contact strength further
less than 50%, water momentarily starts to form bridge
interactions. A few hydrophobic interactions were formed
with the MET 49, CYS 145, MET 165, and PRO 168 residues
(Figure 16(ii)). All three test complexes were found to
interact with HIS 41 and GLU 166 with an average occu-
pancy of more than 50% throughout the simulation.
Theaflavin-3-3-digallate was found to interact with GLU 166
and HIS 41 with more than 80% and along with these
two, it was also able to engage ASP 187 with 86% and a
bridge between ligand-water-ASN 119 and THR 26 with
81% and 79% (Figure 16(iii)). Moreover, water molecules
started to interact with the residues. Hydrophobic interac-
tions were formed with MET 49 and CYS 145 residues
(Figure 16(iv)).

Rutin and hypericin were able to form intramolecular
bonds throughout the simulation. Rutin formed a stable
interaction with GLU 166 and was found to interact with
the hydroxyl group for 98% and donated its side chain to
oxygen tom for 66% of the time (Figure 16(v)). THR 190
and HIS 41 residues donated their hydrogen bond side
chains 71% and 54% of the time with a hydroxyl group in
the ligand. GLN 189 interacted 47% with an oxygen atom
of the ligand. MET 49, MET 165, and PRO 168 formed

Table 12. Drug likeliness of drugs currently repurposed.

S. No Compound Lipinski Ghose Veber Egan Muegge
Bioavailability

score

1 Dexamethasone Yes Yes Yes Yes Yes 0.55
2 Hydroxychloroquine Yes Yes Yes Yes Yes 0.55
3 Festinavir Yes No Yes Yes Yes 0.55
4 Oseltamivir Yes Yes Yes Yes Yes 0.55
5 Chloroquine Yes Yes Yes Yes Yes 0.55
6 Remdesivir No No No No No 0.17
7 Azithromycin No No No No No 0.17
8 Favipiravir Yes No Yes Yes No 0.55

Table 13. Toxicity properties of drugs currently repurposed.

S. No Compound
AMES
toxicity

Acute
oral

toxicity
(kg/mol) Carcinogenicity Hepatotoxicity

Tetrahymena
Pyriformis
Toxicity

pIGC50, mg/L

Rat acute
toxicity

LD50, mol/kg Biodegradation

1 Dexamethasone No 2.486 No No 0.737 2.148 No
2 Hydroxychloroquine Yes 2.665 No No 1.818 2.634 No
3 Festinavir No 2.025 No Yes 0.925 2.090 No
4 Oseltamivir No 2.713 No No 0.276 2.269 No
5 Chloroquine Yes 2.684 No Yes 1.891 2.954 No
6 Remdesivir No 3.428 No Yes 1.645 2.717 No
7 Azithromycin No 3.202 No No 0.524 2.542 No
8 Favipiravir No 1.780 No Yes 0.675 2.126 No
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hydrophobic bonds (Figure 16(vi)). Hypericin was found to
form a water network with GLU 166 which was stable for
33% and oxygen atom with HIS 41 for 84% throughout
the simulation (Figure 16(vii)). Similar to other compounds,
hydrophobic interactions were formed by CYS 145, MET
165, LEU 167, and PRO 168 residues (Figure 16(viii)). In

summary, many hydrogen bonds were formed between
GLU 166, HIS 41, and the protein was observed, thus con-
tributing to high binding affinity. Comparing the results
with our Control (PDB Id: 6LU7), theaflavin-3-30-digallate
was found to be more stable and could be further
explored for in-vitro or in-vivo studies.

Figure 15. Molecular dynamics RMSD and RMSF of free Mpro (i, ii); N3-Mpro co-crystallized complex (iii, iv); theaflavin-3-3’-digallte (v, vi); rutin (vii, viii); hypericin
(ix, x).
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Figure 16. Protein-ligand contact plots and ligand-protein interaction residues of co-crystallized complex (i, ii); theaflavin-3-3’-digallate (iii, iv); rutin (v, vi); hyperi-
cin (vii, viii).
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4. Conclusion

Till today there is no cure for SARS-CoV-2 disease, research
ongoing in developing lead molecules and precursors that
could act as potential antiviral drugs against the disease. The
motive of the present study was to discover natural com-
pounds that could be potential antiviral agents to inhibit the
viral SARS-CoV-2 Mpro (PDB Id: 6LU7), thereby neutralizing its
virulence. Two hundred potential antiviral natural com-
pounds previously reported were surveyed from the litera-
ture and databases. The active site of the protease was
determined using the MetaPocket 2.0 online server.
Molecular docking was done using AutoDock 4.2.6 along
with supporting software and Discovery Studio 3.5 to eluci-
date the interactions between the ligands and Mpro. Out of
two hundred compounds docked, the top ten compounds
with high binding energies were reported. Theaflavin-3-30-
digallate (-12.41 kcal/mol), rutin (-11.33 kcal/mol), hypericin
(-11.17 kcal/mol), robustaflavone (-10.92 kcal/mol), and (-)-sol-
enolide A (-10.81 kcal/mol) have shown potential to inhibit
the protease. The study was compared by docking Mpro with
FDA approved viral protease inhibitors. Drugs like atazanavir
(-13.24 kcal/mol), saquinavir (-12.74 kcal/mol), and darunavir
(-12.50 kcal/mol) were found to inhibit the protease very
effectively and the interactions were compared with natural
compounds. The study also analyzed the efficiency of drugs
that are currently repurposed against COVID-19 using dock-
ing studies. Pharmacokinetics and toxicity properties of nat-
ural compounds and drugs repurposed against COVID-19
were reported and studied. Even though FDA approved
drugs possessed high binding energies, the number of
hydrogen bonds formed with Mpro were found to be less
when compared to the hydrogen bonds formed with natural
compounds used in the study. Natural compounds like flavo-
noids, terpenoids, alkaloids, phenolics, tannins, and saponins
are plant metabolites and did not possess any mutagenic
and carcinogenic properties. There are least or no side
effects caused by natural compounds. (-)-Solenolide A, gink-
getin, rhinacanthin E, sorbarin, and betulinic acid satisfied
the Lipinski rule for oral drug likeliness. Rhinacanthin E satis-
fied all the filters used for assessing the drug likeliness.
Molecular dynamics were performed for 50 ns to assess the
stability and flexibility using the Desmond package,
Schr€odinger and the results reported that the protein and
ligand complexes were stable throughout the simulation. On
the whole, phytocompounds that are a part of our day-to-
day diet were found to be very potent antiviral candidates
against COVID-19, hence one could prevent the infections
using these. This research could act as a road map for the
discovery of natural antiviral compounds. Thus, in-silico stud-
ies provided rapid and comprehensive insights into results in
screening a library of compounds. Future studies will focus
on the other virulent protein of SARS-CoV-2 though in-silico
studies. In-vitro and in-vivo clinical trials with the top com-
pounds reported in the study that has shown potential
towards inhibiting the protease. Advancements in bio nano-
technology have led to the development of targeted drug
delivery systems using nano-synthesized metal, metal oxide,
and polymeric nanoparticle carriers. Nanomaterials have

enhanced electrical, electrical, optical, physical, and chemical
properties, high surface area, and permeability. Future stud-
ies will also focus on natural compounds as capping and
reducing agents onto metal nanoparticles which will surely
provide positive insights towards the cure of infection.
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