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ABSTRACT
The SARS-CoV-2 is the causative agent of COVID-19 pandemic that is causing a global health emer-
gency. The lack of targeted therapeutics and limited treatment options have triggered the scientific
community to develop new vaccines or small molecule therapeutics against various targets of SARS-
CoV-2. The main protease (Mpro) is a well characterized and attractive drug target because of its cru-
cial role in processing of the polyproteins which are required for viral replication. In order to provide
potential lead molecules against the Mpro for clinical use, we docked a set of 65 bioactive molecules
of Tea plant followed by exploration of the vast conformational space of protein-ligand complexes by
long term molecular dynamics (MD) simulations (1.50ms). Top three bioactive molecules
(Oolonghomobisflavan-A, Theasinensin-D, and Theaflavin-3-O-gallate) were selected by comparing their
docking scores with repurposed drugs (Atazanavir, Darunavir, and Lopinavir) against SARS-CoV-2.
Oolonghomobisflavan-A molecule showed a good number of hydrogen bonds with Mpro and higher
MM-PBSA binding energy when compared to all three repurposed drug molecules. during the time of
simulation. This study showed Oolonghomobisflavan-A as a potential bioactive molecule to act as an
inhibitor for the Mpro of SARS-CoV-2.

Abbreviations: ACE2: Angiotensin-Converting Enzyme II; CoV: Coronavirus; GROMACS: GROningen
MAchine for Chemical Simulations; Mpro: Main Protease; MD: Molecular Dynamics; MERS: Middle East
Respiratory Syndrome; MM-PBSA: Molecular Mechanics Poisson-Boltzmann Surface Area; RMSD: Root
Mean Square Deviation; SARS: Severe Acute Respiratory Syndrome
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Introduction

Coronaviruses (CoVs) contain single positive-stranded RNA,
enveloped inside a capsid with projections of peplomers.
CoVs give rise to respiratory, neurological, and gastrointes-
tinal diseases in humans (Zumla et al., 2016). CoVs were the
causative agents of the 2002 severe acute respiratory syn-
drome (SARS) and the middle east respiratory syndrome
(MERS) of 2012 (De Wit et al., 2016; Song et al., 2019). A new
CoV designated as SARS-CoV-2 (Gorbalenya et al., 2020)
caused an outbreak of viral pneumonia, named COVID-19, in
the Wuhan city of China (F. Wu et al., 2020; Zhou et al.,
2020). The worldwide spread of the disease at an extraordin-
ary pace triggered the scientific community to rapidly
develop efficient testing kits and a cure for infected patients.
The COVID-19 outbreak was subsequently declared as a pan-
demic by the World Health Organization on March 11, 2020.
The short term and non-specific approach for the treatment
of COVID-19 patients is drug repurposing (Wang et al., 2020).
However, efficient and potent drugs for specific targets are
highly desirable.

Through extensive research, scientists around the world
have suggested suitable drug targets against CoVs, which
includes the Angiotensin-converting enzyme II (ACE2) entry
receptor, the main protease (Mpro), and the RNA-dependent
RNA polymerase (RdRp) (Li & De Clercq, 2020; Borgio et al.,
2020). The drugs targeted to the ACE2 entry receptor, and
the RdRp showed significant side effects and lower potency
(Cameron & Castro, 2001; Han et al., 2006). The Mpro is one
of the best-characterized and most promising drug targets in
CoVs (Anand et al., 2003; Blanchard et al., 2004). The Mpro is
responsible for the processing of the polyproteins that are
products of the viral RNA transcription (Hilgenfeld, 2014).
The Mpro targets and cleaves upto 11 sites on a large replic-
ase protein (1ab, �790kDa). The inhibition of Mpro would
essentially block viral replication. There are no known homo-
logs of Mpro in humans with identical cleavage specificity.
Hence, its inhibition is unlikely to show adverse
toxic outcomes.

The amino acid sequences of the Mpro of all the SARS-
like CoVs are highly conserved from humans to other animals
(Ortega et al., 2020). The Mpro tends to form a dimer (proto-
mer A and B). The protomers can be divided into three
domains. Domain I (residues 8–101) and domain II (residues
102–184) forms an antiparallel b-barrel structure. The sub-
strate-binding pocket is present in a cleft between these two
domains. The domain III (residues 201-303) forms an antipar-
allel globular cluster consisting of five a-helices (Jin et al.,
2020). Domain III is primarily involved in the regulation of
dimerization of two protomers by a salt-bridge interaction
between Glu290 of one protomer and Arg4 of the other. The
dimerization of Mpro is essential for the catalytic activity of
the enzyme because the S1 pocket of the catalytic site is
shaped by the interaction of N-terminal residues (N-finger) of
each of the two protomers with Glu166 of the other proto-
mer (Anand et al., 2003). In SARS-CoV-2 Mpro, the dimer has
a contact interface, mainly between the domain II of proto-
mer A and the N-finger residues of protomer B. All these
structural features of the Mpro of SARS-CoV-2 are similar to

SARS-CoV (B�aez-Santos et al., 2015; Lee et al., 2005). The
T(SARS-CoV-2)285A(SARS-CoV) Mpro mutation allowed the
two domains (Domain III) of different protomers to come
closer, which resulted in a slightly increased catalytic effi-
ciency of SARS-CoV-2 Mpro than the SARS-CoV. This was a
result of a change in the enzyme dynamics that transmitted
the effect of mutation to the catalytic center (Zhang
et al., 2020).

High-throughput screening and drug repurposing have
suggested some potential hit compounds against SARS-CoV-2
(Jin et al., 2020). However, no therapeutic medication has been
established for the remedy of human CoVs. Many natural mol-
ecules, their products, and molecules inspired by natural lead
compounds have entered in different stages of drug design,
including clinical trials. Among these, Tea polyphenols are an
attractive source of molecules showing anti-HIV effect
(Hashimoto et al., 1996), anti-cancerous (Fujiki et al., 1998),
anti-oxidative (Tomita et al., 1994), anti-mutagenic (Yen &
Chen, 1995), and anti-diabetic (Murase et al., 2002), and hypo-
cholesterolemic activities (Ikeda et al., 1992). The beneficial
effects of green Tea, oolong Tea, and black Tea are well-known
for many years. Although, all types of Tea are prepared from
Camellia sinensis L., the difference lies in the process of prepar-
ation (C. D. Wu & Wei, 2002). The three main objectives of this
study were to screen a set of 65 potential bioactive molecules
of Tea against the Mpro of SARS-CoV-2. Secondly, to perform
and compare the molecular docking and molecular dynamics
simulations results of Tea bioactive molecules with three
potential repurposed drugs (Atazanavir, Darunavir, and
Lopinavir) against the Mpro of SARS-CoV-2. Lastly, to provide a
lead molecule that could be developed as an inhibitor against
the Mpro of SARS-Cov-2.

Materials and methods

Data sets

Three-dimensional structure of SARS-CoV-2 Mpro (PDB ID:
6Y2F) with resolution 1.95 Å was collected from Protein Data
Bank (Zhang et al., 2020) and an assemblage of FDA
approved drugs and bioactive molecules from Tea were con-
stituted for the study. The preparation of the protein struc-
ture was conducted by the Discovery studio package
protocols “prepare protein” (Studio, 2015). A total number of
65 bioactive molecules (Green Tee, 2000; Nakai et al., 2005;
Sai et al., 2011) of Tea plant were drawn and saved in .SDF
format. The repurposed FDA drug molecules (Atazanavir,
Darunavir, and Lopinavir) were retrieved from PubChem
(Atazanavir j C38H52N6O7 - PubChem; Darunavir j
C27H37N3O7S - PubChem; Lopinavir j C37H48N4O5 -
PubChem.). Ligand geometry of every molecule was opti-
mized by the Gaussian16 with DFT (minimization protocols)
(Zheng & Frisch, 2017).

Molecular docking

The CDOCKER utility of Discovery Studio (Studio, 2015) was
adopted for the study of molecular docking. CDOCKER is an
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application of a CHARMM (Chemistry at Harvard
Macromolecular Mechanics energy) (Brooks et al., 1983)
based semi-flexible docking tool. The flexible conformation
region grabbed by ligand molecules explored using High-
temperature kinetics. The optimization at the binding site of
each conformation is completed by employing the simulated
annealing process to achieve accurate results of docking. The
default values of CDOCKER parameters were applied. During
docking, the receptor is set as rigid while the ligands are
flexible. The ligand strain with interaction energy (CHARMM
energy) and alone interaction energy, which defines the lig-
and-binding affinity is calculated for every complex. The
water molecules are usually expelled out in semi-flexible and
rigid docking because the formation of the receptor-ligand
complex might be affected by the fixed water molecules.
After removing water, hydrogen atoms were added to the
protein. The binding site was assigned with an 8.0 Å radius
throughout the initial inhibitor, which included all the bind-
ing site amino acids of the SARS-CoV-2 Mpro protein. The
structures of recognized hits were fixed and docked into the
binding pocket of SARS-CoV-2 Mpro. Different poses for each
molecule were created and interpreted based on -CDOCKER
interaction energy.

Molecular dynamics simulations

The molecular dynamics (MD) simulations were performed
on the Mpro of SARS-CoV-2 protein with the selected inhibi-
tors. The MD simulations were executed by the GROningen
MAchine for Chemical Simulations (GROMACS) version 5.1
(Abraham et al., 2015; Hess et al., 2008; Van Der Spoel et al.,
2005). The protein topology was prepared by the ‘pdb2gmx’
script, while the ligand topologies were obtained front the
GlycoBioChem PRODRG1 server. The generated ligand topol-
ogies were rejoined to the processed protein structures. The
energy minimized conformations of all the processed com-
plexes were obtained by the GROMOS96 43a1 force field.
The energy minimized structures were then solvated with a
single point charge (SPC) water model. A total of 30076
water molecules were added to a cubic simulation box con-
taining Mpro and Atazanavir. Similarly, 30083, 30075, 30065,
30075, and 30077 water molecules were added to the com-
plexes having Darunavir, Lopinavir, Oolonghomobisflavan-A,
Theasinensin-D, and Theaflavin-3-O-gallate respectively. To
neutralize the net charges in the system a total of 2 Naþ

counter-ions were added to the system by using the ‘gmx
genion’ script. The energy minimization of the complexes
was achieved by employing the steepest descent minimiza-
tion algorithm with a maximum of 50,000 steps and
< 10.0 kJ/mol force. The equilibration was of the system was
obtained in two steps. In the first step, a NVT ensemble hav-
ing constant number of particles, volume and temperature
was maintained for 2 ns, while in the second step, a NPT
ensemble containing a constant number of particles, pres-
sure and temperature was equilibrated for 10 ns. Both the
ensembles (NVT and NPT) were subjected to positions
restraints MD for 100ps. In this step, the backbone C- a
atoms were restrained, while all the solvent molecules were

allowed free movement to ensure the solvent equilibrium in
the system is maintained. The covalent bonds the system
were constrained by the linear constraint solver algorithm
(Hess et al., 1997). The long range electrostatic interactions
were obtained by the particle mesh Eshwald method with a
1.2 nm cut-off and 1.2 nm Fourier spacing (Essmann et al.,
1995). The well equilibrated and solvated structures in terms
of geometry and solvent orientation were subjected to fur-
ther steps of simulation. The temperature of the system was
regulated by the V-rescale weak coupling method
(Berendsen et al., 1984) at 310 K. To equilibrate and set the
pressure (1 atm), density, and total energy of the system, the
Parrinello� Rahman method (Parrinello & Rahman, 1981) was
used. Further, the well-equilibrated complexes (six protein-
ligand complex) were then subjected to the production
phase without any restrains for a period of 250 ns with a
time step of 2 fs, and after every 2 ps the structural coordi-
nates were saved. The produced trajectories of MD simula-
tions were then used to generate the root mean square
deviation (RMSD) and hydrogen bond graphs by various in-
built scripts of GROMACS. MD simulations were used in sev-
eral integrative studies to tackle various conditions such as
cancers (John, Sivashanmugam, et al., 2020; John et al.,
2020), identification of novel inhibitors (Sadhasivam et al.,
2019; Sadhasivam & Vetrivel, 2019; Sharma et al., 2020; Singh
et al., 2019), role of various mutations (Nagarajan et al., 2020;
Rajendran et al., 2018), and exploration of drug resistance
mechanisms (Rajendran & Sethumadhavan, 2014).

MM-PBSA calculation

The binding free energy of protein and ligand complexes
can be calculated by combining the molecular Mechanic/
Poisson-Boltzmann Surface Area (MM-PBSA) with MD. The
MD scripts were extracted to perform MM-PBSA calculations.
The binding free energy provides an overview of the biomo-
lecular interactions between protein and ligand. The binding
energy constitutes of 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 of GROMACS. The binding energy calculations in this
method were calculated by using the following equation:

DGbinding ¼ Gcomplex� Greceptor þ Gligandð Þ
The DGbinding represents the total binding energy of the

complex, while the binding energy of free receptor is
Greceptor, and that of unbounded ligand is represented
by Gligand.

Results and discussion

Molecular docking

A complete set of 65 bioactive molecules and FDA approved
repurposed drugs against Mpro of SARS-CoV-2 was docked
to obtain the molecules manifesting the best interaction
energy (Table S1), which could act as promising inhibitors.
The computational strategy is based on the best fitting
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molecules in the active site of a target protein structure,
accompanied by the ranking of these molecules based on
their interaction profile. The crystal structure of SARS-CoV-2
Mpro was adopted as an origin point for computer-aided
drug design due to its functional relevance in the survival of
CoV. A set of 68 molecules was docked and six molecules
were prioritized with notable -CDOCKER interaction energy
scores as depicted in Table 1.

The interacting residues between the active site and the
selected molecules were thoroughly examined by employing
the discovery studio visualizer. Validation of docking protocol

is confirmed by re-docking of the initial inhibitor of SARS-
CoV-2 Mpro protein and found 0.00 Å Root Mean Square
Deviation (RMSD) between the docked pose and the crystal
structure (Figure S1, supplementary material). We found a
similar interaction pattern in the experimental co-crystal
structure. Furthermore, to validate the robustness for the
adapted docking protocol, we compared the selected struc-
ture with another newly submitted SARS-CoV-2 Mpro crystal
structure with PDB ID: 5R7Z (http://www.rcsb.org/structure/
5R7Z). In both the complexes, molecules formed interactions
with the same residue (Glu166, His41) and some other critical
residues essential for inhibition, as shown in Figure S2 (sup-
plementary material). The establishment of a similar bonding
pattern confirmed that the CDOCKER module was extremely
reliable for reproducing the experimentally noticed binding
mode of SARS-CoV-2 Mpro. After exploring the molecular
interactions, it was perceived that the bioactive molecule
Oolonghomobisflavan-A manifests hydrogen bond with resi-
dues Thr25, Thr25, Asn142, His163, Glu166, Arg188, and
His164. One carbon-hydrogen bond (C-H bond) with residues

Table 1. Selected bioactive molecules and FDA approved drugs based on
-CDOCKER interaction energy.

S. No. Molecules -CDOCKER Interaction Energy

1. Oolonghomobisflavan-A 75.54
2. Theasinensin D 71.58
3. Theaflavin-30-O-Gallate 71.56
4. Atazanavir 64.85
5. Lopinavir 56.17
6. Darunavir 46.02

Figure 1. 2-D interactions of SARS-CoV-2 Mpro protein with bio-actives (a) Oolonghomobisflavan-A (b) Theasinensin-D, and (c) Theaflavin-3-O-gallate.
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Gly143, two Pi-alkyl (Met165, His41), and one Pi-Pi T-shaped
interaction (His41). It also formed Van der Waal (VdW) inter-
action with residues Phe140, Leu141, His172, Ser144, Thr24,
Cys145, Leu27, Met49, Asp187, Gln189, Gln192, Val186,
Thr190, Pro168, and Leu167. In molecule Theasinensin-D, res-
idues Gln166, His163, Gly143 formed double, and residues
Gln189, His164, Ser144, Cys145, Thr45, Cys44 formed single
hydrogen bond. Several residues formed other interactions
like Met165, Met49 (Pi-alkyl), His41, Asn142 (C-H bond), His41
(Pi-sigma), Cys145 (Pi-sulfur), and residues Gln192, Leu167,
Arg188, Leu27, Thr26, Ser46 showed VdW interactions. In the
case of Theaflavin-3-O-gallate, residue Glu166 formed triple
and Asn142, Phe140, His163, Thr26, His41, Arg188, Met165
single hydrogen bond. Residues Cys145, His41, Met165 inter-
acted via alkyl and Pi-alkyl interactions. Residues Pro168,
Val186, Asp187, Gln192, Thr190, Gln189, Met49, Val42, Thr25,
Lue27, Gly143, Ser144, His172, and Leu141, formed VdW
interactions (Figure 1).

The binding of FDA approved drugs to target protein was
also significantly mediated by the critical residues and con-
ferred the best interactions. In Atazanavir, hydrogen bonds
were formed by residues Glu166, Asn142, and C-H bond by
Asn142, Asp187, Arg188, Leu141. Residues also formed other
interactions, including one Sulfur-X (Met49), Pi-alkyl (His41,
Pro168, Cys145, His163), alkyl (Met165, Met49, Leu41).
Residues His172, Ser144, GLly43, His164, Thr25, Thr26, Leu27,
Gln189, Thr190, Tyr154, Pro52, Cys44, and GLN192 showed
VdW interactions. In the case of Darunavir, hydrogen bond
formed by residues Glu166, Gly143, Phe140, and C-H bond by
Pro168, Asn142, Leu167. Residues also formed other interac-
tions, including one Pi-sulfur (Cys145), Pi-stacked (Leu41), alkyl
(His41, Leu27, Cys145). Residues His164, Thr26, Ser144, Gly170,
Thr25, Gln189, Thr190, Arg188, Val186, Gln192, and Met49 dis-
played VdW interactions. Lopinavir exhibits a triple C-H bond
with residue ASN142 and one with Glu166, alkyl (Met49,
His163, Leu167, Met165), and one Pi-Pi T-shaped interaction

Figure 2. 2-D Interactions of SARS-CoV-2 Mpro protein with FDA approved drugs (a) Atazanavir (b) Darunavir, and (c) Lopinavir.
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(His41), Pi-sulfur (Cys145), one stacked with residue Leu167. It
also formed VdW interaction with residues Ala191, Thr190,
Gln192, Arg188, Asp187, Tyr54, His164, Thr25, Thr26, Phe140,
His172, Leu141, Ser144, and Leu27 (Figure 2).

The binding style of molecules is biologically appealing as
it contributes a plausible rationale for the significance of

interacting residues in viral protein inhibition. The docking
results unveiled that among picked molecules,
Oolonghomobisflavan-A showed the highest interaction
energy compared to other molecules. All six chosen mole-
cules exhibited notable interactions. The selected molecules
were subjected to dynamic simulation examinations accom-
panied by binding free energy computation to determine
the stability of these molecules.

Stability of docked complexes

Molecular docking provides static poses of the most favored
conformations of molecules in the binding pocket of a pro-
tein to present a stable complex. The static images are not
able to present the other crucial features involved in provid-
ing stability to a protein. These features include the flexibility
of residues and secondary structural elements (Purohit,
2014). The conformational changes arising from the dynamic
behavior of a protein might affect its actual biological func-
tioning (Bhardwaj & Purohit, 2020). The actual movement
and structural perturbations of a protein in its biological
environment could be visualized by MD simulations. The
RMSD is a well-known estimator of equilibration and protein
stability. To validate our docking poses and analyze the aver-
age behavior of complete protein during MD simulations, we
calculated the RMSD of backbone C-a atoms of all the
selected complexes (Figure 3).

All the complexes having selected molecules from Tea
showed deviations lower than 0.45 nm (Figure 3(a)). The
complex with Theaflavin-3-O-gallate deviated at a higher tra-
jectory than the other two complexes throughout the simu-
lation period. The average RMSD values for complexes with
Oolonghomobisflavan-A, Theasinensin-D, and Theaflavin-3-O-
gallate were �0.43 nm, �0.36 nm, and �0.51 nm respectively.
The complex with Theaflavin-3-O-gallate displayed higher
simulation trajectory after �120ns than the complexes with
Oolonghomobisflavan-A and Theasinensin-D. For complexes
having proposed repurposed drugs (Figure 3(b)) Atazanavir,

Figure 3. RMSD of backbone C-a atoms of complexes with (a) bioactives:
Oolonghomobisflavan-A (black), Theasinensin-D (Red), and Theaflavin-3-O-gall-
ate (green). (b) FDA approved drugs, Atazanavir (black), Darunavir (red), and
Lopinavir (green).

Figure 4. Hydrogen bond profiles of the Mpro complexes having with (a) bioactives: Oolonghomobisflavan-A (black), Theasinensin-D (Red), and Theaflavin-3-O-
gallate (green). (b) FDA approved drugs, Atazanavir (black), Darunavir (red), and Lopinavir (green).
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Darunavir, and Lopinavir, the average RMSD values were
�0.41 nm, �0.35 nm, and �0.37 nm respectively. For the first
�25ns, the complex with Lopinavir showed average RMSD
around �0.26 nm, while for the rest simulation, it deviated at
a higher trajectory with a mean value around �0.37 nm. The
complex with Atazanavir showed the highest average RMSD
value of �0.44 ns, while the complex with Darunavir showed
the lowest average value of 0.32 ns till 200 ns. After 200 ns,
the RMSD trajectory of complex with Darunavir showed simi-
lar deviations as shown by other two complexes. The min-
imal fluctuations in the RMSD trajectories and low difference
in average RMSD values showed that the protein complexes
were stable and comparable to experimental structures.

To check the stability of the selected molecules in the
binding pocket of Mpro, we extracted MD simulation confor-
mations at different intervals and visualized the interactions
between protein and ligands (Figure S3, supplementary
material). The selected molecules from Tea (Theaflavin-3-O-
gallate, Oolonghomobisflavan-A, and Theasinensin-D) formed
more number of hydrogen bonds and hydrophobic interac-
tions than repurposed drugs (Atazanavir, Darunavir, and
Lopinavir). All the bioactive molecules remained in the bind-
ing pocket throughout the simulation period.

Hydrogen bond analysis

Hydrogen bonds are one of the crucial elements responsible
for the molecular interactions in biological systems.
Hydrogen bonds provide the basis for molecular recognition
and selectivity by imparting directionality and explicitness to
molecular interactions. The protein-ligand interactions were
guided by the changes in the secondary structures, which in
turn were regulated by the hydrogen bonds. MD simulations
provided different conformations in which a protein could
be found in actual biological conditions. Each conformation
of a protein is supposed to have its own interaction pattern
with the ligand. We calculated the number of hydrogen
bonds formed during the complete run of MD simulations
for selected complexes, as presented in Figure 4.

In complexes with Oolonghomobisflavan-A and
Theaflavin-3-O-gallate, the most number of conformations
formed up to 10 hydrogen bonds during the simulation. A
very few conformations showed less than 5 and greater than
13 hydrogen bonds. The complex with Theasinensin-D
formed an average of 12 hydrogen bonds. However, in com-
plexes with repurposed drugs against Mpro of SARS-CoV-2,
the average number of hydrogen bonds formed was 6. In
complex having Darunavir, the average numbers of hydro-
gen bonds for the first 20 ns were 4 with few conformations
showing up to 8 hydrogen bonds. In all the three complexes,
a very few conformations were able to form more than 5
hydrogen bonds except the complex with Lopinavir. These
results showed that the selected bioactive molecules formed
a greater number of hydrogen bonds with Mpro during the
simulation than repurposed drugs. The bioactive molecules
were able to maintain strong interaction with the binding
pocket of Mpro throughout the simulation period. The simu-
lation trajectories were further exploited to study the inter-
action between the ligand and protein.

MM-PBSA binding free energy

We utilized a python script MmPbSaStat.py to calculate aver-
age free binding energy of the selected complexes (Table 2),
is provided in the g_mmpbsa package. This script calculates
the average free binding energy and its standard deviation/
error from the output files, which were obtained
from g_mmpbsa.

The energy liberated during the process of bond forma-
tion, or alternatively, the interaction between a ligand and
protein is shown in the form of binding energy. Lesser the
binding energy, the better is the binding of the ligand and
protein. The final binding energy is a cumulative sum of van
der Wall, electrostatic, polar solvation, and SASA energy.

Table 2. MM-PBSA calculations of binding free energy for six selected complexes.

Complexes DEbinding (kj/mol) SASA (kJ/mol) DEpolar solvation (kj/mol) DEElectrostatic (kj/mol) DEVan der Waal (kj/mol)

Oolonghomobisflavan -A �256.875þ/�33.239 �28.582þ/�2.030 283.652þ/�40.481 �127.505þ/�31.872 �384.439þ/�26.921
Thiasinensin-D �217.823þ/�25.637 �26.989þ/�1.763 335.817þ/�26.114 �190.397þ/�25.384 �336.254þ/�25.716
Theaflavin-3-O-gallate �187.134þ/�28.808 �24.782þ/�1.562 246.131þ/�25.512 �96.231þ/�26.248 �312.252þ/�30.289
Atazanavir �229.499þ/�40.040 �24.212þ/�3.588 124.302þ/�30.707 �37.184þ/�13.389 �292.405þ/�48.889
Darunavir �220.260þ/�20.520 �20.565þ/�1.407 102.674þ/�17.016 �31.549þ/�10.590 �270.820þ/�22.563
Lopinavir �250.285þ/�25.615 �23.230þ/�2.051 102.931þ/�17.001 �35.608þ/�9.809 �294.378þ/�24.776

Figure 5. Graphical representation of the Delta_E_Binding free energy kJ/mol
showing (a) Bio-actives, Oolonghomobisflavan-A (black), Theasinensin-D (Red),
and Theaflavin-3-O-gallate (green). (b) FDA approved drugs, Atazanavir (blue),
Darunavir (pink), and Lopinavir (yellow).
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Except for the polar solvation energy, all other forms of
energy contributed favorably to the interaction between dif-
ferent molecules and Mpro. The bioactive molecule
Oolonghomobisflavan-A showed the least binding free
energy (-256.875 kJ/mol) among all the selected molecules.
The repurposed drug Lopinavir showed the second least
binding free energy of -250.585 kJ/mol. A comparison of the
binding free energies of all the complexes were made by
plotting the binding energy versus time graphs (Figure 5).
These results showed that Oolonghomobisflavan-A could
outperform the FDA approved repurposed drugs in inhibiting
the Mpro of SARS-CoV-2.

Further, we examined the contribution of each residue of
Mpro in terms of binding free energy to the interaction with
the selected molecules. The contribution of each residue was
calculated by decomposing the total binding free energy of
the system into per residue contribution energy (Figure 6).

Many residues (His41, Thr45, Met49, Phe140, Met165, and
Glu166) showed favourable contribution energy. On compar-
ing the complexes having Oolonghomobisflavan-A and
Atazanavir, we found that the key residue involved in the
interaction showed a significant difference in its contribution
energy. The residue Glu166 showed -18.58 kJ/mol contribu-
tion energy in complex with Oolonghomobisflavan-A, while
with Atazanavir the contribution energy was -4.29 kJ/mol.
The contribution energy of other key residues are shown in
Table S2. The residue Glu166 was also involved in the forma-
tion of a biologically functional dimeric form of Mpro (Anand
et al., 2003). This suggests that the binding of bioactive mol-
ecule Oolonghomobisflavan-A to the catalytic site of one
protomer could also interfere with the dimerization of Mpro
as the residue Glu166 would not be available to interact
with N-finger residues of the other protomer. This would
increase the efficacy of the molecule against SARS-CoV-2.

Conclusions

SARS-CoV-2 has caused a state of a global health emergency.
This situation demands to develop effective and targeted
strategies to counter this disease. In this study, we explored
the conformational space of 65 bioactive molecules of Tea
plant by targeting the Mpro of SARS-CoV-2. These molecules
were compared to three proposed repurposed drugs
(Atazanavir, Darunavir, and Lopinavir) against COIVID-19. Our

molecular docking results revealed that the molecules
Oolonghomobisflavan-A, Theasinensin-D, and Theaflavin-3-O-
gallate had higher docking scores than the repurposed
drugs. These molecules were selected for MD simulation
studies. The RMSD trajectories showed that the selected
complexes were stable and comparable to experimental
structures. Further, we calculated the total number of hydro-
gen bonds formed during the simulation time in all the
selected complexes. The complexes with bioactive molecules
with Tea formed a greater number of hydrogen bonds than
the complexes with repurposed drugs suggesting stronger
interaction and greater stability of the bioactive molecules in
the binding pocket of the Mpro of SARS-CoV-2. These results
were further evaluated and validated by MM-PBSA binding
free energy calculations. Oolonghomobisflavan-A showed the
least binding free energy among all the simulated com-
plexes. Hence, this study reports Oolonghomobisflavan-A as
a more potent inhibitor of the Mpro of SARS-CoV-2 than pre-
viously suggested repurposed anti-HIV drugs.
Oolonghomobisflavan-A is one of the most abundant poly-
merized polyphenol present in Tea. The tea extract contain-
ing Oolonghomobisflavan-A, or the purified compound could
be tested for its inhibitiory potential against Mpro of SARS-
CoV-2 using various in-vitro and in-vivo studies. Moreover,
the backbone structure of Oolonghomobisflavan-A could be
further exploited to develop more potent inhibitors of SARS-
CoV-2 Mpro.
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