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Identification of potential inhibitors of SARS-CoV-2 main protease and spike
receptor from 10 important spices through structure-based virtual screening
and molecular dynamic study
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aBCDA College of Pharmacy & Technology, Kolkata, West Bengal, India; bDepartment of Chemistry, Maharaja Bir Bikram College, Agartala,
Tripura, India; cDepartment of Forestry and Biodiversity, Tripura University, Suryamaninagar, Tripura, India; dDepartment of Chemistry,
Women’s College, Agartala, Tripura, India

Communicated by Ramaswamy H. Sarma

ABSTRACT
The outbreak of novel coronavirus disease (COVID-19) caused by SARS-CoV-2 poses a serious threat to
human health and world economic activity. There is no specific drug for the treatment of COVID-19
patients at this moment. Traditionally, people have been using spices like ginger, fenugreek and
onion, etc. for the remedy of a common cold. This work identifies the potential inhibitors of the main
protease (Mpro) and spike (S) receptor of SARS-CoV-2 from 10 readily available spices. These two pro-
teins, S and Mpro, play an important role during the virus entry into the host cell, and replication and
transcription processes of the virus, respectively. To identify potential molecules an in-house databank
containing 1040 compounds was built-up from the selected spices. Structure-based virtual screening
of this databank was performed with two important SARS-CoV-2 proteins using Glide. Top hits resulted
from virtual screening (VS) were subjected to molecular docking using AutoDock 4.2 and AutoDock
Vina to eliminate false positives. The top six hits against Mpro and top five hits against spike receptor
subjected to 130ns molecular dynamic simulation using GROMACS. Finally, the compound 1-, 2-, 3-
and 5-Mpro complexes, and compound 17-, 18-, 19-, 20- and 21- spike receptor complexes showed
stability throughout the simulation time. The ADME values also supported the drug-like nature of the
selected hits. These nine compounds are available in onion, garlic, ginger, peppermint, chili and fenu-
greek. All the spices are edible and might be used as home remedies against COVID-19 after proper
biological evaluation.

Abbreviations: 3CLpro: 3-Chymotrypsin-like Cysteine Protease; ACE2: Angiotensin-Converting Enzyme
II; ADME: absorption, distribution, metabolism, and excretion; CASTp: Computed Atlas of Surface
Topography of proteins; COVID-19: Novel Coronavirus Disease 2019; CoVs: Coronaviruses; FDA: Food
and Drug Administration; GROMACS: GROningen MAchine for Chemical Simulations; HCoV-OC43:
Human Coronavirus Strains OC43; HIE: histidine with hydrogen on the epsilon nitrogen; HTVS: high
throughput virtual screening; MD: molecular dynamics; MERS: Middle East Respiratory Syndrome; MM-
PBSA: molecular mechanics Poisson-Boltzmann surface area; Mpro: main protease; nsP: non-structural
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proteins; PBC: periodic boundary condition; PLpro: papain-like protease; PME: particle mesh Eshwald;
pp1a: polyproteins 1a; pp1ab: polyproteins 1ab; RdRp: RNA-dependent RNA polymerase; Rg: radius of
gyration; RMSD: root mean square deviation; RMSF: root mean square fluctuation; S: spike; SARS-CoV-
2: Severe Acute Respiratory Syndrome Coronavirus 2; SP: standard precision; VMD: visual molecular
dynamics; WHO: World Health Organization; XP: extra precision.

1. Introduction

The current pandemic eruption of coronavirus disease
(COVID-19) caused by SARS-CoV-2 is an unprecedented glo-
bal public health care threat (Huang et al., 2020; Israeli, 2020;
Wu, Zhao, et al., 2020). This disease was first detected in
Wuhan City, Hubei Province, China, which has now been
detected worldwide and 18.9027 million confirmed infected
cases and 0.7095 million deaths recorded as on 8th August
2020 (www.worldometers.info). Coronaviruses (CoVs) are
enveloped, positive-sense, single-stranded RNA viruses,
belonging to the Coronavirinae sub-family and Coronaviridae
family of the order Nidovirales, which are divided into four
genera (a, b, c and d) (Pillaiyar et al., 2020). In the last two
decades, two highly pathogenic human coronaviruses such
as Severe Acute Respiratory Syndrome (SARS) appeared in
the year 2002 and Middle East Respiratory Syndrome (MERS)
appeared in the year 2012, emerging from animal reservoirs,
have led to global epidemics with high morbidity and mor-
tality (http://www.who.int/emergencies/mers-cov/en/, https://
www.cdc.gov/sars/about/fs-sars.html and Mohd et al., 2016).
The fatal rate of SARS-CoV and MERS-CoV was 10% and 35%,
respectively (Cheng et al., 2007; Lee et al., 2003). The new
coronavirus, SARS-CoV-2 belongs to the b genus like MERS-
CoV and SARS-CoV, and causes highly infectious pneumonia
disease (Wang, Lan, et al., 2020; Zhu, Zhang, et al., 2020;
Zhou, Yang, et al., 2020). The rapidly increasing number of
infected persons and deaths worldwide prompted the World
Health Organization to declare the SARS-CoV-2 outbreak as
Global Public Health Emergency of International Concern
(Jiang et al., 2020; Wang, Horby, et al., 2020). WHO estimated
the crude mortality ratio of SARS-CoV-2 is in between 3 and
4% (https://www.who.int/emergencies/diseases/novel-corona-
virus-2019/situation-reports/). Several groups of researchers
are working on the development of vaccines and drug mole-
cules to prevent and treat the disease caused by SARS-CoV-
2, but no successful treatment has yet been developed (Ton
et al., 2020; Xu et al., 2020; Zhang, Saravanan, et al., 2020;
Zumla et al., 2020). It is a well-known fact that drug discov-
ery is a time demanding process. On an average, the discov-
ery of a new drug from the initial findings to market takes
months to years. While drug repurposing may be a short-
term and non-specific solution to treat COVID-19 patients,
development of more targeted inhibitors is highly desirable
(Fischer et al., 2020; Li et al., 2020; Wu, Liu, et al., 2020; Li &
De Clercq, 2020; Zhou, Hu, et al., 2020; Zhu, Wang, et al.,
2020; Elfiky, 2020).

Human CoVs genome has several conserved structural
proteins such as Spike (S) glycoprotein, envelope (E) protein,
membrane (M) protein and nucleocapsid (N) protein and at
least four non-structural proteins such as- Mpro, papain-like
protease (PLpro), helicase and RNA-dependent RNA

polymerase (RdRp). The replication of coronavirus begins
with the binding of its spike protein (S) on the cell surface of
the host. This receptor recognition is important for initiating
virus entry into the host cells, thereby playing a pivotal role
in mediating viral infection to the host receptor (Bosch et al.,
2003; Li et al., 2003). A recent study showed that like SARS-
CoV, SARS-CoV-2 is able to utilize angiotensin-converting
enzyme 2 (ACE2) as an entry receptor in ACE2-expressing
cells (Hoffmann et al., 2020; Zhou, Yang, et al., 2020), sug-
gesting potential drug targets for therapeutic development.
Among the non-structural proteins PLpro and Mpro are two
important proteases, play a crucial role in the viral replication
and transcription process through the extensive proteolysis
of two replicase polyproteins, pp1a and pp1ab (B�aez-Santos
et al., 2015). The proteolytic cleavage of pp1a and pp1b pro-
duces 16 non-structural proteins (nsp1 to nsp16). The prote-
ase, PLpro is responsible for the cleavage of first three
positions of its polyprotein to produce three non-structural
proteins (nsP1 to nsP3), while 3CLpro (also known as Mpro)
cleaves the remaining 11 locations, releasing non-structural
proteins from nsP4 to nsP16. These nonstructural proteins
(nsP1–nsP16) are assembled and form the replication-tran-
scription complex which regulate the numerous functions of
virus replication viz. replication of viral genome, sub-genomic
RNA processing and packaging of new virion (Fehr et al.,
2018). Interrupting any replication process would become a
potential molecular target to develop therapeutics against
coronavirus. Thus, inhibition of the function of Mpro may
block the functional nsP-complex formation and may reduce
the rapid multiplication of this virus, and can be a potentially
effective target to combat COVID-19.

Most of the earlier efforts to target SARS-CoV-2 resulted
in identification of several known drugs as inhibitors of
SARS-CoV-2 proteins. A large number FDA approved drugs
such as remdesivir, chloroquine phosphate, hydroxychloro-
quine, lopinavir, umifenovir, arbidol, ribavirin has been used
as ad-hoc basis for the treatment of COVID-19 patients
(Colson et al., 2020; Liu, Zhu, et al., 2020; Sanders et al.,
2020). The clinical trials of some drugs are currently ongoing
to determine the full efficacy spectrum of these drugs in
patients (clinicaltrials.gov, NCT04280705, Ton et al., 2020).
Recently, several efforts have been initiated to examine the
potentiality of several plant secondary metabolites in inhibit-
ing the SARS-CoV-2 proteases using molecular docking ana-
lysis. In this context, Khaerunnisa et al. (2020) reported that
several secondary metabolites of plants such as kaempferol,
quercetin, luteolin-7-glucoside, demethoxycurcumin, naringe-
nin, apigenin-7-glucoside, oleuropein, curcumin, catechin and
epicatechin-gallate have the potential to inhibit Mpro prote-
ase of SARS-CoV-2. Recently, Zhang, Lin, et al. (2020)
reported a-ketoamide as a potential inhibitor of SARS-CoV-2
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main protease. In a recent study, Sampangi-Ramaiah et al.
(2020) also carried out the molecular docking analysis of
some commonly occurring natural products against SARS-
CoV-2 proteins 6LU7 and 6Y2E proteases. In another study,
Zhang, Wu, et al. (2020) observed that 13 natural compounds
collected from different Chinese herbs have the potential to
inhibit SARS-CoV-2 virus. Aanouz et al. (2020) reported that
crocin, digitoxigenin and b-eudesmol, available in different
Moroccan medicinal and aromatic plants, also have inhibitory
properties against SARS-CoV-2 main protease. Enmozhi et al.
(2020) observed that Andrographolide available in
Andrographis paniculata, acts as a main protease inhibitor of
SARS-COV-2. In another study, Islam et al. (2020) found that
the phytochemicals such as hypericin, cyanidin 3-glucoside,
baicalin and glabridin have antiviral activities, are and also
exhibits the inhibitory properties against SARS-CoV-2 main
protease. In a similar study, Umesh et al. (2020) observed
that the phytochemicals such as carnosol, rosmanol and
arjunglucoside-I, available in Rosmarinus officinalis, Terminalia
chebula showed potential binding affinity towards
main protease.

From the above elegant contributions, we envisioned that
compounds present in commonly used spices, fruits and veg-
etables may have the potentiality to inhibit the life cycle
regulatory proteins of SARS-CoV-2. In the present study, 10
spices have been chosen, which are readily available and
widely used in the cuisines worldwide. In order to identify
promising inhibitors, we prepared an in-house database of
1040 compounds from the available literature. It is pertinent
to mention that most of the previous studies related in-silico
identification of SARS-CoV-2 proteins inhibitors have been
carried out by utilizing natural phytochemical databank or
medicinal plant sources. Only one report is available in the
literature where the authors used spice compounds from
PubChemand and Zinc database. Literature studies also
revealed that some of the selected spices have diverse medi-
cinal properties and traditionally used as a remedy for com-
mon cold. Moreover, the effectiveness of herbal treatment to
control contagious viral disease was demonstrated during
the SARS-CoV outbreak in the year 2003 (Chen &
Nakamura, 2004).

In order to identify the inhibitors, the structure-based vir-
tual screening using Glide and molecular docking using
AutoDock 4.2 and AutoDock Vina were performed. In this
study, three molecular docking softwares namely Glide,
AutoDock 4.2 and AutoDock Vina were used to eliminate the
false positive. During Virtual Screening (VS), the compounds
were subjected to filtration through Lipinski rule of five, fol-
lowed by ADME filtration and removal of reactive functional
groups. The study predicts that a variety of natural com-
pounds available in spices may inhibit SARS-CoV-2 and will
provide the valuable information to the common peoples as
well as researchers on compounds and spices that may be
effective against COVID-19. Finally, based on binding affinity
of the compounds with main protease and spike receptor,
the spices are reported for in vitro activity studies. All of the
spices are commercially available and edible. To the best of
our knowledge such detailed study to identify the inhibitors
of SARS-CoV-2 from the naturally occurring spices has not
been reported earlier.

2. Materials and methods

2.1. Data collection

The X-ray crystal structures of two important SARS-CoV-2
proteins namely main protease in complexes with an inhibi-
tor N3 (6LU7, 2.16 Å) (Liu, Zhang, et al., 2020; Jin et al. 2020)
and spike receptor complexes with ACE2 (6M0J, 2.45 Å)
(Wang, Lan, et al., 2020; Lan et al., 2020) were retrieved from
RCSB protein data bank. The in-house databank was pre-
pared from the available literature of the selected spices.
This data bank has been utilized for virtual screening (VS)
and identification of potential SARS-CoV-2 protein inhibitors.
The compound numbers and their sources are listed in
Table 1.

2.2. Ligand preparation

The structure of the compounds was drawn by using
ChemDraw Professional 15 and was saved as a sdf file. The
ligands were prepared using the LigPrep module of

Table 1. The common name, scientific name and reference of 10 selected spices.

Sl. No Common name Scientific name and (Family) Compound code (References)

1 Onion Alium cepa L. (Liliaceae) AC_01 –AC_70 (Bystricka et al., 2013; Teshika et al., 2019)
2 Garlic Alium sativum L. (Liliaceae) AS_01–AS_58 (Farag et al., 2017; Kamel & Saleh, 2000; Lanzotti

2012; Martins et al., 2016; Thomson & Ali, 2003)
3 Ginger Zingiber officinale Roscoe.

(Zingiberaceae)
ZO_01–ZO_99 (Feng et al., 2011; Mahboubi, 2019; Pancharoen

et al., 2000)
4 Turmeric Curcuma longa L. (Zingiberaceae) CL_01-CL_161 (Meng et al., 2018)
5 Black piper Piper nigrum L. (Piperaceae) PN_01–PN_175 (Ee et al., 2009; Rasheed et al., 2005; Salehi et al.,

2019; Takooree et al., 2019)
6 Red chilli Capsicum annuum L. (Solanaceae) CA_01–CA_120 (Antonio et al., 2018; Imran et al., 2018; Tundis

et al., 2011)
7 Fenugreek (Methi) Trigonella foenum-graecum

L. (Fabaceae)
TF_01–TF_40 (Han et al., 2001; Omezzine et al., 2017; Yoshikawa

et al., 1997)
8 Nigella/Kalonji/ Black cumin Nigella sativa L. (Ranunculaceae) NS_01–NS_120 (Ahmad et al., 2013; Islam et al., 2019; Kokoska

et al., 2008; Mukhtar et al., 2019; Srinivasan, 2018)
9 Cumin (Zeera) Cuminum cyminum L. (Apiaceae) CC_01–CC_104 (Gachkar et al., Amin, 2012; 2007; Gohari & Saeidnia,

2011; Hajlaoui et al., 2010; Li & Jiang, 2004; Mandal & Mandal,
2016; Oroojalian et al., 2010; Singh et al., 2017; Topal et al., 2008)

10 Peppermint Mentha piperita L. (Lamiaceae) MP_01–MP_93 (Brahmi et al., 2017; Reddy et al., 2019; Saharkhiz
et al., 2012; Sokovi�c et al., 2009)
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Schrodinger 2020 (LigPrep, Schr€odinger, LLC, New York, NY,
2020) with default parameters and used for Virtual Screening
(VS). The top 16 hits resulted against main protease and 14
hits resulted against spike receptor were exported as pdb
format. These hits further converted to pdbqt format for
docking using AutoDock 4.2 and AutoDock Vina with their
respective proteins.

2.3. Protein preparation and receptor grid generation

The receptors for Glide docking were prepared by using
‘Protein Preparation Wizard’ (Protein Preparation Wizard;
Epik, Schr€odinger, LLC, New York, NY, 2016; Impact,
Schr€odinger, LLC, New York, NY, 2016; Prime, Schr€odinger,
LLC, New York, NY, 2020; Sastry et al., 2013) in Maestro 12.2
(Maestro, Schr€odinger, LLC, New York, NY, 2020). In main
protease (PDB ID: 6LU7) a peptide like co-ligand (N3) was
covalently bonded with receptor CYS-145 residue. The recep-
tor grid was generated by breaking the covalent bond
between co-ligand and receptor and thereby selecting the
co-ligand. In the spike receptor chain E was complexed with
chain A of ACE2 (PDB ID: 6M0J). During preparation of spike
protein, the chain A, water molecules and hetero atoms were
removed. The active site of the spike receptor was deter-
mined by using CASTp 3.0 (Tian et al., 2018) and the recep-
tor grid was generated by selecting the active site amino
acid residues (residue number 338, 339, 342, 343, 367, 368,
371, 373, 374).

The proteins were separately imported in AutoDock
Tools1.5.6 for both AutoDock 4.2 and AutoDock Vina.
Subsequently, water molecules and hetero atoms are
removed, and then added polar hydrogen’s followed by
computing Gasteiger and adding Kollman charge. Finally,
proteins were saved as pdbqt format. The grid dimension of
main protease was fixed by selecting the active site amino
acid residue information generated from CASTp 3.0 (residue
number 24, 26, 41, 49, 140–145, 163–168, 172, 187–192). The
grid center dimension of Mpro is x ¼ –10.883, y¼ 13.934,
z¼ 68.209 and grid size is x¼ 58, y¼ 68, z¼ 70. Similarly, the
grid dimension of the spike receptor was fixed by selecting
the active site amino acid residue information from CASTp
3.0. The grid of spike receptor was generated at grid dimen-
sion center x ¼ –32.00, y¼ 11.00, z¼ 28.00 and grid size
x¼ 52, size y¼ 52, size z¼ 54.

2.4. Virtual screening of database

The virtual screening of in-house databank containing 1040
number of molecules was performed with receptor grid
using Glide (Glide, Schr€odinger, LLC, New York, NY, 2020,
Friesner et al., 2004, 2006; Halgren et al., 2004). All com-
pounds of the data bank were docked to each of the two
receptor grid files. In Glide a rational workflow for virtual
screening of database is provided. In the workflow initially
the input molecules were filtered by Lipinski rule followed
by removal of ligands with reactive functional groups by
using QikProp (QikProp, Schr€odinger, LLC, New York, NY,
2020). Next the molecules were enriched from HTVS to SP to

XP, at every level such that only fewer numbers of molecules
needed to be studied at the next higher accuracy level. The
filtered molecules were docked with a receptor grid using
default High Throughput Virtual Screening (HTVS) mode to
filter out completely unreasonable molecules. Then 50% of
the output molecules again docked with the receptor grid
using Standard Precision (SP) mode of VS workflow. Finally,
50% of the output molecules from SP mode forwarded to
dock using Glide Extra Precision (XP). The best hits resulted
from each receptor being subjected to docking using
AutoDock 4.2 (Morris et al., 2009) and AutoDock Vina (Trott
& Olson, 2010). The best six hits against main protease and
best five hits against spike receptor were selected and sub-
jected to130 ns molecular dynamic simulation.

2.5. Validation of docking

The validation of the docking protocol of a protein having
co-ligand in the active site is measured by calculating the
root mean square deviation (RMSD). The RMSD is predicted
by superimposing the docked co-ligand on its original crys-
tallographic bound conformation. The RMSD of Mpro (6LU7)
was 1.47, which is in the acceptable range (Figure S1). Ten
SARS-CoV Mpro inhibitors and two known SARS-CoV-2 Mpro

inhibitor namely Remdesivir and Favipiravir were retrieved
from the literature (Ramajayam et al., 2010; Tu et al., 2020)
and compared the binding affinity of hits of main protease
inhibitors of SARS-CoV-2. The SARS-CoV-2 known spike
receptor inhibitors (Arbidol and Nafamostat) were collected
from literature (Chen et al., 2020; Li & De Clercq, 2020;
Sanders et al., 2020) and compared the selected hits with
these known inhibitors.

2.6. Molecular dynamic (MD) stimulation study

All atom 130 nano second (ns) molecular dynamics (MD)
simulation of selected protein-ligand complex as well as for
the apo-proteins were conducted. In the present study the
NVIDIA RTX 2070ti GPU accelerated GROMACS 2018.1 soft-
ware (Abraham et al., 2015), running over Linux Mint 2019.2
operating system supported by Intel i7 9700k processor was
used. The VMD software (Humphrey et al., 1996) was used to
visualize the trajectory and Grace Software (https://plasma-
gate.weizmann.ac.il/Grace/) was used as a plotting program.
The Charmm36 force field was used to generate protein top-
ology. The ligand topology and parameters required for MD
simulation were generated by using Swissparam server
(Zoete et al., 2011). The TIP3P (Jorgensen et al., 1983) water
model was used for solvating each systems followed by neu-
tralization with appropriate numbers of Naþ and Cl–. Then
energy of each system was minimized by using the steepest
descent minimization algorithm with maximum 1,00,000
steps and < 10.0 kJ/mol force. The 2 ns NVT and 10 ns NPT
ensemble equilibration process were conducted for each sys-
tem. A positional restraint of 100 ps for backbone and C-a
atom was subjected for both NVT and NPT ensemble equili-
bration process. However, free movements were allowed for
the solvent molecules in order to establish solvent
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equilibrium in the system. Particle mesh Eshwald (PME) was
considered for recording of long range electrostatic interac-
tions by setting 1.2 nm cut-off and 1.2 nm Fourier spacing. In
order to constrained covalent bonds, a linear constraint
solver algorithm was used (Bowers et al., 2006). Each equili-
brated system was subjected for 130 ns MD simulation with
a time step of 2 femto-seconds (fs). V-rescale weak coupling
method was used to regulate the temperature (315.10 K) of
the systems. Using Parrinello� Rahman method the pressure
of each system was set at 1 atm (Martyna et al., 1994). The
structural coordinates were saved for every 2 pico-second
intervals. After PBC (periodic boundary condition) correction
and removing solvents, ions etc., from the 130 ns atomistic
molecular dynamics trajectory various parameters like root
mean square deviation (RMSD), root mean square fluctuation
(RMSF), radius of gyration (Rg), number of hydrogen bonds
occurred between protein and ligand (HB), were calculated
(Chatterjee et al., 2020) using in-built functions of GROMACS
2018.1 software.

2.7. Mm-PBSA calculation

The binding free energy (DGbinding) of protein-ligand com-
plexes was calculated by combining the Molecular Mechanic
Poisson-Boltzmann Surface Area (MM-PBSA) with MD trajec-
tory (Miller et al., 2012). The MM-PBSA was measured from
the entire 130 ns trajectory as well as extracting snapshots of
10 ns of MD simulation. The DGbinding of protein-ligand com-
plex provides an overview of the bio-molecular interactions
between protein and ligand. The binding energy reflects the
potential energy, polar and non-polar solvation energies. The
MM-PBSA binding free energies were calculated by utilizing
the ‘g_mmpbsa’ (Kumari et al., 2014) script programme. In
this method the binding energy of the protein-ligand sys-
tems were calculated by using the following equation:
DGbinding ¼ Gcomplex � (Greceptor þ Gligand), where DGbinding is

the total binding energy of the complex, Greceptor is the bind-
ing energy of free receptor and Gligand is the energy of
unbounded ligand.

3. Results and discussion

The surface area and volume of main protease (6LU7) were
351.125 Å2 and 319.370 Å3, respectively, predicted by CASTp
3.0. The VS of 1040 molecules with Mpro resulted 60 hits hav-
ing XP glide score ranges from –6.510 to –9.523. Among the
60 hits, the XP glide score of sixteen hits are greater than 7.2
and these are 1(AC_01, AS_43, MP_71, TF_38), 2 (AC_19), 3
(AC_12), 4 (ZO_53), 5 (CA_59), 6 (CL_16), 7 (ZO_39), 8
(ZO_58), 9 (MP_67), 10 (MP_65, AC_15, CL_119), 11 (ZR_55),
12 (AC_28, CA_23), 13 (AS_44), 14 (AC_11), 15 (ZO_38), 16
(CL_121, AC_16, MP_64, TF_39). The range of binding energy
values of these hits are –4.89 to –8.77 kcal/mol and the range
of Ki values are 258.39 to 0.37 lM predicted by AutoDock
4.2. The ranges of binding affinities of these selected hits
predicted by AutoDock Vina are –5.8 to –7.9 kcal/mol. The XP
glide scores were predicted by Glide, binding energy and Ki
values were predicted by AutoDock 4.2, and binding affinity
were predicted by AutoDock Vina of these sixteen hits are
listed in Table 2. The 2D and 3D ligand interaction diagram
and binding pose of ligands (1–6) in the active site of Mpro

are shown in Figure 1. The 2D and 3D ligand interaction
diagram and binding pose of ligands (7–16) in the active site
of Mpro are shown in Figure S2. Among SARS-CoV known
inhibitors and SARS-CoV-2 known inhibitors, the best binding
inhibitor was remdesivir. The XP glide score, binding energy
predicted by AutoDock 4.2, Ki value and binding affinity pre-
dicted by AutoDock Vina of remdesivir are �8.061, �9.05,
0.2334 and �8.0, respectively (Figure 1). The structures, and
2D ligand interactions and XP glide scores of 10 known
SARS-CoV main protease inhibitors are shown in Figure S3
and Figure S4, respectively.

Table 2. Potential Mpro(PDB ID: 6LU7) inhibitors, spice source number, standard inhibitors, active site interacting amino acid residues of main protease, extra
precision glide score (XPGS), predicted binding energy in kcal/mol (BE) and Ki (AutoDock 4.2) and binding affinity (AutoDock Vina).

Compound
number Compound ID Active site interacting amino acid residues XPGS BE Ki (lM) BA

1 AC_01, AS_43,
MP_71, TF_38

HIE-41 (p-p), GLU-166 (2.34), THR-190 (1.77) –8.333 –8.2 0.9758 –7.5

2 AC_19 HIE-41 (p-p), HIS-163 (p-p), GLU-166 (1.79), GLN-189 (2.20) –9.523 –7.8 1.8600 –6.7
3 AC_12 HIE-41 (p-p), HIS-163 (p-p), GLU-166 (2.08) –8.694 –8.73 0.3956 –7.9
4 ZO_53 THR-26 (1.86), CYS-145 (2.27), THR-190 (1.75) –8.701 –7.12 6.0300 –7.2
5 CA_59 HIE-41 (2.10), CYS-145 (2.07), GLN-189 (2.65) –7.333 –8.77 0.3700 –7.0
6 CL_16 HIE-41 (p-p), CYS-145 (2.22), GLN-189 (1.7), GLN-192 (2.45) �8.027 �6.64 13.64 �6.7
7 ZO_39 GLY-143 (1.94), GLU-166 (1.76, 2.02), HIS-164 (1.95) –8.461 –6.72 11.7800 –6.5
8 ZO_58 HIE-41 (2.00), HIS-164 (2,04), GLU-166 (1,91), THR-190 (2.12), –7.913 –4.89 258.3900 –5.8
9 MP_67 HIE-41 (p-p), ASN-142 (2.63), HIS-163 (2.16), GLU-166

(1.91), GLN-189 (1.84)
–8.043 –6.31 23.5900 –7.3

10 MP_65, AC_15,
CL_119

HIE-41 (p-p), GLU-166 (2.39), HIS-163 (p-p) 7.775 –7.55 2.9100 –7.9

11 ZO_55 HIE-41 (p-p), CYS-145 (2.05) –7.762 –7.3 4.4600 –6.3
12 AC_28, CA_23 LEU-141 (2.07), GLU-166 (2.34), ARG-188 (2.26), GLN-189

(1.96), THR-190 (2.12)
–7.724 –7.37 3.9400 –7.3

13 AS_44 HIE-41 (p-p), GLU-166 (2.02), GLN-192 (2.12) –7.723 –7.86 1.7500 –7.0
14 AC_11 HIE-41 (p-p), HIS-164 (1,89), THR-190 (1.79) –7.667 –7.63 2.5500 –7.3
15 ZO_38 HIE-41 (2.25), LEU-141 (1.81), GLU-166 (2.35), GLN-189 (1.93) –7.321 –6.13 32.0900 –6.4
16 CL_121, AC_16, MP_64, TF_39 LEU-141 (2,09), GLU-166 (2.48), THR-190 (2.11, 1.91) �7.201 –7.55 2.9100 –7.5
10 Remdesivir CYS-145 (2.24), HIS-164 (2.79), GLU-166 (2.43), PRO-168

(1.23), ASN-142 (2.01, 1.94)
�8.061 �9.05 0.2334 �8.0

20 Favipiravir HIE-41 (1.87), HIS-164 (1.64) �4.373 �4.82 295.28 �4.9
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Figure 1. The docking poses of hits 1–6 and known main protease inhibitors 10 and 20 (A: 2 D ligand interaction diagram like hydrogen bond donor, hydrogen
bond acceptor, p-p stacking, B:3D ligand interactions like hydrogen bond donor, hydrogen bond acceptor, p-p stacking, C: Docking pose of hits in the active site),
docked with main protease. The 2 D ligand interactions are depicted with different colors: pi-pi (green line), hydrogen bond (violet arrow line). The 3 D ligand inter-
actions depicted hydrogen bond (purple dotted line), pi-pi (doted skyline).
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The important interacting amino acid residues of remdesi-
vir with main protease are CYS-145 (2.24), HIS-164 (2.79),
GLU-166 (2.43), PRO-168 (1.23), ASN-142 (2.01, 1.94). The XP
glide score, binding energy and Ki value predicted by
AutoDock 4.2, and binding affinity predicted by AutoDock
Vina of compound 1 are –8.33, �8.20, 0.9758 and �7.5,
respectively, and the interacting amino acid residues are HIE-
41 (p-p), GLU-166 (2.34 Å), THR-190 (1.77 Å). The XP glide
score, binding energy, Ki value (by AutoDock 4.2) and bind-
ing affinity (by AutoDock Vina) of compound 2 are �9.523,
�7.8, 1.860 and �6.7, respectively, and the interacting amino
acid residues are HIE-41 (p-p), HIS-163 (p-p), GLU-166 (1.79 Å),
GLN-189 (2.20 Å). The XP glide score, binding energy, Ki
value (by AutoDock 4.2) and binding affinity (by AutoDock
Vina) of hit 3 are �8.694, �8.73, 0.3956 and �7.9, respect-
ively, and interacting amino acid residues are HIE-41 (p-p),
HIS-163 (p-p), GLU-166 (2.08 Å). The XP glide score, binding
energy and Ki value and binding affinity of 4 are �8.701,
�7.12, 6.030 and �7.2, respectively, and interacting amino
acid residues are THR-26 (1.86 Å), CYS-145 (2.27 Å), THR-190
(1.75 Å). Compound 4 exhibits close docking score in all the

three methods. The XP glide score, binding energy, Ki value
and binding affinity of 5 are �7.33, �8.77, 0.3700 and �7.0,
respectively, and interacting amino acid residues are HIE-41
(2.10 Å), CYS-145 (2.07 Å), GLN-189 (2.65 Å). The XP glide
score, binding energy, Ki value and binding affinity
(AutoDock Vina) of 6 are �8.027, �6.64, 13.64 and �6.7,
respectively, and interacting amino acid residues are HIE-41
(p-p), CYS-145 (2.22 Å), GLN-192 (2.45 Å).

The docking score, interacting amino acid residues and
binding pose in the active site of Mpro for compounds 1, 2
and 3 are compatible with remdesivir. These compounds
also released similar binding energy in three docking meth-
ods. Therefore, the compounds 1, 2 and 3 may be consid-
ered as potential inhibitors of the main protease of SARS-
CoV-2. There is evidences of flavonoid, baicalein showed
good in vitro inhibitory activity (IC50: 0.50lM against SARS-
CoV-2 Mpro (Su et al., 2020). The compounds 1, 2 and 3 are
also flavonoid types and are available in A. cepa, A. sativum,
M. piperita T. foenum-graecum and C. annuum. Yu et al.
(2012) also observed that two natural flavones-myricetin and
scutellarein have potentiality to inhibit SARS-CoV helicase

Figure 1. Continued.
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protein. The binding pose of 4 in the active site of Mpro is
also good and it interacts with crucial amino acid residue
CYS-145 from a close distance of 2.27 Å. The amino acid CYS-
145 was covalently bonded with co-ligand (N3) in X-ray crys-
tallography complex and also has close interaction with
remedisivir (2.24 Å). This phenolic compound (4) is available
in Z. officinale. The predicted Ki value of compound 5 was
lowest (0.3700 lM) and it has close interaction with key
amino acid residues HIE-41 (2.10 Å) and CYS-145 (2.07 Å) of
main protease. It is an alkaloid, available in C. annuum. Kim
et al. (2019) reported that three natural alkaloids bis-benzyli-
soquinoline, tetrandrine, cepharanthine exhibit antiviral activ-
ity against HCoV-OC43.The compound 6 shows p-p
interactions with key amino acid HIE-41 and close hydrogen
bonding interaction with CYS-145 (2.22 Å). It is also shown a
comparable docking score in three methods and exhibits
good binding pose in the active site of Mpro. The hits 4, 5
and 6 have common active site amino acid interacting resi-
due CYS-145 with remedesivir. This compound (6) is also a
phenolic compound and available in C. longa. The binding
energy predicted by three methods was similar and the mol-
ecule is deeply inserted into the active site of Mpro. The XP
glide score, binding energy, Ki values and binding affinity
predicted by three methods and detailed interactions pre-
dicted by Glide of compounds 7–16 are shown in Table 2.
Most of the compounds show comparable binding affinity
with remdesivir.

The surface area and volume of the spike receptor were
73.389 Å2 and 60.837 Å3, respectively, as predicted by CASTp
3.0. The VS of 1040 molecules with spike receptor using
Glide resulted 14 hits with XP glide score greater than –6.6
and these are 17 (AC_27, CA_23), 18 (AC_01), 19 (AC_17), 20
(ZO_48), 21 (TF_39), 22 (AC_10), 23 (ZO_53), 24 (CL_119,
AC_15, MP_65), 25 (AC_12), 26 (ZO_55), 27 (TF_40, AC_09,
MP_63), 28 (AC_13), 29 (MP_68), 30 (MP_67). The binding
energies and Ki values of these fourteen hits were further
predicted by AutoDock 4.2 and the values ranged from –4.79

to –6.57 kcal/mol, and 309.35 –15.29lM, respectively. Further
docking of these hits by AutoDock Vina gives the binding
energy ranges from �5.7to �7.4 kcal/mol. The XP glide
scores, binding energy, Ki values and binding affinity of top
fourteen hits and two known inhibitors of spike receptor are
listed in Table 3. The 2D and 3D ligand interaction diagram
and binding pose of hits (17–21) in the active site of the
spike receptor and known spike inhibitors are shown in
Figure 2. The 2D and 3D ligand interaction diagram and
binding pose of hits (22–30) in the active site are shown in
Figure S5.

The XP glide score, binding energy, Ki value and binding
affinity of known spike receptor inhibitor 30 (Nafamostat) are
–7.40, –6.21, 28.63 and –8.7, respectively, and the interacting
amino acid residues are TRP-436 (p-p), ASN-440 (2.08, 2.15).
The XP glide score, binding energy, Ki value and binding
affinity of known spike receptor inhibitor 40 (arbidol) are
�4.04, �5.95, 43.5 and �5.7, respectively. The interacting
amino acid residues of this inhibitor (40) are CYS-336 (3.45 Å),
SER-371 (2.27 Å), PHE-338 (3.03 Å), TRP-436 (two, p-p). The XP
glide score predicted by Glide, binding energy and Ki value
predicted by AutoDock 4.2 and docking score predicted by
AutoDock Vina of hit 17 are �8.729, �6.01, 40.27 and �6.7,
respectively. The interacting amino acid residues of 17 are
ASP-364 (1.81 Å, 2.19 Å), VAL-367(2.33 Å).The XP glide score,
binding energy, Ki value and binding affinity of compound
18 are �8.707, �5.88, 48.76 and �6.4, respectively, and the
interacting amino acid residues of this molecule (18) are
ASP-364 (1.97 Å, 2.02 Å), SER-371 (1.96 Å), ASN-343 (2.14 Å,
3.12 Å, 3.25 Å). The XP glide score, binding energy, Ki value
and binding affinity of compound 19 are �8.222, �6.34,
22.62 and �7.2, respectively, and it interacts with the follow-
ing amino acid residues ASN-343 (2.49 Å, 2.63 Å), SER-371
(2.15 Å), CYS-336 (2.14 Å, 2.69 Å, 2.71 Å), ASP-364 (2.09 Å,
2.87 Å). The XP glide score, binding energy, Ki value and
binding affinity of hit 20 are �8.187, �6.02, 38.94 and �6.8,
respectively, and the interacting amino acid residues are

Table 3. The potential spike receptor (PDB ID: 3M0J) inhibitors compound number, spice source compound number, standard inhibitor, active site interacting
amino acid residues of spike, extra precision glide score (XPGS), predicted binding energy in kcal/mol(BE) and Ki values (AutoDock 4.2) and binding affinity
(AutoDock Vina).

Compound Compound ID XPGS Interacting amino acid residues BE Ki lM BA

17 AC_28, CA_23 �8.729 ASP-364 (1.81, 2.19), VAL-367(2.33) �6.01 40.27 �6.7
18 AC_01 �8.707 ASP-364 (1.97, 2.02), SER-371 (1.96), CYS-336 (1.78), ASN-

343 (2.14, 3.12, 3.25)
�5.88 48.76 �6.4

19 AC_17 �8.222 ASN-343 (2.49, 2.63), SER-371 (2.15), CYS-336 (2.14), 2.69,
2.71), ASP-364 (2.09, 2.87)

�6.34 22.62 �7.2

20 ZO_48 �8.187 ASN-343 (2.06), ASN-440 (2.20, 2.66) 5.82 54.3 �6.8
21 TF_39 �8.036 CYS-336 (1.77), ASP-364 (1.88, 2.05), SER-371 (1.88) �6.34 22.51 �7.0
22 AC_10 �7.629 CYS-336 (1.80), SER-371 (1.79), ASP-364 (1.80) �6.57 15.29 �7.4
23 ZO_53 �7.479 CYS-336 (1.62), ASP-364 (1.78), SER-371 (2.46), TRP-436

(p-p), ASP-364 (p-p)
�4.79 309.35 �6.5

24 CL_119, AC_15, MP_65 �7.061 CYS-336 (1.79), ASP-364 (1.78), SER-371 (1.87) �6.53 16.31 �7.0
25 AC_12 �7.182 CYS-336 (1.79), ASP-364 (1.80), SER-371 (1.80) �5.84 52.31 �6.4
26 ZO_55 �6.726 ASN-440 (2.16, 2.09) �6.37 21.3 �6.9
27 TF_40, AC_09, MP_63 �6.687 CYS-336 (1.79), ASP-364 (1.80), SER-371 (1.81) �6.18 29.52 �6.9
28 AC_13 �6.626 CYS-336 (1.89, 1.61), GLY-339 (2.23), ASN-343 (1.73) �5.9 68.03 �6.4
29 MP_68 �6.619 CYS-336 (1.77), ASP-364 (1.90, 2.03), SER-371 (1.87) �6.44 18.88 �6.7
30 MP_67 CYS-336 (1.68), ASP-364 (1.89, 2.00) �6.01 39.38 �6.8
30 Nafamostat �7.40 TRP-436 ( p-p), ASN-440 (2.08, 2.15) �6.21 28.63 �8.7
40 Arbidol �4.04 CYS-336 (3.45), SER-371 (2.27), PHE-338 (3.03), TRP-436

(two, p-p)
�5.95 43.5 �5.7
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ASN-343 (2.06 Å), ASN-440 (2.20 Å, 2.66 Å). The XP glide score,
binding energy, Ki value and binding affinity of compound
21 are –8.036, –6.34, 22.51 and –7.0, respectively, and its
interacting amino acid residues are CYS-336 (1.77 Å), ASP-364
(1.88 Å, 2.05 Å), SER-371 (1.88 Å). The XP glide scores, binding
energy, Ki value, binding affinity and interacting amino acid
residues of compounds 22–30 are listed in Table 3.

The compounds 17, 18 and 19 released fair binding energy
in three docking methods and good XP binding pose in the
active site of the spike receptor. The docking score of these

hits is comparable with known SARS-CoV-2 spike receptor
inhibitor 30 and greater than from the inhibitor 40. Compound
17 shows close hydrogen bond donor-acceptor interactions
with ASP-364 and VAL-367. It is a flavonoid compound and is
available in A. cepa and C. annuum. Compound 18 has a com-
mon binding interaction with SER-371 of known inhibitor 40,
two close hydrogen bonding interactions with ASP-364, and
one close hydrogen bonding interaction with ASN-343.
Compound 19 and known spike inhibitor 40 show common
interactions with amino acids CYS-336 and SER-371. This

Figure 2. The docking poses of hits 17–21 and two known spike receptor inhibitors 30, 40 (A: 2 D ligand interaction diagram like hydrogen bond donor, hydrogen
bond acceptor, p-p stacking, B:3D ligand interactions like hydrogen bond donor, hydrogen bond acceptor, p-p stacking, C: Docking pose of hits in the active site),
docked with spike receptor. The 2 D ligand interactions are depicted with different colors: pi-pi (green line), hydrogen bond (violet arrow line). The 3 D ligand inter-
actions depicted hydrogen bond (purple dotted line), pi-pi (doted skyline).
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compound has one hydrogen bonding interaction with ASN-
343 and two hydrogen boning interactions with ASP-364. The
flavonoid compounds 18 and 19 are available in A. cepa. The
compound 20 shows two close interactions with ASN-440
which is common with the known inhibitor 30 and has one
close interaction with ASN-343. It is observed that some por-
tion of compound 20 resides outside the binding pocket. The
compound 21 and 40 have common interactions with CYS-336
and SER-371. This compound also shows two hydrogen bond-
ing interactions with ASP-364. It shows a comparable docking
score with nafamostat (30) and better docking score than arbi-
dol (40). This flavonoid compound is available in T. foenum-
graecum. The compounds 22–30 also show superiority over
the arbidol (40) in terms of binding energy and binding interac-
tions. The sources of these compounds are available in Table
1. Among these 22, 24, 25, 26 and 29 are flavone and flavo-
noids; show a similar type of interactions with active site
amino acid residues like other flavones and flavonoids. The
top scored five compounds 17–21 were selected for MD simu-
lation study for further screening.

Molecular dynamics simulation provides a significant
insight about the stability of protein-ligand complex
(Schreiner et al., 2012). In order to analyze the binding affin-
ities of each identified hits from household spices, a 130 ns
atomistic molecular dynamics simulation was conducted. To
draw a conspicuous surmise about the stability of each pro-
tein-ligand system, the important parameters like RMSD,
RMSF, Rg, intermolecular hydrogen bond as well as binding
energy were calculated from the molecular dynamics trajec-
tory. The RMSD, RMSF and Rg of each protein-ligand system
were compared with the respective RMSD, RMSF and Rg of
ligand free protein (apo-protein). The average values of each
parameter with standard deviation were depicted in Table 4.

The molecular docking results of hits 1–6 showed admir-
able docking score with the Mpro. All the ligand-protein sys-
tems exhibit lower average RMSD value compared to the
RMSD value of apo-protein RMSD (�2.38 Å), except ligand-
protein complex of 4 and 6. The RMSD values of compound
4 and 6 were found to be �3.34 Å and �4.6 Å, respectively.
Large changes in atomistic positions of residues like VAL-42

Figure 2. Continued.
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to TYR-54, ALA-94–THR-93, PRO-168 to GLY-170, PRO-184 to
THR-199, were observed in 4-6lu7 system after 85 ns to
130 ns of the simulation. All of these residues present in the
loop region of the protein (Figure S6). Among them VAL-42
to THR-190 were reside in the binding site. This may be the
probable cause of sudden jump of RMSD depicted by this
system. After �60 ns sudden jump of RMSD towards higher
values were found in 6-6lu7 system. Residues like ASP-48 to
LEU-50, ALA-70 to ARG-76, ASP-92 to PRO-96, and ASP-263
to ALA-266 are present in the loop region of the protein
(Figure S6). The residues like ASN-231 to ASP-229 present in
alpha helix. All these residues exhibit large changes in

atomistic position. Moreover, ligand 6 after �60 ns flipped
inside the binding pocket. These events may responsible for
the sudden jump in RMSD after �60 ns. Same higher RMSD
profile was observed up to end of the simulation for this sys-
tem. The ligand 5 shows lowest average RMSD value
�2.11 Å. To evaluate the convergence of the trajectory, the
RMSD of protein-ligand complexes (1–6) and apo-protein
were calculated and plotted against time in nanosecond
(Figure 3).

The RMSD parameter provides critical information about
the structural conformation of protein-ligand complexes. In
the present study distance-based RMSD values were

Figure 3. RMSD of apo-protein backbone and ligand (1–6)-Mpro complexes vs time plot.

Table 4. Results of 130 ns MD simulation of apo-proteins and individual protein-ligand complexes.

System ID
Avg RMSD (Å)
of backbone Avg RMSF (Å) Avg Rg (Å) Avg number of HB BE (total) kJ/mol BE (last 10ns) kJ/mol

Main protease (PDB ID: 6LU7)
Apo-Protein 2.382 ± 0.48 1.366 ± 1.05 22.51 ± 0.158 NA NA NA
1 2.314 ± 0.30 1.087 ± 0.613 22.36 ± 0.17 4.00 ± 0.2 �211.2 ± 38.30 �242.27 ± 25.20
2 2.226 ± 0.44 1.058 ± 0.54 22.5 ± 0.12 1.7 ± 0.2 �106.6 ± 68.13 �141.7 ± 29
3 2.477 ± 0.44 1.089 ± 0.61 22.37 ± 0.142 2.8 ± 0.17 �222.3 ± 30.73 �221.83 ± 31.7
4 3.34 ± 0.8 1.5 ± 0.96 22.4 ± 0.154 2.34 ± 0.23 �180 ± 64.81 �137 ± 39.37
5 2.112 ± 0.35 1.008 ± 0.517 22.50 ± 0.12 2.2 ± 0.97 �139.014 ± 54.189 �151.92 ± 20.72
6 4.605 ± 0.23 2.54 ± 0.915 22.64 ± 0.355 2.24 ± 0.22 �158.41 ± 34.32 �139.08 ± 22.86
Spike receptor (PDB ID: 6M0J)
Apo-Protein 1.7 ± 0.48 1.06 ± 0.865 18.62 ± 2.4 NA NA NA
17 1.362 ± 0.16 0.873 ± 0.42 18.42 ± 1.4 4.3 ± 2.20 �177.43 ± 30.58 �176.41 ± 31.37
18 1.402 ± 0.18 0.880 ± 0.52 18.37 ± 1.6 3.0 ± 2.24 �167.15 ± 48.63 �175.02 ± 36.77
19 1.356 ± 0.18 0.774 ± 0.33 18.25 ± 1.32 2.35 ± 1.6 �172.4 ± 29 �168.711 ± 27.6
20 1.5 ± 0.184 0.843 ± 0.37 18.5 ± 1.07 1.1 ± 0.83 �163.1 ± 40.6 �200.02 ± 27
21 1.36 ± 0.222 0.854 ± 0.5 18.21 ± 1.02 1.41 ± 0.85 �168.50 ± 34.29 �182.13 ± 30.13

HB¼Hydrogen Bond, NA¼Not Applicable
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calculated for protein-ligand complex backbone. A lower
RMSD value indicates superior stability of the system. The
acceptable range of RMSD value is < 3.0 Å (Kufareva &
Abagyan, 2012) for a globular protein. It was observed that
the hit 6 exhibited sudden rises in RMSD values after 60 ns
and continued with higher value (�6.5 Å) throughout the
rest simulation time. The RMSD value of ligand 4 rises after
85 ns and fluctuates up to 130 ns with at highest RMSD value
�3.8 Å. The ligand 1-, 2-, 3-, 5 -protein systems including
native protein attained stable conformation after 35 ns of the
simulation time. However, after 110 ns the RMSD values of
ligand 1 and 5 shifted towards the lower range (�1.3 Å).
Analysis of RMSD results revealed that Mpro-ligand (1, 2, 3, 5)
complexes showed lower RMSD value in comparison to apo-
protein except the RMSD value exhibited by 4-, and 6-pro-
tein systems. This observation indicates that the compounds
1, 2, 3 and 5 form stable protein-ligand complexes and does
not make any considerable conformational change in the
protein structure during simulation.

In order to explore the flexibility of individual amino acid
residues of SARS-CoV-2 main protease RMSF was calculated
from 130 ns MD trajectory as shown in Figure 4. The protein-
ligand complexes of 1, 2, 3 and 5 exhibit lower RMSF values
in comparison to apo-protein (Table 4). The lowest RMSF
value (�1.008Å) was observed in case of ligand 5-pro-
tein system.

It was clearly observed that higher fluctuations were
shown by each residue of the protein when bound with lig-
and 4 and 6, respectively (Figure 4). Residues like SER-46 and

GLU-47 show slightly higher RMSF values in comparison with
apo-protein’s SER-46, GLU-47 residues by 0.13 Å and 0.12 Å,
respectively. The residue number PHE-185 shows slightly
higher RMSF (�0.12 Å) in 1-, 2-protein systems, respectively.
However, these residues are present in the loop region of
the protein, therefore, these values may disturb the binding
interactions. The higher value of RMSF infers that the greater
flexibility of the protein and vice versa (Chatterjee et al.,
2020). Each protein-ligand system shows lower RMSF values
than apo-protein. Only exceptions occur in case of 4- and 6-
protein systems. These facts infer that the fluctuation of pro-
tein was minimized after binding with ligands 1, 2, 3, 5 and
stable systems were achieved. In addition, high RMSF values
were found for terminal residues. This may be due to the
presence of terminal residues in the loop region. A similar
observation in the RMSF plot was also reported by
Muralidharan et al. (2020).

In order to inspect the compactness of the ligand bound
protein Rg plot was constructed (Figure 5) and compared
with the Rg value of apo-protein. The compactness of a pro-
tein was indicated by Rg value. Higher the Rg value indicates
a distorted protein structure (Chatterjee et al., 2020).

It was found that ligand 1–5 showed an average Rg value
less than apo-protein Rg value (Table 4) except ligand 6. The
highest Rg value (22.64 Å) was shown by ligand 6 and lowest
Rg value (22.36 Å) was shown by ligand 1.

After 60 ns the Rg value of the 6-protein system was
raised to �23.125Å and rest of the simulation time it shows
comparatively higher Rg value (�23Å) than the apo-protein.

Figure 4. RMSF profile of apo-protein and Mpro-ligand (1–6) complexes.
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Figure 5. Radius of gyration of apo-protein and Mpro-ligand (1–6) complexes during 130 ns simulation time.

Figure 6. Number of average hydrogen bonding interactions between main protease–ligand (1–6) systems during 130 ns simulation time.
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The numbers of hydrogen bond interactions occurring in
between protein and ligand was calculated and plotted
against time in nanoseconds, shown in Figure 6. The average
number of hydrogen bonds occurring in between protein
and ligand is illustrated in Table 4.

Average �4, �1.7, �2.8, �2.34, �2.2, �2.24 numbers of
hydrogen bonds were found in ligand 1, 2, 3, 4, 5, 6-protein
complex, respectively. Ligand 3 exhibits the highest number
of hydrogen bonds (�3) at last 10 ns of MD simulation. The
ligand 1 exhibited the highest average number of hydrogen
bonds with lowest Rg values. The ligand 5 exhibits lowest
RMSD, RMSF values and forms average �2.2 numbers of
hydrogen bonds. Moreover, it depicts 0.01 Å less Rg value
than apo-protein Rg value.

The binding affinity in terms of g_mmpbsa based binding
energy of each ligands for the main protease enzyme were
calculated from all frames of 130 ns MD trajectory as well as
for the last 10 ns (that is 120–130 ns) of molecular dynamics
trajectory and are given in Table 4. The high negative bind-
ing energy infers greater stability of the protein-ligand com-
plex system. Ligand 3 exhibits the highest binding energy (�
–222.3 kJ/mol) when calculated from 130ns molecular
dynamics trajectory and shows second highest value (�
–221.83 kJ/mol) when calculated from last 10 ns molecular
dynamics trajectory with nominal (0.5 kJ/mol) difference.
However, ligand 1 shows an average binding energy of �
–211.2 kJ/mol when calculated from 130 ns MD trajectory,
which increases (high negative) at last, 10 ns and found to

be � –242.27 kJ/mol. Similar binding energy profiles were
found for ligands 2 and 5. Whereas, the binding energy of
ligand 4 (� –180 kJ/mol) and 6 (–158.41 kJ/mol) were
decreased to � –137 kJ/mol and � –139.08 kJ/mol, respect-
ively, at last 10 ns.

The ligand 2-, 3-protein system exhibits acceptable RMSD,
RMSF, Rg values. However, ligand 2 forms only �1.7 number
of hydrogen bonds. In agreement with above information, it
can be concluded that 1-, 2-, 3-, 5- ligand–protein systems
show greater stability throughout 130 ns molecular dynamics
simulation. Moreover, the binding energy analysis depicts that
the ligand 1, 2, 5 shows high negative binding energy at last
10 ns. This finding is also evident that identified hits 1, 2, 3, 5
are present in the household spices which possess the superior
affinity towards SARS-CoV-2 main protease enzyme.

In order to analyze the stability of identified hit-spike pro-
tein complexes 130 ns MD simulation was conducted and
various MD parameters were calculated from MD trajectory
(Table 4). To inspect atomistic positions, the protein back-
bone RMSD of each ligand-spike protein complex was calcu-
lated and compared with native spike protein RMSD profile
(Figure 7). It was clearly observed that ligand-protein systems
of 17–21 exhibit average �0.3 Å less RMSD value than apo-
protein RMSD value (Table 4). Among all ligand-spike protein
complexes the 20-spike protein system exhibits maximum
average RMSD �1.5 Å, although it is also 0.20 Å less than
apo-protein RMSD. The 18-spike protein system exhibits
�0.16 Å higher RMSD than its average RMSD at 25 ns.

Figure 7. RMSD of apo-protein backbone and ligand (17–21)-spike protein complexes vs time plot.
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The RMSF parameters of ligand 17-, 18-, 19-, 20-, 21-
spike protein systems were calculated from 130 ns MD trajec-
tory, which is plotted against residue number (Figure 8). The
average RMSF values of each system are given in Table 4. It
was found that all the ligand–spike protein systems showed
� 0.218Å lower RMSF value than apo-protein RMSF value.

In comparison with apo-protein residue fluctuation, the
SER-375, THR-376, PHE-377 residues in 18-spike protein com-
plex exhibits 0.152, 0.206, 0.202 Å higher fluctuation, respect-
ively. An average �0.0320 Å higher fluctuation depicted by
SER-383, PRO-384, THR-385, LYS-386, LEU-387, ASN-388 and
LEU-390 residues of 17-spike protein system than respective
residues of apo-protein. The ASN-440 residue in the 21-spike
protein system depicts 0.80 Å higher RMSF than apo-protein’s
ASN-440. The LYS-444, VAL-445, GLY-446 residues of the 18-
spike protein system exhibit �0.26 Å higher RMSF in com-
parison to the respective residues of apo-protein. The GLY-
447 and ASN-448 shows 1.34 Å and 1.12 Å higher RMSF in
comparison to the respective apo-protein residues. Moreover,
in this system the amino acid residues lying in between
ASN-460 to ALA-475 show 0.8 Å higher fluctuations than the
respective residues of apo-protein. The ligand–spike protein
system exhibits lower RMSD and RMSF values in comparison
to apo-protein RMSD, RMSF values. The residues LYS-444,
VAL-445 and GLY-446 show higher RMSF values although
these residues do not reside in the receptor binding site.
Moreover, LYS-444, VAL-445 and GLY-446 residues reside at
the rear part of the binding site. Therefore, this high fluctu-
ation may not interfere with the receptor binding affinity of
the hits. The above observations are also supported by visual
inspection of the trajectory.

The radius of gyration (Rg) calculated from 130 ns MD tra-
jectory and is plotted against time in nanosecond (Figure 9).
The average values of Rg for each ligand-spike protein sys-
tem along with apo-protein are given in Table 4. All the

ligand-spike protein systems exhibit �0.24 Å lower Rg value
than native protein Rg value (18.62 Å). It was observed that
apo-protein system exhibits an average Rg of �18.76 Å after
90 ns (Figure 9). The Rg value of all ligand-spike protein sys-
tems was lower than the Rg value of apo-protein.

The hydrogen bonding interactions plays an important
role in protein-ligand stability. In order to study the interac-
tions, the average number of hydrogen bonds calculated
from 130 ns MD trajectory and plotted against time (ns) are
shown in Figure 10. The average �4.30, �3.00, �2.35, �1.10
and �1.41 numbers of hydrogen bonding interactions were
found for ligand 17, 18, 19, 20 and 21, respectively. The
results of the average number of hydrogen bonds formed in-
between ligand and protein are shown in Table 4.

In order to analyze the affinity of the ligands towards
SARS-CoV-2 spike protein, the binding energy of each ligand-
spike protein complexes were calculated from all the frames
of 130 ns MD trajectory. To calculate the binding energy of
each system all snapshots from 120 to 130 ns were saved
and used. The average binding energies with standard devi-
ation for each system are illustrated in Table 4. The ligand
20 showed an average binding energy of � –163.10 kJ/mol
when calculated from 130 ns trajectory, which was increased
by � 36.92 kJ/mol in the last 10 ns (–200.02 kJ/mol). Similarly,
ligand 18 showed an average binding energy of �
–167.15 kJ/mol from 130 ns and � –175.02 kJ/mol for last the
10 ns. The ligand 21 also showed a similar binding energy
profile with � –168.5 kJ/mol from 130 ns and � –182.13 kJ/
mol from last 10 ns. The ligand 17 showed an average bind-
ing energy of � –177.43 kJ/mol calculated from130 ns MD
trajectory and –176.41 kJ/mol for the last 10 ns. The drop of
energy was found to be –1.02 kJ/mol for ligand 17. The lig-
and 19 exhibits binding energy � –172.4 kJ/mol from 130 ns
which was dropped around –3.7 kJ/mol in the last 10 ns and
found to be –168.71 kJ/mol. All the ligands except ligand 19,

Figure 8. RMSF profile of apo-protein and ligand (17–21)-spike protein complexes.
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Figure 10. Number of average hydrogen bonding interactions between spike receptor–ligand (17–21) systems during 130 ns simulation time.

Figure 9. Radius of gyration of apo-protein and spike receptor-ligand (17–21) complexes during 130 ns simulation time.
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exhibit high negative binding energy at the last 10 ns of
simulation time. All the ligands showed lower Rg values than
apo-protein. The Rg value of ligand 19 was lowest (18.25 Å).
It was clearly identified that the Rg value of the 20-spike
protein complex was slightly higher (0.008 Å), although it
seems to be in acceptable range. The ligand 20 shows high
negative binding energy at last 10 ns of simulation time. In
agreement with the above findings, it can be concluded that
the hits 17, 18, 19, 20, 21 showed stable binding affinities
with SARS-CoV-2 spike protein.

One of the important parameters in drug discovery is
ADME. The QikProp predicts the properties and descriptors
of organic molecules by comparing with 95% of known
drugs. According to the Lipinski’s rule, a molecule will be a
drug like when molecular weight is < 500, octanol-water
partition coefficient (QplogPo/w) should be < 5.0, hydrogen
bond donor groups (donorHB) should be < 5.0, and hydro-
gen bond acceptor groups (accptHB) should be � 10. All the
identified potential hits follow Lipinski’s rule of five. The
other important ADME properties like CNS, QplogS, QPPCaco,
QplogBB, QPPMDCK, HOA, PHOA, ROF, ROT, etc. are pre-
sented in Table 5. The ADME properties of all the selected
hits lie in the acceptable range and, therefore, all the
selected hits are drug like. The structures of the selected
potential hits are shown in Figure 11.

4. Conclusion

The virtual screenings of in-house databank containing 1040
number of natural compounds retrieved from literature of
readily available spices using Glide was performed. The best
hits resulted from VS were subjected to molecular docking

with AutoDock 4.2 and AutoDock Vina to eliminate false
positive. The molecular docking study resulted six potential
compounds (1–6) having good binding affinity towards
active site amino acid residues of main protease (Mpro) and
five compounds (17–21) with good binding affinity towards
active site amino acid residues of spike receptor of SARS-
CoV-2. Finally, the 130 ns atomistic molecular dynamic simu-
lation of two sets of selected hits with main protease and
spike receptor were performed. Molecular dynamic simula-
tion unveils that amongst the six hits, hits 1, 2, 3 and 5
formed stable complexes with Mpro throughout the simula-
tion time. Similarly, the compounds 17, 18, 19, 20 and 21
formed stable complexes with spike receptor of SARS-CoV-2
and shows superior binding affinity during MD. The potential
hits against main protease are 1 (Quercetin, present in
Onion, Garlic, Peppermint, Fenugreek), 2 (Leucopelargonidin,
present in Onion), 3 (Aronadendin, present in Onion) and 5
(Capsazepine, present in Chilli), identified on the basis of
docking score predicted by three different softwares, MD
simulation study, binding energy calculation and ADME
study. The present studies have also identified five potential
hits 17 (Myricetin, available in Onion, Chilli), 18 (Quercetin,
available in Onion), 19 (Tricetin, available in Onion), 20 (5S-5-
Hydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)-3-heptanone,
available in Ginger) and 21 (Luteolin, available in Fenugreek)
against SARS-CoV-2 spike protein. The predicted ADME prop-
erties of the selected hits are also within the acceptable
range akin to 95% known drugs and supported the drug like
nature of these molecules. All the selected spices are readily
available and edible. Based on the above findings, it is
hypothesized that under this pandemic situation the spices
Onion, Garlic, Peppermint, Fenugreek, Chilli and Ginger

Table 5. Predicted important ADMET properties of the eleven hits with their recommended values (in the table abbreviations are, RV: Recommended values;
PHOA: Percent Human Oral Absorption; ROF: Rule of Five; ROT: Rule of Three; HOA: Human Oral Absorption; HB: hydrogen bond).

Hits #stars CNS mol_MW donorHB accptHB QPlogPo/w QPlogS

1/18 0 �2 302.240 4 5.25 0.358 �2.893
2 0 �2 290.272 5 6.40 0.300 �2.510
3 0 �2 288.256 3 5.70 0.748 �2.917
4 0 �2 446.496 3 7 3.444 �4.218
5 0 �1 376.900 3 4 4.315 �5.977
6 0 �2 386.401 2 5.45 2.938 �3.668
17 1 �2 318.239 5 6 �0.307 �2.656
19 0 �2 302.240 4 5.25 0.244 �2.780
20 1 �2 374.433 2 5.70 3.600 �5.101
21 0 �2 286.240 3 4.50 0.913 �3.030
AR 0–5 �2(inactive)

þ2(active)
130.0–725.0 0.0–6.0 2.0–20.0 �2.0–6.5 �6.5–0.5

Hits QPPCaco QPlogBB QPPMDCK HOA PHOA ROF ROT
1/18 18.193 �2.414 6.509 2 51.591 0 1
2 67.663 �1.777 26.921 3 61.464 0 0
3 61.445 �1.768 25.257 3 63.338 0 0
4 106.853 �2.23 44.115 2 83.423 0 0
5 825.397 �0.602 1642.128 3 100.00 0 1
6 76.911 �2.395 30.92 2 77.903 0 0
17 6.562 �2.939 2.162 2 26.815 1 1
19 14.773 �2.449 5.197 2 49.306 0 1
20 182.04 �2.218 78.465 3 88.476 0 1
21 40.797 �1.942 15.581 3 61.115 0 0
AR <25 poor

>500 great
�3.0–1.2 <25 poor

>500 great
1-low

2-medium
3-high

>80% is high
<25% is poor

max 4 max 3

Description of terms, CNS: Predicted central nervous system permeability; QPlogPo/w: Predicted octanol/water partition coefficient; QPlogS: Predicted aqueous
solubility; QPPCaco: Predicted Caco-2 cell permeability in nm/s; QPlogBB: Predicted brain/blood partition coefficient; and QPPMDCK: Predicted apparent MDCK
cell permeability in nm/s.
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might be used as precautionary home remedy against
COVID-19 after appropriate biological screening.
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