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ABSTRACT

COVID-19 and its causative organism SARS-CoV2 that emerged from Wuhan city, China have paralyzed
the world. With no clinically approved drugs, the global health system is struggling to find an effective
treatment measure. At this crucial juncture, screening of plant-derived compounds may be an effective
strategy to combat COVID-19. The present study investigated the binding affinity of phytocompounds
with 3-Chymotrypsin-like (3CLpro) and Papain-like proteases (PLpro) of SARS-CoV2 using in-silico tech-
niques. A total of 32 anti-protease phytocompounds were investigated for the binding affinity to the
proteins. Docking was performed in Autodock Vina. Pharmacophore descriptors of best ligands were
studied using LigandScout. Molecular dynamics (MD) simulation of apo-protein and ligand-bound
complexes was carried out in YASARA software. The druglikeness properties of phytocompounds were
studied using ADMETlab. Out of 32 phytochemicals, amentoflavone and gallocatechin gallate showed
the best binding affinity to 3CLpro (-9.4 kcal/mol) and PLpro (-8.8 kcal/mol). Phytochemicals such as
savinin, theaflavin-3,3-digallate, and kazinol-A also showed strong affinity. MD simulation revealed lig-
and-induced conformational changes in the protein with decreased surface area and higher stability.
The RMSD/F of proteins and ligands showed stability of the protein suggesting the effective binding
of the ligand in both the proteins. Both amentoflavone and gallocatechin gallate possess promising
druglikeness property. The present study thus suggests that Amentoflavone and Gallocatechin gallate
may be potential inhibitors of 3CLpro and PLpro proteins and effective drug candidates for SARS-
CoV2. However, the findings of in silico study need to be supported by in vivo studies to establish the
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exact mode of action.

1. Introduction

COVID-19 pandemic is a rapidly spreading dreadful disease
caused by a novel coronavirus SARS-CoV2 with more than
24.02 million positive cases across the world till date (2:44
p.m. CEST, 27 August 2020, WHO). According to the latest
WHO update, the global death rate of COVID-19 now stands
at 3.42% (https://covid19.who.int/). SARS-CoV2 is a positive-
sense single-stranded RNA virus belonging to the family
Coronaviridae that originated from the Wuhan city of China
in 2019 (Tang et al., 2020). It is considered to be the seventh
human coronavirus (HCoV) under the same family after 229E,
NL63, 0OC43, HKU1, SARS-CoV, and MERS-CoV (Benvenuto
et al,, 2020). Like SARS and MERS coronaviruses, SARS-CoV2
is a highly pathogenic and contagious virus that causes
severe respiratory complications and even death (Cui et al.,
2019). Sequence analysis reveals that all the human coronavi-
ruses have a common origin (from bats?) except HKU1 and
OC43 which are believed to be originated from rodents
(Forni et al., 2017). The attack and pathogenicity of SARS-
CoV2 progress with four transmission stages—asymptomatic,
moderate, extreme, and clinical which starts at the lower

respiratory tract followed by invasion of pulmonary epithelial
cells and hijacking the entire host cell machinery. The most
common symptoms of COVID-19 include cough, fever, mal-
aise, gastrointestinal symptoms, loss of smell, sore throat,
heart failure, and acute kidney injury (Gandhi et al., 2020).
Currently, there is no clinically approved drug/vaccine for
the treatment of COVID-19 and SARS-CoV2. However, several
clinical trials are in progress to find out possible therapies for
COVID-19. Recently, hydroxychloroquine, remdesivir, and iver-
mectin have been positioned as a possible treatment for
COVID-19 (Caly et al, 2020; Wang et al, 2020). Several
researchers are looking at the repurposing of existing anti-
viral drugs to test the efficacy on SARS-CoV2 (Elfiky, 2020;
Kandeel & Al-Nazawi, 2020). Meanwhile, it is also crucial to
understand the pathogenic mechanism of SARS-CoV2 to
develop effective drugs or vaccines against the virus. Based
on the virus pathogenesis and clinical manifestations, several
studies have put forwarded potential therapeutic drug tar-
gets of SARS-CoV2 (Omolo et al., 2020). Among the several
drug targets, coronavirus 3CLpro and PLpro are considered
to be crucial targets of COVID-19 management (Zhou et al.,
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2020). 3CLpro and PLpro are encoded by ORF-1 of virus gen-
ome which plays a major role in the processing of inactive
polyproteins (pp1a and pp1lab) into active non-structural pro-
teins (nsps). These nsps finally helps in the replication, gener-
ation, as well as infection of the virus (Zhou et al, 2019).
Inhibition of these proteases can be crucial for further repli-
cation and infection of SARS-CoV2 (Wu et al.,, 2020). Recent
studies revealed that 3CLpro and PLpro share 96% and 83%
sequence identity (at protein level) between SARS-CoV and
-CoV2 (Morse et al.,, 2020). However, no such distinct struc-
tural differences were found in the active-site pockets of the
enzymes which therefore suggest that 3CLpro and PLpro
could be a potential drug target in SARS-CoV2. Therefore,
drugs or compounds that are used as protease inhibitors in
SARS-CoV may also be investigated for its effectiveness
against SARS-CoV2.

Plants have always been a rich source of bioactive com-
pounds having tremendous medicinal values. Unlike synthetic
drugs that are costly, and possess undesirable side-effects,
phytocompounds are less expensive, readily available, and
contain less side-effects. Several medicinal plants and isolated
compounds have been established as anti-virus and protease
inhibitors by many researchers (Liu et al, 2020; Park et al.,
2013). Ryu et al. (2010) reported the SARS-CoV protease inhibi-
tor property of apigeni and luteolin isolated from Tripterygium
regelii. Similarly, major bioactive compound rhamnazin 3-O-
rutinoside isolated from Sarcocornia fruticosa strongly inhib-
ited the protease activity of Hepatitis-C virus (Hawas et al.,
2019). Several phytochemicals of known and unknown bio-
logical functions have been investigated by many authors in a
computer-based approach to find out lead compounds that
can effectively inhibit therapeutic targets in SARS-CoV2 includ-
ing 3CLpro and PLpro (Chojnacka et al., 2020; Vardhan &
Sahoo, 2020). The present study investigated the binding affin-
ity of anti-protease phytochemicals with 3-chymotrypsin- and
papain-like proteases of SARS-CoV2 using molecular docking
and molecular dynamics simulation approach. Furthermore,
we also investigated the in silico druglikeness and ADMET
properties of the phytochemicals.

2. Materials and methods
2.1. Selection of phytochemicals and ligand preparation

A total of 32 phytocompounds that are reported to have
protease inhibitor property are collected from different
pieces of literature. The name of the chemicals and the pub-
lication details are presented in Table 1. The sdf files of each
chemical were downloaded from the Pubchem database
(http://pubchem.ncbi.nim.nih.gov/). The files were converted
into pdb file using OpenBabel software (O'Boyle et al., 2011).
Finally, chemicals were converted into pdbqt file using
Autodock tool (Trott & Olson, 2010).

2.2. Collection and preparation of proteins

Three-dimensional structures of the 3-Chymotrypsin-like pro-
tease (3CLpro) and Papain-like protease (PLpro) of SARS-

CoV2 were downloaded from RCSB-PDB database (https://
www.rcsb.org/). The pdb IDs of the crystal structures of pro-
teases were 6M2N for 3CLpro and 7JN2 for PLpro. Both the
protein structures were processed by removing the water
and other hetatms. Next, polar hydrogens and Kollman
charges were added to the pdb files, and finally converted
into pdbqgt file format using AutoDock Tools (Trott &
Olson, 2010).

2.3. Molecular docking

After the compounds and enzymes were prepared docking
was carried out using AutoDock Vina (Trott & Olson, 2010).
The amino acid residues interacting with the co-crystallized
ligands of both the 6M2N and 7JN2 were taken as the active
site residues and accordingly docking grid parameters were
set. The active pocket amino acids residues in 6M2N were
His41, Cys44, Met49, Leu141, Asn142, Gly143, Ser144, Cys145,
His164, Met165, Glu166, Asp187, and GIn189 while the active
pocket of 7JN2 contains amino acid residues such as Leu162,
Gly163, Asp164, Glu167, Pro247, Pro248, Tyr264, Tyr268,
GIn269, Tyr273, and Thr301. The grid parameters were set as
X, ¥, z size- and centre-coordinates: 40, 50, 72 and -32.939,
-65.379, and 39.480 for 3CLpro and for PLpro the parameters
were 48, 54, 42, and 51.130, 31.061, and 1.325 for x, y, z size-
and centre-coordinate, respectively. The docking algorithm
was carried out by keeping the default exhaustiveness at 8.
After docking, the best poses scoring the lowest binding
energy (kcal/mol) for both 3CLpro and PLpro were selected
and visualize in Discovery Studio.

2.4. Molecular dynamics simulation

To validate the docking study and evaluate the change in
protein conformation, molecular dynamics simulation was
implemented. The YASARA dynamics commercial package
(Krieger et al., 2003) was used to simulate the complex
where AMBER14 force field was applied (Dickson et al,
2014). The water molecules were added and with 0.9% NaCl
salt at 310 K temperature (Krieger et al., 2006). The periodic
boundary condition was maintained where the Particle Mesh
Ewald method was applied to calculate long range electro-
static interaction. A cubic simulation cell was created to
simulate the protein which was 20A bigger than the protein.
The Berendsen thermostat was used to control the tempera-
ture of the simulation system. The protein complex and apo
structure was initially cleaned and minimized by steepest
gradient approaches (5000 cycles). The normal simulation
time was maintained with a time step of 1.25 fs (Krieger &
Vriend, 2015). The simulation trajectory was saved for every
100ps to analyze the result. The simulation result was incor-
porated with the default script of YASARA. Finally, root mean
square deviation (RMSD), root mean square fluctuation
(RMSF), radius of gyration (Rg), solvent accessible surface
area (SASA), and Hydrogen bonds (H-bonds) were analyzed
(Islam et al, 2019; Khan et al, 2020; Mahmud et al., 2020a,
2020b). To have more correct result from molecular dynamics
simulation, each complex were run thrice (n=3) and average
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Figure 1. Binding energies of anti-protease phytocompounds with 3-chymotrypsin-like and papain-like proteases of SARS-CoV?2.
Table 1. Anti-protease phytocompounds from different plants and target molecule.
Name of the compound Name of the plants Virus Target References
Beta-sitosterol Isatis indigotica Fortune ex Lindl SARS-CoV Inhibits Mpro (Lin et al., 2005)

Sinigrin
Xanthoangelol E Angelica keiskei (Miq.) Koidz. SARS-CoV Inhibits Mpro and PLpro (Park et al., 2016)

Xanthoangelol
Savinin Chamaecyparis obtusa var. formosana Hayata SARS-CoV Inhibits 3CLpro (Wen et al., 2007)

Betulinic acid
Pristimerin Tripterygium regelii Sprague & Takeda SARS-CoV Inhibits 3CLpro (Ryu et al., 2010)

Iguesterin
Apigenin Torreya nucifera (L.) Siebold & Zucc. SARS-CoV Inhibits 3CLpro (Ryu et al., 2010)

Biflavone

Amentoflavone

Luteolin
Curcumin Curcuma longa L. SARS-CoV Inhibits 3CLpro (Wen et al., 2007)
Dihydrotanshinone-I Salvia miltiorrhiza Bunge SARS-CoV Inhibits 3CL- and PLpro (Park et al., 2012)

Cryptotanshinone
Broussochalcone A Broussonetia papyrifera (L.) L'Her. ex Vent. SARS-CoV Inhibits 3CLpro (Park et al., 2017)

4-Hydroxy-isolonchocarpin

Papyriflavonol-A

Kazinol-A
Aurantiamide acetate Artemisia annua Pall. SARS-CoV Inhibits 3CLpro (Okebe et al., 2014)
Epigallocatechin Camellia sinensis (L.) Kuntze SARS-CoV Inhibits 3CLpro (Chen et al., 2005)

Theaflavin-3,3'-digallate

Gallocatechin gallate
Baicalein Scutellaria baicalensis Georgi SARS-CoV2 Inhibits 3CLpro (Liu et al.,, 2020)
Hirsutinone Alnus japonica (Thunb.) Steud. SARS-CoV Inhibits PLpro (Park et al., 2012)
Ellagic acid Lagerstroemia speciosa (L.) Pers. HIV-1 Inhibit proteases (Nutan et al., 2013)
Isobavachalcone Psoralea corylifolia L. SARS-COV Inhibit PLpro (Kim et al., 2014)

4/-0-methylbavachalcone

Psoralidin
Cinnamic amide Tribulus terrestris L. SARS-COV Inhibits PLpro (Song et al., 2014)
6,8-Diprenylgenistein Erythrina senegalensis DC. HIV-1 Inhibits proteases (Lee et al., 2009)

Rhamnazin 3-O-rutinoside

Sarcocornia fruticosa (L.) Moq.

Hepatitis C virus

inhibits proteases

(Hawas et al., 2019)
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Figure 2. Binding interactions of SARS-CoV2 3-chymotrypsin-like protease and amentoflavone. (a) Ligand binding sphere and surface view of protein, (b) two-
dimensional display of ligand-3CLpro interactions, (c) Ramachandran plot of 3CLpro, (d) H-bond property of binding pocket, (e) hydrophobicity profile of binding

pocket, and (f) Ramachandran plot of ligand-interacting amino acid residues.

result was used for analysis. To calculate the binding free
energy, the Molecular Mechanics Poisson-Boltzmann Surface
Area method was applied. The edited YASARA script was
employed for this calculation. The following equation had
been used for the calculation of MM-PBSA (Gilson & Honig,
1988).

AGbind =
+AGreceptor(minimized)]AGbind = AGcompleX minimized)

AGcom plex(minimized) - [AGl igand (minimized)

- [AG“gand(minimized) + AGreceptor(minimized)]
AGbind = AGwm + AGpg + AGsp—Tas

Here, AGyy is the sum of van der Waals and electrostatic
interaction, AGpg and AGs, is the polar and non-polar solv-
ation energies, TAS is the entropic contribution (Razzaghi-Asl
et al, 2018). The 1000 trajectory files were considered for
MM-PBSA calculation.

2.5. Pharmacophore modeling

Pharmacophore features of the two best binding compounds
were determined by LigandScout software which demon-
strated Structural Activity Relationship (Muchtaridi et al,
2017) and also suggested compound’s descriptors necessary
for optimal molecular interactions with the biological targets.

The optimized chemical structures (pdb) of all the com-
pounds were loaded into Ligandscout working space and
key pharmacophore features were determined including H-
bond donor, H-bond acceptor, hydrophobic, aromatic, halo-
gen bond donor, positively and negatively ionizable groups.

2.6. Analysis of druglikeness and ADMET properties

Top ten best binding phytochemicals with the 3CLpro and
PLpro were selected and druglikeness properties were
studied using SwissADME (Daina et al., 2017) and PubChem
database. The druglikeness properties of selected drugs were
evaluated based on Lipinski’s rule (Lipinski, 2004). Similarly,
the absorption, distribution, metabolism, excretion, and tox-
icity (ADMET) properties of drugs were predicted using
ADMETIlab (Dong et al., 2018).

2.7. Statistical analysis

Statistical calculation were carried out in Microsoft excel and
OriginPro softwares. Values are expressed in mean * stan-
dard deviation.
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Figure 3. Binding interactions of SARS-CoV2 Papain-like protease and gallocatechin gallate. (a) Ligand binding sphere and surface view of PLpro, (b) two-dimen-
sional display of ligand-PLpro interactions, (c) Ramachandran plot of PLpro, (d) H-bond property of binding pocket, (e) hydrophobicity profile of binding pocket,

and (f) Ramachandran plot of ligand-interacting amino acid residues.

3. Results
3.1. Phytocompounds selection

The search for drugs and vaccines for COVID-19 pandemic is
the most urgent and challenging task for global researchers
at this moment. In this drive of drug discovery, we have
investigated 32 phytochemicals from 17 medicinal plants
that are reported to have anti-protease property. Table 1
showed the name of the plants, isolated compounds, and
the target proteins of the phytocompounds reported from
different plants. All the selected phytocompounds are
reported to possess in vitro protease inhibition properties.
The compounds were found to have inhibitory activity
against 3CLpro and PLpro enzymes of many viruses such as
SARS-CoV, HIV, and Hepatitis C virus.

3.2. Molecular docking study

Three-dimensional structures of 3CLpro and PLpro have been
retrieved from PDB database. Structurally, 3CLpro and PLpro
contains 306 and 312 amino acid residues, respectively. The
total numbers of atoms present in the protein structures were
4682 and 4898, respectively. The secondary structure of 3CLpro
has 17.26% alpha helix and 25.01% beta strands and the

protein secondary structure elements (SSE) were found to be
42.27%. Similarly, PLpro has 21.9% and 28.23% alpha helix and
beta strand, respectively forming the total SSE 50.13%. The
active site of the 3CLpro protein is found to be located at the
cleft region between domain | and Il region. Similarly, the
active site of PLpro is found to be located at the groove region
between the Thumb domain and Finger domain of the protein.

All the 32 phytocompounds were analyzed for the bind-
ing affinity with two key proteases of SARS-CoV2. Figure 1
showed the binding energies (kcal/mol) of all the 32 com-
pounds with 3CLpro and PLpro proteins of the SARS-CoV2.
In silico docking studies found that the binding affinities of
anti-protease phytocompounds range from -5.1 to -9.4 kcal/
mol in 3CLpro and -5.5 to -8.8 kcal/mol in PLpro proteins,
respectively. The average binding energies were found to be
-7.34 kcal/mol and -7.48 kcal/mol for 3CLpro and PLpro pro-
teins, respectively. Half of the compounds were found to
have -7.3 kcal/mol or higher binding affinity against 3CLpro
while 18 compounds out of 32 were found to have stronger
binding affinity than the average energy. Amentoflavone
showed the strongest affinity to 3CLpro while cinnamic
amide showed weakest binding energy. Similarly, gallocate-
chin gallate and sinigrin showed the strongest and weakest
binding affinities to PLpro protein.
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Figure 4. Two-dimensional and three-dimensional display of pharmacophore feature of amentoflavone (a and b) and gallocatechin gallate (c and d). Green arrow,
H-bond donor (HBD); red arrow, H-bond acceptor (HBA); yellow colour, hydrophobic group (H); blue, aromatic ring (AR); brown color with three spikes, non-ionising

group (NI) of the compounds.

The two-dimensional display of binding interactions, lig-
and-protein interacting residues, hydrophobicity as well as
Ramachandran plots are presented in Figure 2. The three-
dimensional surface view structure with ligand binding
sphere view shows that ligand amentoflavone binding site is
in between the domain-I and -l region of the 3CLpro protein
(Figure 2(a)). Thirteen amino acid residues of 3CLpro such as
His41, Cys44, Met49, Phe140, Leul41, Asn142, Cysi145,
Met165, Glu166, Val186, Asp187, Arg188, and GIn189 were
found to make interactions with the ligand. Out of 13 active
site amino acid residues, 10 residues were found to make
interaction with the ligand. Five H-bonds were formed
between ligand and His41, Met49, Glu166, Arg188, and
GIn189 amino acids of 3CLpro (Figure 2(b)). Figure 2(c)
showed the amino acid distribution in the Ramachandran
plot of complete 3Clpro protein while Figure 2(f) compares
distribution of the amino acid residues that are interacting to
the ligand only. Most of the amino acid residues (seven) that
are interacting with the ligand amentoflavone were from
coil-structure of 3CLpro while two amino acids each from
helix, turn, and f-sheet structure that made the interaction
with the ligand. Out of 13 ligand-interacting residues, six are
strongly hydrophilic and remaining seven are hydrophobic
in nature.

Figure 3 showed the two-dimensional display of binding
interactions, ligand-protein interactions, hydrophobicity, and
Ramachandran plots of the ligand-interacting residues. The
three-dimensional surface view structure with ligand binding
sphere view showed that ligand gallocatechin gallate binding
site lies between thumb domain and palm domain region of
PLpro protein (Figure 3(a)). Fourteen amino acid residues of
PLpro Asp164, Arg166, Glu167, Met208, Pro247, Pro248,
Tyr264, Gly266, Asn267, Tyr268, GIn269, Cys270, Tyr273, and
Thr301 were found to make interactions with the ligand. Out
of 11 active site amino acid residues, nine residues were
found to make interactions with the ligand. Five amino acids
formed conventional H-bond with the ligand while other res-
idues formed van der Waals interaction (11 residues), pi-
bonds, and other non-covalent interactions (Figure 3(b)).
Ramachandran plots displayed the amino acid distribution
and conformation of amino acid residues in the plot (Figure
3(c,f)). Nine amino acids residues of PLpro are found to be
distributed outside the allowed region of the plot. Out of 14
amino acid residues interacting with the ligand, 6 belongs to
p-sheet structure, 4 to coil structure, and 2 each from turn
and helix structure of the protein. Amino acid GIn269 formed
unfavorable bond with the ligand and is place outside the
allowed region in the Ramachandran plot (Figure 3(b,f)). The



JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 7

2
s 3CLpro-Apo
18| == 3CLpro-Ligand
~ PLpro-Apo [ 1
1.6 | == pLpro-Ligand A,

R
N

[
&
aalasalaaalaaalaaalag

RMSD(A)

o
©

0.6

Radius of Gyration

0.4
. —
0 20 40 60 80 100
(a) Time(ns) (b)
15,600
15,400
15,200
580
15,000 =
4
’&‘ =]
< 14,800 S 560
g 14,600 %
- T 5 540
>
14,400 3
520
14,200
14,000 500
v 480
20 40 60 80 100 2 2 0 o0 LY
(c ) Time (ns) ( d ) Time(ns)

Figure 5. Molecular dynamics simulation of phytocompounds with 3CLpro and PLpro proteins of SARS-CoV2. (a) RMSD of apo- and ligand-bound 3CLpro and
PLpro proteins, (b) Rg values, (c) fluctuations in the solvent accessibility surface area, and (d) nature of H-bonding during the period of simulation.

H-bond donor or acceptor residues as well as hydrophobicity
property of the ligand-interacting amino acid residues are
presented in Figure 3(d,e). The ligand surrounding amino
acids are found to be entirely consist of hydrophilic residues
except two amino acids Met209 and Cys270 that are hydro-
phobic in nature (Figure 4).

3.3. Molecular dynamics simulations

The RMSD of 3CLpro apo-protein (ligand-free) and ligand-
bound complexes, Rg fluctuations, SARA values, and hydro-
gen bond profile during the period of simulation (100 ns) are
presented in Figure 5. Figure 5(a) showed that the apo-pro-
tein and ligand bound 3CLpro and PLpro exhibit initial rise
till 5ns and thereafter showed stable nature. But after 40 ns
all four complexes showed unstable due to the fluctuations
in RMSD profile. Interestingly, the RMSD descriptors of the
complexes never exceeded 2.5A value, which denotes the
structural integrity of the proteins. The average RMSD
descriptors of 3CLpro apo-protein and ligand-complex were
found to be 1.13+09A and 1.191+02 A, respectively.
Similarly, the RMSD of apo and ligand-bound PLpro were
found to be 1.11+0.01A and 1.06+0.02 A, respectively. The
MD simulation result from the 3CLpro and PLpro complex
suggested that upon ligand binding no significant deviations

or conformational changes were taken place in the protein
structure. The radius of gyration of the protein complex
denotes the degree of compactness and rigidness of the pro-
tein. Greater Rg value indicates higher flexibility and con-
formation of the protein whereas lower Rg value denotes
more rigidity. Figure 5(b) showed that the 3CLpro protein
has higher stability compared to PLpro. It has been observed
that both the proteases have almost similar stability in apo-
form as well as ligand bound-complex form. The average Rg
values of 3CLpro were found to be 22.37+0.90A and
22.36+0.90A for apo and ligand bound complex. Similarly,
Rg values were found to be 23.44+0.30A and 23.25+1.30 A
for apo- and ligand-bound PLpro protein, respectively. Figure
5(c) showed that the solvent-accessible surface areas (SARA)
of 3CLpro and PLpro both in apo form and ligand-bound
complex form. In both the proteases, ligand-bound com-
plexes were found to have smaller SASA value compared to
apo-form of the proteins. The average SASA values
decreased from  14345.04+0.20A> in apo-form to
14168.25+0.90A? in ligand-bound complex of 3CLpro.
However, after 60 ns both the apo and ligand-bound 3CLpro
complex showed almost similar surface area. Like Rg, PLpro
was found to have slightly bigger solvent accessible surface
area than 3CLpro. The SASA values were found to be
15033.04+.02A% and 14804.37 +0.9A® for apo and ligand-
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Figure 6. (a) RMSD of amino acids of apo and ligand-bound 3CLpro, (b) RMSD of amino acids of apo and ligand-bound PLpro protein, (c) RMSD of ligand atoms
and, (d) binding energies of protein-ligand complexes during the period of simulation (100 ns).

bound structures of PLpro, respectively. Moreover, to under-
stand the hydrogen bond and their contributions in gaining
stability of the four systems, quantitative assessment of
hydrogen bond was done. From Figure 5(d) it can be
observed that, all four complexes did not deviate and similar
number of hydrogen bond were found for apo-protein and
ligand-bound complexes. The average numbers of hydrogen
bonds were found to be 534.05+0.1, 526.04+0.9,
575.14+0.30, and 573.77+1.10 for 3CLpro apo, 3ClLpro-
Ligand, PLpro apo, and PLpro-ligand complexes, respectively.
Upon binding of ligands to the proteins there were slight
changes in the number of H-bonds.

The fluctuations of amino acids of both the protease
enzymes in apo- and ligand-bound forms, fluctuations of lig-
and-atoms, and binding energies during the period of simu-
lations (100 ns) were presented in Figure 6. The root mean
square fluctuation (RMSF) is useful for characterizing local
changes along the protein chain. The amino acid residues
Ser1 (gamma-turn), Glu55 (helix-strand), lle59 (helix-strand),
GIn244 (helix-strand), and GIn306 (gamma-turn) from SARS-
Cov-2 3CLpro exhibited more fluctuations. While in case of
PLpro protein, higher RMSF peaks were observed in His47
(beta-turn), Asn48 (beta-turn), Val66 (helix-strand), Leu113
(helix-strand), Lys190 (beta-turn), Lys218 (helix-strand),

Lys228 (beta-turn), GIn229 (helix-strand), Cys270 (beta-turn),
and Lys315 (helix-strand) amino acid residues. Overall, less
flexible nature of residues stabilized both the protein-ligand
complexes. Figure 6(c) showed the RMSDs both the ligands of
3CLpro and PLpro proteases. Ligand RMSD indicates how sta-
ble the ligand is with respect to the protein and its binding
pocket. It was observed that there was a slight increase in fluc-
tuation of both the ligands till 10 ns and reached almost stable
state without much fluctuation. After 20 ns simulation time,
RMSD profile reaches its stability and no instability was
observed for 3CLpro complex. However, PLpro complex fol-
lowed the similar trend at the initial phase but they stabilized
after 40 ns simulation time. The comparative analysis between
these two complexes suggested that 3CLpro complex has less
ligand flexibility than the PLpro ligand. The binding free
energy of the two docked complexes was calculated and the
average binding energy was found to be -69.77 + 1.10 kJ/mol
and -142.56 +0.90 kJ/mol for 3CLpro and PLpro complexes,
respectively. The 3CLpro complex had more favourable bind-
ing with the ligand and higher binding energy represents
more tight binding. From Figure 6(d) it was observed that
PLpro complex had similar MM-PBSA profile till 40ns and
some aberration were observed from 40 to 60ns simulation
time. However, during rest of the simulation period the



Table 2. Different bonding interactions in 3CLpro and PLpro-ligand complex
after 0, 25, 50, 75, and 100 ns of molecular dynamics simulation.

Complex Residue Interaction type Distance(A)
3CLpro-Ligand (0 ns) Glu166 Hydrogen bond 237
Arg188 Hydrogen bond 2.76
GIn189 Hydrogen bond 3.03
Met49 Hydrogen bond 3.77
His41 Hydrogen bond 237
Cys145 Pi-Alkyl 5.26
Met165 Pi-Donor 4.64
Asn142 Pi-Sigma 3.42
3CLpro-Ligand (25 ns) Arg188 Hydrogen bond 2.28
Glu166 Hydrogen bond 1.94
Met49 Pi-Sulfur 5.56
Met165 Pi-Alkyl 4.95
Cys145 Pi-Alkyl 465
3CLpro-Ligand (50 ns) Glu166 Hydrogen bond 1.58
His163 Hydrogen bond 2.73
His41 Pi-Pi-T shape 4.68
Met165 Pi-Alkyl 4.67
Cys145 Pi-Alkyl 53
Met49 Pi-Alkyl 5.29
3CLpro-Ligand (75 ns) His41 Hydrogen bond 2.72
Arg188 Hydrogen bond 2.75
Met49 Hydrogen bond 2.98
Glu166 Hydrogen bond 237
Asn142 Hydrogen bond 2.51
Met165 Pi-Alkyl 4.63
Cys145 Pi-Alkyl 5.26
3CLpro-Ligand (100 ns) Glu166 Hydrogen bond 1.86
Phe140 Hydrogen bond 3.01
His172 Hydrogen bond 1.86
Leu141 Hydrogen bond 2.73
His41 Hydrogen bond 2.75
Asn142 Amide-Pi stacked 3.83
Met49 Pi-Alkyl 544
PLpro-Ligand (0 ns) Asp164 Hydrogen bond 1.99
Arg166 Hydrogen bond 3.19
Glu167 Hydrogen bond 2.95
Tyr264 Hydrogen bond 2.29
Tyr273 Hydrogen bond 22
Pro247 Pi-Alkyl 533
Pro248 Pi-Alkyl 4.26
PLpro-Ligand (25 ns) Arg166 Hydrogen bond 234
Glu167 Hydrogen bond 2.95
Tyr264 Hydrogen bond 2.29
Asp164 Hydrogen bond 1.98
Tyr273 Hydrogen bond 2.19
Asn267 Hydrogen bond 2.67
Tyr268 Hydrogen bond 2.81
Pro247 Alkyl 4.26
Pro248 Pi-Alkyl 4.96
PLpro-Ligand (50 ns) Arg166 Hydrogen bond 2.23
GIn269 Hydrogen bond 2.5
Asp164 Hydrogen bond 1.58
Tyr273 Hydrogen bond 244
Asn267 Hydrogen bond 2.66
Tyr264 Hydrogen bond 435
Tyr268 Pi-Pi Stacked 5.93
Pro248 Alkyl 5.05
PLpro-Ligand (75 ns) Glu167 Hydrogen bond 1.79
Asp164 Hydrogen bond 1.94
Arg166 Hydrogen bond 3.98
Tyr268 Pi-Pi Stacked 4.6
Pro247 Pi-Alkyl 5.31
Pro248 Pi-Alkyl 5.06
PLpro-Ligand (100 ns) Glu167 Hydrogen bond 1.79
Asp164 Hydrogen bond 1.66
Arg166 Electrostatic 3.98
Tyr268 Pi-Pi Stacked 2.68
Pro247 Pi-Alkyl 5.31
Pro248 Pi-Alky 5.06

complex, binding energy remained in similar pattern. On the
other hand, 3CLpro complex had also some deviation in
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binding energy in 50 to 60 ns period and except that all simu-
lation trajectory confirms its stability in MM-PBSA descriptor.

To understand the change and binding stability in the lig-
and-docked complexes, we also studied the protein-ligand
interaction profile of the two complexes. Table 2 and Figures
7 and 8 showed the binding properties of protein-ligand
complexes and the amino acid residues involved at different
time intervals. Figures 7(a—e) and 8(a—e) showed the surface
view of the topological changes of the protein-ligand com-
plexes at 0, 25, 50, 75, and 100 ns. The study showed that
binding of ligand amentoflavone to the 3CLpro protein is
stabilized by 5, 2, 2, 5, and 5 hydrogen bonds at 0, 25, 50,
75, and 100ns during simulation. The amino acid residues
involved in the interactions, nature of bonding, and bond
length were shown in Table 2 and Figures 7(f-j) and 8(f-j).
Amino acid residue Glu166 was found to be a crucial residue
forming H-bond with the ligand throughout the simulation
period. Most of the residues were found to be repeated at
different time intervals forming non-covalent interactions.
After 100 ns of simulation, the amino acid residues involved
in H-bond were found to be Glu166, Phe140, His172, Leu141
and His41 in 3CLpro protein. However, one amide-pi-stacked
bond was observed at Asn142 and one pi-alkyl bond at
Met49 position for 3CLpro complex. Interestingly, non-cova-
lent interaction at the active groove of 3CLpro (His41,
Leu141, Asnl142, Met49, and Glu166) was observed after
100 ns simulation which correlates with possible inhibition of
3CLpro by the ligand molecules. However, at 100 ns simula-
tion time, PLpro complex had two hydrogen bond at Glu167,
Asp164, one electrostatic bond at Arg166, one Pi-pi-stacked
bond at Tyr268, two pi-alkyl bond at Pro247 and Pro248 resi-
due with gallocatechin gallate ligand. This PLpro complex
also had non-bonded interaction at the active sites (Asp164,
Pro248, and Tyr268) after dynamics simulation which is
required for the inhibition of this protein. Moreover, complex
from 25, 50, and 75 simulation trajectories also followed the
similar trend binding pattern. Figure 9 showed the superim-
position between pre-MD and post-MD structures of both
the enzymes which showed structural changes with RMSD
values 1.799 A and 1.78 A for PLpro and 3CLpro protein com-
plexes, respectively. The RMSD profile from superimposition
also confirmed the inflexibility of the docked complexes.

3.4. Druglikeness and ADMET properties of
phytocompounds

ADMET profile of a compound is an important property that
predicts the druglikeness of a compound. Table 3 showed
the various druglikeness properties of phytocompounds.
According to Lipinski's rule, a compound may be regarded
to have druglikeness property if the molecular weight of a
compound is <500Da, LogP value <5, number of H-bond
donor <5, and H-bond acceptor is <10. Table 2 showed that
most of the compounds possess druglikeness property
except few compounds such as rhamnazin-3-O-rutinoside
and theaflavin-3,3-digallate which violated the Lipinski’s rule.
The top binding ligands, amentoflavone and gallocatechin
gallate showed violation in two parameters. Amentoflavone
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Figure 7. Binding interactions between 3CLpro protein and amentoflavone complex at different time intervals of MD simulation (colour representations are same
as Figure 2).

Figure 8. Binding interactions between PLpro protein and gallocatechin gallate complex at different time intervals of MD simulation (colour representations are

same as Figure 2).

violated the rule in MW and HBD, while gallocatechin gallate
violated in HBD and HBA. Topological polar surface areas of
most of the compounds were below the 100A2. Smaller the
TPSA value higher the permeability of the molecule through
the cell membrane, and therefore better distribution.

The heat map of the ADMET properties of the top ten
best binding phytocompounds with 3CLpro and PLpro are
presented in the Figure 10. It is observed from the study
that almost all the phytocompounds have considerable
ADMET properties. The absorption and permeability of all
the top ten ligands showed moderate to high vales except
few compounds such as rhamnazin-3-O-rutinoside and thea-
flavin-3-3-digallate which are predicted to have to

permeability and absorption though human intestine.
Amentoflavone showed low BBB property suggesting easy
permeability and distribution to the brain cells while galloca-
techin gallate showed high BBB value. Cytochrome-P450 is
an important enzyme family necessary for detoxification and
metabolism of drugs and toxic substances. Inhibition of this
enzyme complex allows the drug molecules to reach the tar-
get site. 3CLpro top binding compound amentoflavone
showed strong inhibitory property to Cyto-P450 enzyme fam-
ily along with other phytocompounds. Gallocatechin gallate,
on the other hand showed moderate cyto-P450 inhibitory
property. The 3CLpro and PLpro best binding ligands were
predicted to have low toxicity and carcinogenic property.
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3C-like protease

Figure 9. Superimpositions of pre-(pink) and post-MD simulations (green) of three-dimensional structures of 3CL-protease and PL-protease of SARS-CoV2 during.

Table 3. Druglikeness properties of phytocompounds.

P-like protease

Phytochemicals Pubchem CID Molecular formula MW (g/mol) LogP <5 HBD < 5 HBA < 10 TPSA (A?)
4'-0O-methylbavachalcone 42607530 CyH240, 3524 58 1 4 55.8
4-hydroxyisolonchocarpin 5321800 CyoH1804 3224 4.5 2 4 66.8
6,8-Diprenylgenistein 480783 Cy5H605 406.5 6.5 3 5 87
Amentoflavone 5281600 C30H18010 5385 5 6 10 174
Apigeni 5280443 CisH10s 270.24 17 3 5 87
Aurantiamide acetate 124319 Cy7H28N,0, 444.5 44 2 4 84.5
Baicalein 5281605 Cy5H1005 270.24 1.7 3 5 87
B-Sitosterol 222284 CoHs00 4147 93 1 1 20.2
Sinigrin 23682211 Cy0H16KNOGS, 397.5 4 1 7 203
Betulinic acid 64971 C30H4803 456.7 8.2 2 3 57.5
Biflavone 9980790 C30H180,4 4425 6.1 0 4 52,6
Broussochalcone A 6438825 Cy0H2005 340.4 47 4 5 98
Cinnamic amide 5273472 CoHoNO 147.17 1.4 1 1 43.1
Cryptotanshinone 160254 Cy9H500 296.4 38 0 3 434
Curcumin 969516 Cy1H2006¢ 368.4 3.2 2 6 93.1
Dihydrotanshinone 5316743 CigH1405 2783 3.2 0 3 434
Ellagic acid 5281855 Cy4Hg0g 302.19 1.10 4 8 141.34
Epigallocatechin 72277 Cy5H1407 306.27 0 6 7 130.61
Gallocatechin gallate 5276890 CyH18014 458.37 1.17 8 1 197.37
Hirsutenone 637394 CioH200s 32836 3.09 4 5 97.99
Iguesterin 46881919 CagH360, 404.58 6.09 1 2 37.30
Isobavachalcone 5281255 Cy0H2004 32437 5.10 3 4 77.76
Kazinol-A 442414 Cy5H3004 394.50 6.60 3 4 69.92
Luteolin 5280445 CisH1006 286.24 2.53 4 6 111.13
Papyriflavonol A 10343070 Cy5H2607 438.47 6.02 5 7 131.36
Pristimerin 159516 C30H4004 464.64 6.27 1 4 63.60
Psoralidin 5281806 Cy0H1605 336.34 4.69 2 5 83.81
Rhamnazin 3-O-rutinoside 5464499 CyoH34016 638.57 0.32 8 16 247.43
Savinin 5281867 Cy0H1606 352.34 3.62 0 6 63.22
Theaflavin-3,3-digallate 135403795 Cu3H3,020 868.70 471 13 20 351.12
Xanthoangelol 643007 Cy1H5,0¢ 370.40 4.43 3 6 96.22
Xanthoangelol-E 10022050 CasHy50, 392.49 6.96 3 4 77.76

MW, molecular weight; HBD, hydrogen bond donor; HBA, hydrogen bond acceptor; TSPA, topological polar surface area.

Similarly, other phytocompounds are also predicted to have
moderate to low toxicity activity.

4. Discussion

The pandemic and severity of COVID-19 and its causative
organism SARS-CoV2 have tremendously affected the health
and wealth of the global community. Millions of lives have
been lost so far and tens of millions are still undergoing
treatment. With no clinically approved drugs, the current

situation requires speedy investigation in the line of drug
design to develop an effective drug to combat COVID-19.
The molecular docking and molecular dynamics simulation
are the most common and frequently used techniques to
assess the interaction between ligand-protein complexes at
the atomic level. By using these techniques novel inhibitors
against disease-causing biological targets can be designed
(Gogoi et al, 2019; Swargiary et al., 2020). In the present
study, we have investigated the 3CLpro and PLpro inhibitory
property of 32 phytocompounds reported to have anti-
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Figure 10. ADMET properties of the best-binding phytocompounds with 3CL protease and PL protease of SARS-CoV2. HIA, human intestinal absorption; BBB,
blood-brain barrier; H-HT, human hepatotoxicity; AMES, Ames mutagenicity, SkinSen, skin sensitization; DILI, drug induced liver injury; blue colored chemicals; PL,

protease docked compounds.

protease activity by several researchers. The study found that
amentoflavone and gallocatechin gallate isolated from
Torreya nucifera and Pichia pastoris possess strong binding
affinity to 3CLpro and PLpro proteins, respectively.
Amentoflavone is a biflavonoid constituent of a number
of plants including Torreya nucifera, Chamaecyparis obtusa,
Ginkgo biloba, and many others (Pan et al., 2005; Ryu et al,,
2010). The plant compound is known to possess several bio-
logical activities such as neuroprotector (Shin et al., 2006),
anti-inflammatory activity (Banerjee et al., 2002), anticancer
(Lee et al.,, 2013), and many others. Amentoflavone have also
been reported by several researchers as inhibitor of viral pro-
tease enzyme (Sun et al, 1995; Jayadevappa et al., 2020).
Furthermore, rhamnazin-3-O-rutinoside, theaflavin-3,3-digal-
late, and kazinol-A also showed good binding affinity to the
target proteins. Several recent studies have reported many
phytochemicals that are predicted to have considerable bind-
ing affinity to proteases and other target protein of SARS-
CoV2 (Qamar et al.,, 2020; Pan et al.,, 2005). We have found
that the highest binding energy of 3CLpro and PLpro was
-9.4kcal/mol and -8.8kcal/mol with the top ligands.
Similarly, most of the research findings showed that the
binding energies of protein and ligand averages about -7.0

to -8.0 kcal/mol (Shin et al., 2006). In a similar study, in silico
analysis by Strodel et al. (2020) revealed amentoflavone as
one of the top SARS-CoV2 3Clpro (Mpro) binding ligand
(-9.28 kcal/mol). The strong binding property of amentofla-
vone has been attributed to the presence of extended ring
structures combined with functional group. It was also
reported that one of the phenolic ring make H-bond with
Ser46 residue of protein and 11 van der Waals interactions.
However, in the present study we have found that all the
five H-bonds (Glu166, Arg188, GIn189, Met49, and His41)
were formed by the phenolic rings of the 3CLpro, and Ser46
did not form any contact with the protein. Similarly, Mishra
et al. (2020) also revealed that amentoflavone made stron-
gest interaction with the SARS-CoV2 main protease
(=9.13 kcal/mol). In a 10 ns MD simulation they have reported
that the peak RMSF was observed in amino acid residue-106,
181, 46 and 151 which is different from our findings. We
observed that the amino acid residues Ser1, Glu55, lle59,
GIn244, and GIn306 from SARS-CoV2 3CLpro exhibited more
fluctuations. Gallocatechin gallate is a derivative of catechin,
a natural phenol having several medicinal values. In the pre-
sent study gallocatechin gallate have been found to bind
strongly with PLpro. Nguyen et al. (2012) also reported the



inhibition property of epigallocatechin gallate and gallocate-
chin gallate against 3CLpro protein of SARS-CoV. Recent in
silico study by Ghosh et al. (2020) revealed that gallocatechin
gallate exhibited strong binding affinity to 3CLpro (-9.0 kcal/
mol). In another study, a similar compound, epigallocatechin
gallate showed strong binding interaction with PLpro
(=13.91 kcal/mol). Amino acid residues His89, Lys92, Trp93,
Trp106, Asp108, Cys155, Asn156, and Lys157 were found to
involve in H-bonding with the ligand (Laskar & Choudhury,
2020). In the present study, gallocatechin gallate is found to
make five H-bonds with PLpro pre-MD simulation.

It is also observed that the binding affinity of compounds
depends upon the pharmacophore descriptors of the mol-
ecule. MD simulation studies have revealed that two best lig-
and molecules based on binding affinity showed more
stability than the ligand-free protein structure. The higher
RMSD values of apo structures revealed that, the 3CLpro and
PLpro of SARS-CoV-2 have higher rigidity after the binding of
the ligand suggesting the stability and effective binding of
the ligands. Also, radius of gyration and solvent accessible
surface area suggest the similar trend of the docked complex
where two hit compounds exhibit less mobile nature and
structural compactness. The tight packaging of the docked
complex was illustrated and also no expansion of protein
volume was maintained for both docked structure. Insilico
druglikeness and ADMET properties are important parame-
ters for the screening of the possible drug candidate. By
using in silico tools it is now possible to predict the druglike-
ness of a compound based on its structure, physical, and
chemical properties (Banerjee et al., 2002). Lipinski's rule of
five predicts whether a compound is orally absorbed or not
and it depends on four main characteristics of a compound,
molecular weight, lipophilicity, H-bond donor, and acceptor.
According to the rule, a molecule will not be orally active if
it violates two or more of the four rules (Lipinski, 2004). The
present study found that the best binding ligands possess
the considerable property of druglikeness. A good drug can-
didate must also possess other properties such as high
absorption by gastrointestinal tract, easy distribution, metab-
olism, excretion or elimination, and less toxicity called
ADMET profile (Lee et al., 2013). Similarly, the present study
showed that amentoflavone and gallocatechin gallate pos-
sesses good ADMET properties suggesting the possibility of
potential drug candidates against SARS-CoV2. The high
absorbability by GlI, high permeability through cell mem-
brane, resistant to on route metabolism, and less cytotoxicity
properties suggest therapeutic potentiality of the phytocom-
pounds. Other phytocompounds such as iguesterin, psorali-
din, rhamnazin 3-o-rutinoside, theaflavin-3,3-digallate, and
kazinol-A also showed promising ADMET properties with less
side effects.

5. Conclusion

Plants have been the source of healthcare needs since
ancient times. In this crucial juncture of COVID-19 pandemic,
a speedy approval of effective drug and medicine is indeed
the need of the hour. Plants, being a rich source of
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phytocompounds may be an effective strategy to combat
SARS-CoV2. The present study revealed the binding affinities
of phytocompounds to the active sites of two crucial pro-
teins 3-chymotrypsin- and papain-like proteases of SARS-
CoV2. Phytocompounds amentoflavone and gallocatechin
gallate not only bound strongly with the target proteins but
also stabilized the three-dimensional conformations of the
protein structures after binding. Furthermore, insilico drug-
likeness and ADMET profiling of the compounds showed
promising therapeutic potential. The present study therefore
may be taken as the basis for further studies and to finally
establish the efficacy of the phytocompounds.
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