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ABSTRACT
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been responsible for the current
global pandemic that has caused a death toll of >1.12 million worldwide and number continues to
climb in several countries. Currently, there are neither specific antiviral drugs nor vaccines for the
treatment and prevention of COVID-19. We screened in silico, a group of natural spice and herbal sec-
ondary metabolites (SMs) for their inhibition efficacy against multiple target proteins of SARS-CoV-2 as
well as the human angiotensin-converting enzyme 2 protein. Docking and simulation results indicated
that epicatechin, embelin, hesperidin, cafestol, murrayanine and murrayaquinone-A have higher inhib-
ition efficacy over at least one of the known antiviral drugs such as Hydroxychloroquine, Remdesivir
and Ribavirin. Combination of these potentially effective SMs from their respective plant sources was
analysed, and its absorption and acute oral toxicity were examined in Wistar rats and classified as cat-
egory 5 as per the Globally Harmonized System. The identified SMs may be useful in the development
of preventive nutraceuticals, food supplements and antiviral drugs.

Abbreviations: COVID-19: coronavirus disease 2019; E: envelope protein; ER: endoplasmic reticulum;
ExoN: Guanine-N7 methyltransferase; DMV: double-membrane vesicle; hACE2: human angiotensin-con-
verting enzyme 2; Hel: helicase; HPLC: high-performance liquid chromatography; LC-MS: liquid chroma-
tography–mass spectrometry; M: membrane protein; MD: molecular dynamics; MERS-CoV: Middle East
respiratory syndrome coronavirus; NC: nucleocapsid protein; NendoU: nidoviral RNA uridylate-specific
endoribonuclease; Nsp: non-structural protein; RBD: receptor binding domain; RCT: replicase/transcript-
ase complex; S: spike glycoprotein; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; SM:
secondary metabolite
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Highlights

� Secondary metabolites (SMs) from selected spices and
herbs were screened in silico for their interactions with
SARS-CoV-2 proteins.

� Epicatechin and hesperidin emerged as potent multitar-
get inhibitors with better inhibition efficacy in silico in
comparison with some of the known antiviral drugs.

� Anupana, a herbal extract was shown to contain epicate-
chin, hesperidin and mangiferin.

� It is suggested that the data presented here may be use-
ful in development of preventive nutraceuticals, food sup-
plements and antiviral drugs.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is responsible for the current global pandemic of coronavirus
disease 2019 (COVID-19) that began in Wuhan, Hubei province
of China (Huang et al., 2020; Wang, Xu, et al., 2020; Zhu et al.,
2020). It belongs to Coronaviridae family of Nidovirales order
and has the characteristic crown-like spikes on its outer sur-
face. Members of the Coronaviridae family such as SARS-CoV
(Drosten et al., 2003; Ge et al., 2013; Ksiazek et al., 2003; Wang
et al., 2005), Middle-East respiratory syndrome coronavirus
(MERS-CoV) (Zaki et al., 2012), and SARS-CoV-2 have crossed
the species barrier to cause deadly pneumonia in humans
since the beginning of the 21st century (Guan et al., 2020).
SARS-CoV-2 has infected more than 40.4 million peoples across
the world and caused more than 1.12 million deaths as on
October 21, 2020 as per World Health Organization. Highly
pathogenic zoonotic pathogens SARS-CoV, MERS-CoV, and
SARS-CoV-2 belong to the b-coronavirus genus and low-patho-
genicity coronaviruses Viz. HCoV-OC43, HCoV-HKU1, HCoV-
NL63, and HCoV-229E belong to a-coronavirus genus and they
cause infections in humans (Owusu et al., 2014).

In December 2019, SARS-CoV-2 was isolated and in
January 2020, the 29,800 bp long single-strand RNA genome
sequence was reported (Zhou et al., 2020; Zhu et al., 2020).
As on October 21, 2020 there are 92 genomes assembled
and annotated, and 29,569 genome sequences deposited in
NCBI from across the world (https://www.ncbi.nlm.nih.gov/
sars-cov-2/). Although only a few variants have been
observed among the sequenced genomes so far, a high level
of homology and conserved genome architecture is clearly
observed among them. Transmembrane spike glycoprotein
(S) protruding from the viral surface of SARS-CoV-2 is
reported to form homotrimers with human angiotensin-con-
verting enzyme 2 (hACE2) receptor to enter target cells
(Kirchdoerfer et al., 2018; Song et al., 2018). The receptor
binding domain (RBD) region of S glycoprotein is recognized
by the critical lysine 31 residue of the hACE2 receptor pro-
tein (Wan et al., 2020). Conformational change occurs in S
protein once it is bound to the receptor and this facilitates
viral envelope infusion into the cell membrane via endoso-
mal pathway. Subsequently, SARS-CoV-2 uses the host ribo-
some to release the RNA genome having 50-untranslated
region (50-UTR), open reading frames orf1a/b (longest), 3, 6,

7a, 7b, 8, 9b as well as spike, envelope, membrane, nucleo-
capsid proteins, and 30-untranslated region (30-UTR). The
orf1a encodes 16 Non-structural proteins (Nsps) which form
the replicase/transcriptase complex (RTC), while the remain-
ing orfs produce structural and accessory proteins (Shereen
et al., 2020; Wu, Liu, et al., 2020; Zhou et al., 2020). The RNA
and viral proteins assemble into virions in the endoplasmic
reticulum (ER) and Golgi and are then transported by vesicles
to the cell membrane to be released out of the cell.

Nsp 1 and 2 inhibit and modulate host translation mech-
anism while Nsp 3 and 5 act as proteases that cleave and
activate the viral polyprotein. Nsp7 forms a hexadecamer
with Nsp8 and may participate in viral replication by acting
as a primase. RNA-directed RNA polymerase (RdRp) complex
is formed by Nsp 7, 8, and 12 and participate in replication
and transcription, whereas Helicase (Hel/Nsp13) and
Guanine-N7 methyltransferase (ExoN/Nsp14) are responsible
for unwinding and proofreading, respectively. Nsp10/Nsp16
complex plays a pivotal role in viral transcription by stimulat-
ing ExoN and 2-O-MT activity. Uridylate-specific endoribonu-
clease (NendoU) is associated with RNA processing that
include RNA endonuclease activity producing 20-30 cyclic
phosphodiester and 50-hydroxyl termini activity (Kim et al.,
2020; Romano et al., 2020). The structural proteins i.e. S,
membrane protein (M), nucleocapsid protein (NC) and enve-
lope protein (E) are responsible for virus morphogenesis and
assembly. Further, Nsp 4 and 6 participate in vesicle forma-
tion and induction of autophagosomes from the host ER. Of
these viral proteins, Papain-like proteinase (Nsp3), Proteinase
3CLpro (Nsp5), RdRp, S and NC proteins have been the can-
didates of choice as potential drug targets (Sanders, 2020).
However, no new drug that specifically interacts with SARS-
CoV-2 proteins has been developed yet, though some repur-
posed drugs are being currently employed.

Alternate medicines, mostly herbal and spice based have
now assumed importance in countries like India and several
such preparations are already in the market. Spices and
medicinal plants are essential ingredients in the traditional
Indian cuisinewhich are known to be rich in a wide range of
biologically active secondary metabolites (SMs). For long,
extracts containing these SMs have been used as antiviral,
anti-inflammatory, anticancer agents as well as a cure for dia-
betes in the Indian traditional herbal medicine practice
known as “Ayurveda.” For instance, one such Ayurvedic con-
coction, Anupana, is a combination of herbal ingredients,
taken along with food and medicine for improving their
absorption and bioavailability (Jaseela & Krishna, 2019). Most
of these herbal formulations are based on traditional wisdom
and from ancient medical treatises. Some of the SMs were
shown to have empirically defined pharmacological proper-
ties (Ang et al., 2020; Sachan et al., 2018; Wu, Zhao, et al.,
2020; Zachariah & Leela, 2018) and are taken routinely as a
simple component of food or as health supplements based
on specific indications. The advantage being that in most
cases, they have no major side-effects. However, not much is
known about the precise molecular mechanisms by which
SMs interact with various structural and functional molecules
impacting vital viral processes such as absorption, replication,
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host transcription and translation, host suppression, patho-
genesis and spread. Advances in metabolomics, genomics,
and bioinformatics provide powerful tools to investigate the
scientific basis for such properties exhibited by these herbs,
spices, and other plant extracts. In the present work, we
have investigated the molecular interaction between selected
SMs from well-known herbs and spices, and the target pro-
teins of the virus involved in well characterised functions. We
analysed their potential inhibitory activity against all the
encoded SARS-CoV-2 proteins. Our study reveals that six of
these SMs are superior in their inhibitory activity over some
of the well-known and or repurposed antiviral drugs in the
market. In addition, we present in silico and biochemical data
showing that the herbal concoction, Anupana, contains three
of these SMs viz. epicatechin, hesperidin and mangiferin that
are shown to be highly active as inhibitors of viral proteins,
thus providing a reasonable basis for further clinical
investigation.

Materials and methods

Target proteins of SARS-CoV-2

The genome of SARS-CoV-2 is known to produce a total of 27
proteins. Of these, 17 are selected as potential target proteins
for screening of naturally available SMs from various herbs and
spices. Among these, crystal structures have been recently
released for eight proteins viz. Papain-like proteinase,
Proteinase 3CLpro, Nsp7-Nsp8 complex, Nsp9, Nsp10-Nsp16
complex, RdRp, NendoU, S and NC. Nsp1, Nsp2, Nsp4, Nsp6,
Hel, ExoN, M and E; they have been modelled using Swiss
Model (https://swissmodel.expasy.org/) and I-Tasser web ser-
ver (https://zhanglab.ccmb.med.umich.edu/). Additionally, we
have also selected human hACE2 enzyme as the target protein
to study its possible interaction with these SMs. The details
about these proteins, their function, binding sites, grid size
and hydrogen bonding residues are listed in Table 1.

Selection of SMs from Indian medicinal and
spices plants

Based on literature and traditional knowledge, we selected
SMs that were reported to have anti-inflammatory, anti-can-
cer and/or anti-viral activities and their details are given in
Table S1. Along with these SMs, we also selected known
drugs, viz. Arbidol (Umifenovir), Chloroquine, Colchicine,
Dexamethasone, Hydroxychloroquine, Losartan, Remdesivir,
Ribavirin, Oseltamivir and Quinazoline, some of these are cur-
rently being used for the treatment COVID-19. ADMET for
each compound were calculated using Qikprop tool of the
Schrodinger suite (QikProp; Schr€odinger, LLC, New York,
NY, 2020).

Docking and molecular dynamics simulation

Protein preparation wizard program was used to prepare, in
silico and each selected protein and a grid was prepared on
the binding site of each protein (Table 1). The ligand

preparation was performed for all selected compounds
(Table S1) using LigPrep (Epik; Schr€odinger, LLC). Single-pre-
cision (SP) glide docking algorithm that has good scoring
function for receptor-ligand interaction was used to perform
docking. SP uses a number of hierarchical filters to identify
the possible interacting locations of the ligand in the bind-
ing-site of the receptor protein. The shape and properties of
the receptor binding site are represented by the grid and
their coordinates are listed in Table 1. The compounds were
ranked based on the docking score (Glide; Schr€odinger, LLC).
The program also calculates different scores such as ligand
efficacy, H-bond, lipo, evdw, etc. Two-dimensional interaction
diagrams for top protein-ligand complexes were generated.
Based on docking score, ligand efficacy, and H-bond inter-
action analysis, best complex was selected for molecular
dynamics (MD) simulation and performed using OPLS 2005
force field in Desmond molecular dynamics package incorpo-
rated in Schrodinger suite (Bowers et al., 2006). Selected pro-
tein-ligand complexes were solvated in TIP4P water model in
an orthorhombic box with periodic boundary conditions. For
each system, charges were neutralized using appropriate cat-
ion (Naþ) or anion (Cl�) along with a salt concentration of
0.15mol/L. The prepared system was energy minimized for a
convergence threshold of 1.0 kcal/mol/Å by using the steep-
est descent method, and the NPT ensemble was used for
minimization and relaxation of the system. 300� K standard
temperature and 1.013 bar pressure level was maintained
during production run of 50 ns. The generated MD trajecto-
ries were analysed and RMSD, RMSF and Hydrogen bond
interactions were calculated for each using in-built trajectory
analysis tool for Desmond (Maestro-Desmond Interoperability
Tools; Schr€odinger, LLC).

Testing and validation of Anupana constituents

Docking and simulation studies reveal that active molecules
against SARS-CoV-2 are SM and belong to ketone, polyphe-
nol, carbazole, tannin and flavonoid families. This prompted
us to develop and evaluate Anupana described in Ayurveda.
Accordingly, we analysed the extract on high-performance
liquid chromatography (HPLC) for simultaneous determin-
ation of polyphenols and flavonoids by the adopting the
reported method by Sakakibara et al. (2003). Further, the
Anupana formulation was analysed by Liquid
Chromatography–Mass Spectrometry (LC-MS) to identify the
chemicals present (Covey et al., 1986). Acute oral toxicity of
this Anupana was tested on Wistar rats as per OECD
Guideline No. 423, December 2001.

Results

Structural information and docking analysis of selected
SM and drugs

A set of 69 plant SMs were selected based on the antiviral
properties indicated merely by traditional knowledge and
lacking in rigorous scientific evidence of their underlying
molecular interactions with the virus (Table S1). Molecular
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interaction between catalytic sites of selected protein targets
of SARS-CoV-2 (Table 1) with 69 plant SMs and 10 known
drugs has been analysed. IUPAC name, two-dimensional
structure, sources, and function of selected SMs and known
drugs are listed (Table S1). We also calculated the ADMET for
all selected SMs and known drugs (Table S2). The different
docking scores for each protein are listed in Table S3. The
details of interaction analysis of these molecules with each
protein is described below.

SMs and Nsp1 interaction
Nsp1 also known as eukaryotic translation inhibitor, sup-
presses the host translation initiation mechanism via binding
to the 40S-rRNA that leads to inhibition of host mRNA trans-
lation (Jauregui et al., 2013; Lokugamage et al., 2012; Shen
et al., 2019). Modelled 3D structure of Nsp1 consists of two
a-helices and six mixed parallel/antiparallel strand b-sheets
with a catalytic binding residue i.e. Val35, Glu36, Val38,
Leu39, Glu41, Ala42, His45, Pro67, Tyr68, Leu88, Ala90, Glu91,
Thr151, Asp152, Glu155. Top five molecules based on glide-
docking, ligand efficacy and h-bond scores indicate that
Ribavirin (�5.84), Hydroxychloroquine (�5.134) and plant
metabolites hesperidin (�5.769), embelin-2 (�5.555) and
1-phenylethanethiol (�5.128) are the best inhibitors of Nsp1.
Hesperidin forms hydrogen bonds with Glu36, Ala90, Thr151
and Asp152 and embelin-2 only with Ala90. Ribavirin and
Hydroxychloroquine form H-bonds with Leu88, Glu155 and
Glu36, Glu91 respectively (Figure S1). Hesperidin and embe-
lin-2 show better inhibition capability than
Hydroxychloroquine.1-phenylethanethiol indicated similar lig-
and inhibition pattern as of Ribavirin based on docking, lig-
and efficacy, and H-bond score.

Nsp2 inhibition by SMs
Nsp2 is reported to modulate host cell survival signalling
pathway by interacting with the host prohibitin protein of
virus. Crystal structure of the protein is not reported in PDB
till date. Beat homology model of Nsp2 using chain A of
(2HSX) and the structure binding cavity consists of Cys161,
Cys164, Glu167, Tyr242, Agr246, Ser248, Ile251, Cys253,
His255, Val258 Leu270, Leu271, Ile296 and Phe300 residues
(Angeletti et al., 2020). Docking results indicate that Arbidol
(�7.279) shows most prominent inhibition property. 1-phe-
nylethanethiol (�5.178) has better inhibition efficacy than
artemisinin (�5.174), (�) beta Pinene (�4.584) and (�) alpha
Pinene (�4.572) (Figure S2). These results indicate that 1-
phenylethanethiol, a major constituent of curry leaf (Bergera
koenigii) spice, is found to be a potent inhibitor of Nsp2.

Papain like protease inhibition by Epicatechin
Nsp3 is the longest (1,945 aa) protein among all the
expressed proteins of SARS-CoV-2 genome. This protein con-
sists of two main functional domains i.e. ADP ribose phos-
phatase (6W6Y) and papain-like protease domain (6W9C).
This protein binds to viral RNA, nucleocapsid protein (NC)
and participates in polyprotein processing (Angeletti et al.,

2020). We have selected papain-like protease functional
domain crystal structure for docking analysis. The protein has
Zn2þ metal binding catalytic site (Zn2þ forms bond with
Cys270) and a grid was generated keeping metal ion in the
centre, which includes Lys105, Trp106, Asp108, Lys157,
Leu162, Asp164, Glu167, Tyr264, Asn267, Tyr268, Gln269,
Cys270, and Gly271 residues in the ligand binding sites.
Docking results indicate that among the top five inhibitors,
epicatechin (�7.469) shows best inhibition efficacy scores
among selected inhibitors followed by Colchicine (�6.771),
cafestol (�6.705), embelin-4 (�6.31) and artemisinin
(�6.134). Epicatechin forms H-bonds with Trp106, Asp108,
Glu167, Asn267 and has glide H-bond score of �0.627.
However, cafestol forms H-bond with Asn267 and has glide
H-bond score of �0.608. Embelin-4 forms H-bonds with
Asp108, Glu167 residues. Colchicine and artemisinin form
one H-bond each respectively with Leu167 and Asp108
(Figure S3). These results indicate that epicatechin, a com-
mon SM found in apple, cocoa, tea, grapes, blackberry, is a
potent inhibitor of Papain like protease.

Hesperidin inhibits Nsp4
Nsp4 is known to involve in the formation of double-mem-
brane vesicles (DMVs) structure and is a transmembrane scaf-
fold protein necessary for viral replication. It can be a
potential antiviral target in the treatment of SARS-CoV-2
infection (Sakai et al., 2017). 3D model of Nsp4 was gener-
ated and found its binding cavity includes Asn174, Glu177,
Arg190, Val192, Gly196, Asp217, Ser229, Arg228, Asp259,
Agr400, Leu421, Asn423, Lys424, Glu425, Gly482, Ser483,
Val485, Leu486 residues. Hesperidin (�6.822) and withano-
lide-N (�6.716) were found to have better inhibition efficacy
than Oseltamivir (�6.54) and Hydroxychloroquine (�6.303)
while epicatechin (�6.288) shows similar inhibition efficacy
as Hydroxychloroquine. Hesperidin forms six H-bonds with
Arg228, Agr400, Asn423, Lys424, Gly482, and Leu486 resi-
dues. Withanolide-N and epicatechin form H-bonds respect-
ively with Glu177, Glu227 and Asn174, Glu177, Lys429.
Oseltamivir and Hydroxychloroquine form H-bonds with
Glu177, Glu425 and Glu227, respectively (Figure S4). These
results indicate hesperidin is a potent inhibitor of Nsp4, avail-
able in citrus and mint.

Proteinase 3CLpro and Epicatechin interaction leads
to inhibition
Main proteinase 3CLpro is an attractive target for therapy of
COVID-19 disease and has been studied by various groups.
We have selected recently generated crystal structure of the
main proteinase 3CLpro (6LU7) of SARS-CoV-2. Docking was
performed in the known ligand binding sites and epicatechin
(�6.204), embelin-4 (�6.098), curcumin (�5.981) and aloin
(�5.808) have better inhibition efficacy than Ribavirin
(�5.627) based on docking score. Epicatechin and embelin-4
form three H-bonds with Glu166, Arg188, Gln189 and
Gln107, Phe181, Gly183, respectively (Figure S5). Aloin and
curcumin form H-bonds with Phe140, Gly143, Gln189 and
Phe140, Thr190. Ribavirin forms four H-bonds with Leu141,
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Gly143, Arg188 and Gln189 but its ligand efficiency inside
the cavity is lower than others. Epicatechin seems to have
better inhibition of Proteinase 3CLpro than the other
selected SMs.

Epicatechin inhibition of Nsp6 is comparable to that
of Ribavirin
Nsp6 plays a role in the initial induction of autophagosomes
from host ER and is also involved in the formation of DMVs
(Benvenuto et al., 2020). Protein modelling of Nsp6 was per-
formed using chain A of 4AV3 as a template. Docking results
indicate that Ribavirin (�6.018), epicatechin (�5.695), embe-
lin-4 (�5.489), embelin-3 (�5.425) and embelin-5 (�4.993)
are positioned as top five inhibitors for Nsp6 protein. The
interaction pattern of Ribavirin and epicatechin shows that it
is forming four H-bonds with Phe225, Gly226, Asn255,
Asp267 and Ser173, Gly226, Gly258 Asp267 respectively
(Figure S6). Overall, comparative docking analysis indicates
that natural SM epicatechin may have similar inhibition cap-
acity as of Ribavirin for Nsp6.

Epicatechin is a potent inhibitor of Nsp7/Nsp8 complex
Nsp7 forms hexadecamer with Nsp8 and participates in viral
replication by acting as a primase in RTC along with RdRp
(Astuti & Ysrafil, 2020). From the crystal structure of Nsp7/Nsp8
complex (6WQD) (Kim et al., 2020), the substrate binding is
found to include Asp101, Ans104, Asn105, Asn108, Asp112,
Asn140, Thr141, Thr148, Ser151, Ala152, and Leu153 residues.
Docking results indicate embelin (�4.678), epicatechin
(�4.492), Remdesivir (�4.369), Ribavirin (�4.368) and
Quinazoline (�4.207) are the top five inhibitors. Embelin and
epicatechin have lower docking and ligand efficacy score while
embelin lacks evidence of H-bonding in the cavity. Epicatechin
and Remdesivir form three H-bonds with Asn108, Asp112,
Ser151 and Asn105, Asp112, Asn140, respectively. Epicatechin
seems to have similar ligand efficacy as Remdesivir (Figure S7).
Overall docking results indicate that naturally available epica-
techin is a potent inhibitor of Nsp6/Nsp7 complex.

Cabozole, Murrayaquinone-A and Epicatechin are inhibi-
tory to Nsp9
Nsp9 was found to be important for replication during infec-
tion of human cells due to its oligonucleotide-binding prop-
erty that plays a key role in promoting viral replication
process. The RNA binding mechanism of Nsp9 protein
(6W4B) family is not clearly understood, however a con-
served peptide/RNA binding domain is observed (Littler
et al., 2020). We have selected this conserved domain which
has Gly100, Met101, Val102, Leu103, Gly104 and Ser105 as
binding site residues for the molecular interaction analysis.
Analysis shows that carbazole (�6.869), murrayaquinone-A
(�6.754), epicatechin (�5.705), Hydroxychloroquine (�5.588)
and embelin-4 (�5.467) are the top five inhibitors of Nsp9
protein. Molecular interactions indicate that Epicatechin
forms three H-bonds with Leu103, Ala107, Leu112 in which
Leu103 is responsible for RNA binding property of Nsp9.

carbazole, murrayaquinone-A and Hydroxychloroquine form
H-bond with Val110 while embelin-4 forms H-bond with
Ala107 (Figure S8). Results show that cabozole and murraya-
quinone-A, both abundant in curry leaves, and epicatechin
showed better inhibition efficacy than hydroxychloroquine
for Nsp9.

Mangiferin, Murrayanine and Epicatechin found to be
inhibitory to Nsp10/Nsp16 complex
Nsp10-Nsp16 complex protein plays a pivotal role in viral
transcription by stimulating exonuclease (ExoN) and viral
mRNAs cap methylation activity (2-O-MT) (Decroly et al.,
2011). Crystal structure of Nsp10-Nsp16 complex (6W75)
from SARS-CoV2 was recently submitted to PDB. Docking
analysis shows that no selected drug has been positioned in
the top five inhibitors list, while SM such as hesperidin
(�8.170), mangiferin (�7.529), embelin (�7.355), murrayanine
(�7.254) and epicatechin (�7.237) are in top five.
Hydroxychloroquine was the only drug molecule in the top
ten inhibitors of this protein with docking score of �6.376.
Hesperidin shows highest ligand efficacy (�1.716) forming
eight H-bonds with Asn6841, Lys6844, Asp6897, Gly6871,
Cys6913, Asp6928, Asp6931 and Lys6968, while mangiferin,
forms five H-bonds with Gly6871, Asp6897, Asp6928, and
Tyr6930 residues of catalytic site of Nsp10-Nsp16 complex
(Figure S9). Overall, mangiferin and murrayanine are identi-
fied as potential inhibitor of Nsp10-Nsp16 complex
besides hesperidin.

Epicatechin is a potential inhibitor of viral RdRp
RdRp complex has Nsp7, Nsp8 and Nsp12 proteins and it is
the main enzyme of SARS-CoV-2 responsible for replication
and transcription. The crystal structure of RdRp complex
(6M71) was selected for docking and the catalytic site lies
between 611 to 626 and 753 to 767 residues with the
defined ligand binding residues being Asp618, Ser759,
Asp760 and Asp761. Docking results indicate that among the
top five potential inhibitors for RdRp, epicatechin (�5.972)
showed better inhibition efficacy than Hydroxychloroquine
(�5.583), aloin (�5.547) and hesperidin (�5.301) has better
inhibition efficacy than Ribavirin (�5.257). In our study,
Remdesivir (�4.97) got 8th rank in terms of inhibition effi-
cacy of RdRp while five SMs are found to be better inhibitor.
Molecular interaction of epicatechin shows that it forms five
H-bonds (highest among all selected) with Asp760, Asp761,
Lys798, Trp800 and Ser814 while Hydroxychloroquine forms
three H-bonds and two electrostatics bonds with Asp760,
Asp761. Similarly, aloin, hesperidin form five H-bonds with
Tyr619, Asp760, Asp761, Lys798, Trp800, Glu811 and Lys551,
Lys621, Asp760, Lys798, Trp800, Glu811 respectively,
whereas, Ribavirin forms four H-bonds with Tyr619, Asp760,
Asp761, Ser814 (Figure S10). Overall, these results show that
epicatechin is a potential inhibitor of RdRp among the
selected SM molecules.
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Hesperidin is a potential inhibitor of viral Hel and ExoN
Hel or Nsp13 structure is modelled using crystal structure of
Nsp13 (5WWP) from MERS-CoV (Hao et al., 2017). The dock-
ing scores of SMs hesperidin (�7.132), embelin � 5 (�6.444),
aloin (�6.305), epicatechin (�6.265) and embelin (�5.817)
show that they are the top five potential inhibitors while aza-
dirachtin figured sixth (�5.784). Hesperidin forms five H-
bonds with Arg178, Leu412, Leu417, Asp534, and Arg560.
Embelin-5 forms three H-bonds with Asn361, Asp383 and
Met378 and aloin forms four H-bonds with Glu142, Arg178,
Arg339 and Asn361. Epicatechin forms five H-bonds with
Lys139, Glu197, Thr231, Arg339, Asn361. On the other hand,
azadirachtin forms only two H-bonds with Thr180 and
Pro408 (Figure S11). These results indicate that hesperidin
has better binding efficacy than other selected SM molecules
for Helicase.

The ExoN enzyme possesses two different activities and has
been modelled using chain B of crystal structure of Nsp14-
Nsp10 complex (5C8S) of SARS-CoV (Ma et al., 2015). Docking
studies show that hesperidin (�8.358), epicatechin (�7.746),
cafestol (�7.091), withanolide-A (�6.967) and 3-HDH-
Withanolide-F (�6.662) are the top five compounds that are
capable of inhibiting Guanine-N7 methyltransferase and Exo-
ribonuclease activity. Hesperidin and epicatechin form H-
bonds with Asp352, Gln354, His424 and Asp352, Gln354,
Asn422 respectively, whereas cafestol and withanolide-A form
H-bonds with Tyr368, His427 and Asp352 Asn368 (Figure S12).
These results indicate that hesperidin is the best potential
inhibitor of ExoN among the selected SMs; significantly, none
of the drugs tested figured in the top five positions.

Epicatechin is a potential inhibitor of NendoU
NendoU enzyme (6VWW) has endonuclease activity and is
associated with this virus’s RNA processing. Recently, it has
been proposed that NendoU is also responsible interference
with the innate immune response. This enzyme has 346 resi-
dues (39 kDa monomeric unit) folds into three domains:
N-terminal, middle domain and C-terminal catalytic NendoU
domain. We have selected the active site of this enzyme
located in a shallow groove between the two beta-sheets
and carries six key residues i.e. His235, His250, Lys290,
Ser294, Thr341, Tyr343 conserved among SARS-CoV2, SARS-
CoV and MERS-CoV proteins for docking analysis (Kim et al.,
2020). Results indicate that epicatechin (�5.849), Ribavirin
(�5.831), Remdesivir (�5.774), Losartan (�5.606) and hesperi-
din (�5.553) are the top five inhibitors among all selected
compounds. Epicatechin forms H-bond with Ser294 whereas
the drugs Ribavirin, Remdesivir and Losartan form it with
Gly248, Ser294, Thr341; Lys 290, Ser294; and Ser294, respect-
ively. Hesperidin forms H-bonds with Ser204, His235, Asp240,
Gly248, Ser294 and Glu340 residues and shows comparable
ligand binding efficacy (�1.166) and H-bond score (�0.042)
to Remdesivir (Figure S13). Overall, these results show epica-
techin has better inhibition capability than Ribavirin,
Remdesivir and Losartan, while hesperidin efficacy is similar
to that of Remdesivir.

Carbazole and its derivatives as a inhibitor of S
S (6VYB) is the main structural protein that enables virus to
make entry into the host cell through binding to ACE2
receptor present in the membrane. The receptor binding
domain (RBD) of S is located between 449 to 510 residues
that interact with the host cell ACE2 receptor (Walls et al.,
2020). Here, our aim was to find potential SMs that can cre-
ate interference in interaction of RBD with ACE2 receptor.
Recently published crystal structure of S from SARS-CoV2 (Ou
et al., 2020) was used for the docking analysis employing
RBD as an active site. Results indicate that carbazole
(�5.113), murrayaquinone-A (�4.696), Ribavirin (�4.545),
Remdesivir (�4.506) and murrayanine (�4.502) are the top
five inhibitors of S protein. Molecular interaction analysis
indicates that carbozol and murrayaquinone-A form one
H-bond with Gly404 and Tyr453 respectively, while Ribavirin
forms four with Asp405, Gln409, Lys417, Tyr453 and
Remdesivir two with Gln409, Lys417 (Figure S14). Interaction
analysis revealed that murrayaquinone-A can inhibit the RBD
domain function via forming H-bond with Tyr453 residues
and also it shows good ligand efficacy. It is noteworthy that
murrayaquinone-A and murrayanine are naturally available in
curry leaf which is widely used as spice in Indian cuisine.

Epicatechin as a potential inhibitor of M, NC, and E
M is the second important structural component involved in
the assembly of virus particles. Molecular interaction analysis
of protein and ligands show that all selected metabolites and
drugs are interacting in the binding cavity of M protein.
Results indicate that epicatechin (�6.462) and Remdesivir
(�6.221) showed better inhibition than maurrayaquinone-A
(�5.975), Losartan (�5.437) and murrayanine (�5.367) among
the top five inhibitors of M protein. Molecular interaction plot
indicates that Epicatechin forms three H-bonds with Thr9,
Thr130, Thr135 while Remdesivir forms two with Trp20 and
His125. Murrayaquinone-A forms H-bond with Tyr9 and
Losartan forms it with His125 of the catalytic site of M protein
(Figure S15). These results show that epicatechin is the best
inhibitor of M protein among all the tested SMs.

NC (6M3M) is involved in packaging of positive strand of
viral genome RNA into a helical ribonucleocapsid (RNP). The N-
terminal RNA binding domain cavity includes Thr55, Ala56,
Gly61, Arg88, Arg89, Thr91, Agr92, Tyr110 and Tyr112 residues,
which are known to interact with RNA to form RNP. Blocking
of this domain may lead to virion assembly disruption and
reduce the viral replication (Kang et al., 2020). Docking analysis
shows that epicatechin (�5.538), embelin (�5.12), carbazole
(�4.883), Hydroxychloroquine (�4.828) and 1-phenylethane-
thiol (�4.705) are the top five potential inhibitors of NC pro-
tein. epicatechin and embelin form H-bonds with Arg90,
Glu119, Asp129 and Arg90, Asp129 respectively, while
Hydroxychloroquine forms three with Gln59, Gly61 and Asp64
(Figure S16). These results indicate that epicatechin is the best
inhibitor of NC among the screened SMs.

E is the smallest integral part of the membrane proteins
involved in the packaging of viral RNA. It has three main
domains i.e., short hydrophilic N-terminal domain (7–12
amino acids), hydrophobic transmembrane domain (25 aa
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long), and long hydrophilic C-terminal domain (8–10 aa).
Docking of selected inhibitors in the identified cavity of the
modelled E protein shows that carbazole (�4.885),
Remdesivir (�4.561), murrayanine (�4.496), Ribavirin
(�4.484), Losartan (�4.35) are among the top five inhibi-
tors, whereas murrayaquinone-A (�4.339), Epicatechin
(�4.316) also showed good inhibition. Molecular interaction
between binding site and ligands indicates that residues
Asn45, Asp48, Lys53 form three H-bonds with Remdesivir,
Ribavirin and epicatechin, while carbazole, murrayanine,
murrayaquinone-A H-bond with Leu19, Asp72, Asp72,
respectively (Figure S17). Epicatechin has similar interaction
patterns as of Remdesivir and Ribavirin with higher glide H-
bond scores showing that it can be a potent inhibitor of
E protein.

Hesperidin as blocker of virus entry via interacting with
human ACE2
Human ACE2 is the host receptor that interacts with the spike
glycoprotein of the virus, binding to which makes a conform-
ation transition that enables infusion of the virus into the host
cell (Chowdhury & Maranas, 2020). From the ACE2 protein
(Chain A) crystal structure (6M0J), spike receptor-binding resi-
dues of hACE2 viz. Gln24, Thr27, Asp30, Lys31, His34, Glu35,
Glu37, Asp38, Tyr41, Gln42, Leu79, Met82, Asn330, Lys353,
Asp350, Asp355, Arg357, Asp382, Tyr385, Arg393, Glu398,
Lys562 were selected as binding cavity and a grid was gener-
ated. Docking analysis shows hesperidin (�8.111), epicatechin
(�6.603), embelin-5 (�6.551), Hydroxychloroquine (�6.096),
Hyoscyamine (�5.993) and aloin (�5.859) to be the top inhibi-
tors for hACE2. Hesperidin and epicatechin form H-bonds with
Gln102, Asp350, Asp382, Tyr385, Leu391, Ala484, Lys562 and
Asp206, Glu398, Lys562, respectively. Hydroxychloroquine
forms H-bonds with Asp350, Tyr385, Phe390 and electrostatic
bond with Asp350 while aloin also forms H-bonds with
Asp350, Asp382, Phe390 Asn394 with better inhibition than
Hyoscyamine (Figure S18). Overall, hesperidin is capable of
binding to the cavity of hACE2 receptor where S protein of the
virus interacts, possibly leading to the blocking of virus entry
into the host cell.

Molecular dynamics simulations of potential SMs with
target protein complex

To check the stability of protein-ligand complex in the real-
life environments, we have performed molecular dynamics
simulation of selected SM-protein complexes based on dock-
ing analysis. For each complex, vacuum minimization, charge
neutralization, adding of water solvent (TIP4) and final pro-
duction run was performed (Gupta, Jadaun, et al., 2015;
Gupta, Rao, et al., 2015). The details about the protein-ligand
complex behaviour inside systems are explained below:

Epicatechin-Papain like protease complex
We have generated RMSD plot for Epicatechin-Papain like pro-
tease trajectories . The figure represents RMSD in protein
backbone (blue) and RMSD when ligand is fitted into the

cavity of the protein (purple) (Figure S19A). RMSD plot shows
that deviation in ligand fitted protein is lower than protein
backbone indicating more stability of the complex.
Epicatechin-Papain like protease complex deviation gradually
increased up to �17 ns and then sharp decreased at 20 ns.
After this point of time, RMSD further increased exponentially
up to �24 ns, after which it gradually reduced up to 43 ns. This
showed that the complex is reasonably stable during 24–43 ns
and well stabilized by end of 50 ns simulation, though a slight
increase in the deviation is observed during �43.5 to 46.5 ns.
RMSF plot was generated to understand atom-based fluctua-
tions in the protein-ligand complex. Positional transitions of
amino acids when different forces are applied during 50 ns
(Figure S19B). N-terminal 1–20 residues index has fluctuation
up to �5.8 Å and between 275–285 and 510–520 residues
index shows higher fluctuations up to �6–7 Å, while the rest
of the residues of the protein shows low fluctuations
(�1–3.5Å). Due to these positional amino acid fluctuations, the
RMSD of protein is deviating up to �7 Å in the initial �24 ns.
Further, we have investigated behaviour of binding cavity resi-
dues in terms of their availability for different type of bonding
with epicatechin during the entire simulation. The result indi-
cates that Asp108, Asn109, Gly160, Glu161, Tys264, Asn267,
Tyr268, Gln269 and Tyr273 form at least one H-bond and water
bridges, while Asp108, Gly160 also form ionic bonds with epi-
catechin. Tyr273 forms the highest number of H-bonds with
Epicatechin followed by Tyr264, Asp108, Tyr268 (Figure S19C).
Epicatechin H-bonds with Asp108 and Asn267 and was found
in the best pose of the docked complex; these interactions
were maintained during the whole simulation. Overall results
indicate that epicatechin is capable if inhibiting the papain like
protease activity which participates in the cleavage at the N-
terminus of the replicase polyprotein of SARS-Cov2.

Epicatechin-Proteinase 3CLPro complex
RMSD plot of epicatechin Proteinase 3CLPro trajectories
shows that deviation of protein backbone (blue) is higher
than that when the ligand was fitted into the cavity of pro-
tein (purple) except at �8 to 11.8 ns (Figure 1A). Epicatechin-
Proteinase 3CLPro complex deviation gradually increased up
to �8 ns for Proteinase 3CLPro while in case of the complex
it increased up to �11.8 ns. After this point of time complex
RMSD gradually decreased and got stabilised (RMSD >2.5 Å)
till the end of the simulation. RMSF plot of this protein indi-
cates that higher atomic fluctuation was observed in N- and
C-terminal residues (�3.5–4.5 Å) and rest of residues fluctu-
ated in considerable range (�0.6–2.8 Å) (Figure 1B). Overall,
low positional amino acids fluctuation was observed
throughout the simulation and this also reflects in low RMSD
of the protein. Interaction of binding cavity residues with
epicatechin throughout the simulation shows that Thr26,
His41, Phe140, Leu141, Ser144, His163, His164, Glu166,
Gln189, Thr190, Ala191, Gln192, and Gln306 formed H-bonds
and water bridges during the simulation while no residues
formed ionic bonds with epicatechin. Glu166, His163 and
Gln189 are the major contributors of H-bond formation with
epicatechin and are shown, except His163, in the best pose
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of docked complex (Figure 1C). This simulation confirms that
epicatechin is capable of inhibiting Proteinase 3CLPro.

Epicatechin-RdRp complex
We have generated RMSD plot for epicatechin-RdRp trajecto-
ries and it shows that the deviation in protein backbone (blue)
is marginally higher than that of the ligand fitted into the cav-
ity of the protein (purple) except at �0 to 10.5 ns (Figure 2A).

A sharp increase in epicatechin-RdRp complex deviation (up to
� 3 Å) was observed till �10.5 ns, then this complex obtained
stability till end of the simulation. RMSF plot of this protein
indicates that higher atomic fluctuations (up to �5 Å) were
observed between 20 and 50 residues of N-terminal and the
last 10–15 residues of C-terminal (Figure 2B). Epicatechin forms
H-bonds with Ala550, Lys551, Arg555, Tyr619, Ser759, Asp760,
Asp761, Ala762, Lys798, Trp800, Glu811, Cys813 and the same
residues except Ala762 and Trp800 form water bridges. In

Figure 1. Graphs of (A) RMSD, (B) RMSF plot and (C) different bonds formed by Epicatechin in the cavity of Proteinase 3CLPro during 50 ns.
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addition, Asp760 and Glu811 form ionic bonds with epicate-
chin (Figure 2C). Asp761, Ala762, Trp800, Glu811, Cys813 resi-
dues form higher number of H-bonds with epicatechin which
is also found (except Glu811, Cys813 residues) in the best pose
of docked complex. These results confirm that epicatechin is a
potential inhibitor of RdRp complex.

Epicatechin-NendoU complex
RMSD plot for epicatechin-NendoU trajectories indicates that
the deviation in protein backbone (blue) is higher than the
protein ligand complex (purple) except between �2.5 to
3.5 ns (Figure S20A). Epicatechin-NendoU complex deviation
is lower than � 2.5 Å was observed till end of the simulation

Figure 2. Graphs of (A) RMSD, (B) RMSF plot and (C) different bonds formed by Epicatechin in the cavity of RdRp complex during 50 ns.
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indicated the stable protein ligand infractions. Similarly, RMSF
plot of this protein indicates lower atomic fluctuations
(>2.0Å) except for few amino acids of N-terminal of C-ter-
minal (Figure S20B). Epicatechin forming H-bond with Lys71,
Lys90, Thr196, Ser198, Asn200, Pro271, Met272, Ser274,
Thr275 Lys277, Asp297 and forms and water bridges with
said residues except Lys71, Thr196, Asp273 (Figure S20C).
Similar binding patterns also in the docking complex poses.
These simulation results confirm that epicatechin can be a
potential inhibitor of NendoU.

Hesperidin-Helicase complex
RMSD plot for hesperidin-Helicase indicates the deviation in
protein backbone (blue) is marginally higher than that of the
ligand fitted into the cavity of the protein (purple) during
whole simulation. Complex deviation falls under the accept-
able ranges i.e. �3.2 Å (Figure S21A). RMSF plot of this pro-
tein indicates that higher atomic fluctuations (up to �10.5 Å)
was of initial 50 residues of N-terminal of this protein, while
remaining residues has fluctuation in acceptable (Figure
S21B). During simulation hesperidin forms H-bond with
Arg289, Trp292, Gly333, Asp352, Gln354, Leu366, Tyr368,
Ser369, Trp385, Asn386, Cys387, Asn422, Lys432 and above
residues also forms water bridges except Leu366 (Figure
S21C). These results confirm that hesperidin is a potential
inhibitor of SARS-CoV-2 helicase.

Hesperidin-Nsp10/Nsp16 complex
RMSD plot for hesperidin-Nsp10/Nsp16 complex (6W75) shows
that the deviation in protein backbone (blue) is marginally
higher than when the ligand was fitted into the cavity of the
protein (purple) throughout the simulation. A sharp increase in
deviation (up to � 4.5 Å) was observed till �8.8 ns, then this
complex attained stability all through the simulation (Figure
3A). RMSF plot of this protein indicates that higher atomic fluc-
tuations �4.6 Å and �5.5 Å were observed in 285 to 310 resi-
dues and 400 to 410 residues of C-terminal respectively (Figure
3B). Hesperidin forms H-bond with Asn6841, Ala6870, Gly6871,
Ser6872, Asp6873, Asp6897, Asp6928, Tyr6930, Asp6931,
Lys6933, Lys6968, Asn7096 and also form water bridges with
same residues except Cys6913 and Phe6947. Additionally,
Ala6870, Ser6872, Asp6897 and Asn6899 form ionic bonds with
hesperidin (Figure 3C). Gly6871, Asp6897, Cys6913, Asp6928,
Asp6931 and Lys6968 residues form H-bonds in the best pose
of docked complex and this was retained during the entire
simulation. These results confirm that hesperidin is a potential
inhibitor of Nsp10/Nsp16 complex.

Hesperidin-hACE2 complex
RMSD plot for Hesperidin-hACE2 complex shows maximum
deviation (up to �3.2 Å) in protein backbone (blue), is mar-
ginally higher than protein-ligand complex backbone (pur-
ple) during whole simulation. Protein-ligand deviation was
under 2 Å up to �45 ns and then a sharp increase (up to
�3.2 Å) was seen at this point and it keeps reducing till end
of the simulation (Figure S22A). RMSF of the protein is under

�2.5 Å for all residues excepts 120–128 residues (�2.6 Å and
�4.5 Å) (Figure S22B). Hesperidin forms H-bond with Gln102,
Ala348, Asp350, Asp382, Tyr385, Phe390, Leu391, Arg393,
Glu394, Glu398, His401, Lys562 and also forms water bridges
with said residues except Phe390. On the other hand,
Asp206, Asp350, Asp382, Asn394, Glu398, His401 also form
ionic bonds (Figure S22C). H-bonds formed by Gln102,
Asp350, Asp382, Tyr385, Leu391, Ala484, Lys562 residues of
hACE2 with Hesperidin in the best pose of docked complex
are found to be stable throughout the simulation. These
simulation results also confirm that hesperidin can work as
blocker of virus S protein interaction with hACE2.

Potential multitarget inhibiting SMs as constituents
of Anupana

The docking and best pose interaction results indicate that
epicatechin, hesperidin, carbazole, murrayanine, murrayaqui-
none-A, cafestol, embelin and its derivatives are in the top
three inhibitors of various functional proteins of SARS-CoV-2
(Table 2). Epicatechin, a flavanol found in tea, apples, red
wine, cocoa, raspberry, and pears appears as the most
potent inhibitor for multiple targets viz. Papain like protein-
ase, Proteinase 3CLpro, NendoU, RdRp, M and NC proteins of
virus (Figure 4). It also showed inhibition efficacy against
Nsp6, Nsp7-Nsp8 complex, Nsp9, and ExoN. Hesperidin, a
major flavonoid glycoside found in orange, tangerine, lemon,
lime, citrus and peppermint showed potential inhibition effi-
cacy for Nsp4, Nsp10-Nsp16 complex, Helicase, ExoN and
block the cavity of hACE2 that will possibly protect virus S
protein interaction (Figure 5). Embelin and its derivatives
found in false black pepper (Embelia ribes) showed good
inhibition efficacy against Nsp7-Nsp8 complex, Proteinase
3CLPro, Nucleocapsid protein, Nsp1, Nsp2, Nsp10-Nsp16
complex and hACE2. Curry leaf (Bergera koenigii) specific car-
bazole seems to be a potent strong inhibitor for Nsp9, S and
M and additionally, its alkaloid derivatives Viz. murrayanine,
murrayaquinone-A could be a potent inhibitor for Nsp9, S, M
and NC. 1-phenylethanethiol, basically responsible for unique
sulfury and burnt odour exhibited by curry leaf, is found to
be a potent inhibitor for Nsp2. SMs such as aloin, artemisinin,
curcumin, withanolide-N found in daily used Indian spices
and herbs also showed their prominent inhibition effect in
different SARS-CoV2 targets although they showed relatively
lower inhibition than epicatechin, hesperidin, carbazole, mur-
rayanine, murrayaquinone-A, cafestol, mangiferin, and embe-
lin. Further, stability of the selected SMs’ interaction with
targets was confirmed in real time environments by perform-
ing MD simulations.

Based on traditional knowledge and results obtained in this
study, a preparation of a traditional Ayurvedic formulation
Anupana was tested for presence of any of these SMs. HPLC
analysis confirmed the presence of epicatechin and hesperidin
with retention time of 13.628 and 46.830, respectively (Figure
S23). Further, the LC-MS results also confirm the presence of
epicatechin, hesperidin and mangiferin in Anupana formula-
tion (Figure S24). We also examined the acute oral toxicity of
this Anupana on Wistar rats (OECD Guideline No. 423,

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 13



December 2001) and the results showed an LD50 >2000mg/kg
body weight and it was classified as category 5 (GHS). The
combination of various SMs present in Anupana are well-
known antioxidant molecules and are often dubbed as
immunity boosters. This study provides molecular basis of

antiviral properties of the selected SMs. Since Anupana has
been long claimed to be capable of potentiating other drugs,
it is fair to expect it to improve the efficacy of drugs used
against SARS-CoV-2 viral infection and recovery.

Figure 3. Graphs of (A) RMSD, (B) RMSF plot and (C) different bonds formed by hesperidin in the cavity of Nsp10/NSP16 during 50 ns.
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Discussion

The current COVID-19 pandemic has caused infection to close
to 40.4 million people resulting in more than 1.12 million
deaths across 213 countries. Further, not a single specific drug
has so far been approved for COVID-19 treatment. The re-pur-
posed drug candidates such as Arbidol, Favipiravir,
Hydroxychloroquine, Remdesivir, and Ribavirin are reported to
elicit varying levels of responses and side effects (Boriskin
et al., 2008; Levantovsky & Vabret, 2020; Wang, Cao, Zhang,
Liu, et al., 2020; Wang, Cao, Zhang, Yang, et al., 2020; Yao
et al., 2020). Most of the treatment strategies involving antivi-
rals are generally single target inhibitors which are not highly
effective in combating this virus. Multitarget inhibitors can be
potential candidates to address the well-known phenomenon
of potential mutations in the virus leading to variants that may
escape the treatment regime based on a single target. This
prompted us to look for selective herbal and spice SMs and
their combinations as potential multitarget inhibitors of SARC-
CoV-2. Further, these herbal and spice formulations have been
in extensive use in Ayurveda for ages in Asian societies and
were found to be safe for human consumption. Many herbs
and daily used spices are excellent sources of SMs such as fla-
vonoids, phenylpropanoids, terpenoids, carbazoles and their
derivatives having antiviral, anti-inflammatory and antidiabetic
properties (Jaseela & Krishna, 2019). The molecular basis of
their actions, however, has remained largely unknown.

SARS-CoV-2 possesses a diverse class of proteins and
enzymes that are involved in virus RNA replication, suppres-
sion of host translation initiation mechanism, transcription,
translation, and assembly (Table1). Among them, Papain-like
proteinase, Proteinase 3CLpro, RdRp, S and NC are the usual
target proteins for the identification of antiviral lead com-
pound identification (Anand et al., 2003; Angeletti et al., 2020;
Dai et al., 2020; Gao et al., 2020; Kang et al., 2020; Ou et al.,
2020; Romano et al., 2020; Walls et al., 2020). A collection of 69
naturally available SMs from daily used spices and herbs and
ten repurposed drugs were screened against multiple protein
targets of SARS-CoV-2. Docking and simulation studies
revealed that a few SMs, out of 69 tested have better inhibition
efficiency against specific protein components of SARS-CoV2
than some of the known drugs (Table 2). Interestingly, our
study clearly shows that major functional proteins encoded by
the viral genome can potentially be targeted by SMs and
therefore, these SMs can likely affect viral life cycle. We
showed here that epicatechin, hesperidin, carbazole, murraya-
nine, murrayaquinone-A, cafestol, mangiferin and embelin
show high potential in inhibiting specific SARS-Cov2 proteins.
In fact, hesperidin was found to be an efficient protector of
hACE2 receptor from attachment by virus S protein. The top
five potent inhibitors naturally occur in many herbs and spices
i.e. mint, tea, curry leaves, cocoa, citrus, grapes, false black
pepper most of which are consumed routinely as part of food.
In addition, formulations of these are used for treating

Figure 4. 3D-interaction diagrams of Epicatechin in the cavity of Papain-like proteinase, Proteinase3Clpro, RdRp, NendoU, Membrane and Nucleocapsid protein tar-
gets of SARS-CoV-2. Dashed yellow and sky-blue lines indicate H-bonds and electrostatic interactions, respectively.
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common ailments. Our studies clearly show that one such
herbal and spice extract formulation, Anupana contains epica-
techin, hesperidin and mangiferin. Epicatechin is also found in
tea, apples, red wine, cocoa, raspberry (Natsume et al., 2003;
Shay et al., 2015), and pears appears as the most potent inhibi-
tor for multiple targets proteins (Figure 4). It also showed
inhibition efficacy against Nsp6, Nsp7-Nsp8 complex, Nsp9,
and ExoN. Similarly, hesperidin, a major flavonoid glycoside
found in orange, tangerine, lemon, lime, citrus and pepper-
mint (Man et al., 2019) showed potential inhibition efficacy for
Nsp4, Nsp10-Nsp16 complex, Helicase, ExoN and block the
cavity of hACE2 that will possibly protect virus S protein inter-
action (Figure 5). Further, stability of the selected SMs-target
protein interactions was confirmed in real time environments
by performing MD simulations. Some plant SMs are known to
exhibit toxicity and preliminary studies on the animal models
are required before it is considered safe for human consump-
tion. It is interesting to note that this Anupana is found to be
safe as per acute oral toxicity study results. In the absence of
inhibitory concentration, clinical data, therapeutic value of
these SMs cannot be definitively established. However, the
molecular interaction data can be effectively used in develop-
ing SMs based preventive nutraceuticals and food
supplements.

Conclusion

Computational analysis allowed us to rank the 69 natural
spice and herbal SMs and 10 known drugs for their inhibition
efficacy against multiple target proteins of SARS-CoV-2 as
well as the human ACE2 protein (in silico). Epicatechin
showed higher inhibition efficacy than Hydroxychloroquine,
Remdesivir and Ribavirin against multiple targets i.e. Papain-
like proteinase, Proteinase3Clpro, RdRp, NendoU, M and NC
while hesperidin showed high inhibition efficiency against
Nsp4, Nsp10-Nsp16 complex, Helicase and ExoN of SARS-
CoV-2 and S protein-interacting domain of hACE2. Acute oral
toxicity studies of Anupana containing the selected SMs epi-
catechin, hesperidin and mangiferin showed it to be in cat-
egory 5 (safe for human consumption). The characterized
SMs from spices and herbal plant sources may potentially be
used in the development of preventive food supplements,
nutraceuticals, and antiviral drugs.
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