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Abstract
Main protease (Mpro) of SARS-CoV-2 is crucial for its replication/infection and has been recognized as an
attractive drug target. In this study, we identi�ed thea�avin 3-gallate as an inhibitor of Mpro protein of
SARS-CoV-2 with IC50 value of 18.48 ± 1.29 µM. Compared to thea�avin, thea�avin 3-gallate exhibited
superior antiviral activity and at a concentration of 200 µM reduced the viral count by 75% (viral particles
reduced from 106.7 to 106.1). Time-dependent analyses of conventional and steered MD-simulations
revealed stronger interactions of thea�avin 3-gallate with the active site residues of Mpro than the
standard molecule GC373 and thea�avin. Taken together, our �ndings suggest that thea�avin 3-gallate
can be developed into a potential lead molecule against SARS-CoV-2.

1. Introduction
The ongoing COVID-19 pandemic due to SARS-CoV-2 has paralyzed the whole world, which motivated the
scienti�c community around the world to �nd possible remedies1. The COVID-19 outbreak originated in
December 2019 has developed into a global pandemic in just a few months, spreading to about more
than 222 countries, areas, or territories2–4. The SARS-CoV-2 belongs to the family of enveloped, single-
stranded, positive-sense, and very diverse RNA viruses1. The genome of SARS-CoV-2 is composed of
about 30,000 nucleotides: its replicase gene encodes for two overlapping polyproteins namely, pp1a and
pp2ab, required for the replication and transcription of virus4–6. The polyproteins are proteolytically
processed, mainly by the 33.8-kDa main protease (Mpro) also known as 3C-like protease7. Mpro undergoes
autolytic cleavage from polyproteins pp1a and pp1ab following which it cleaves the polyprotein at 11
conserved sites7. Such functional importance of Mpro in the life cycle of the virus along with the absence
of its closely related homologs in human beings recognize Mpro as an attractive target for the anti-viral
drug designs7. Though several vaccines against SARS-CoV-2 have been developed and granted
emergency use authorization by the Food and Drug Administration, there is still uncertainty about their
long-term side effects and no strong scienti�c data is available regarding the safety of these vaccines for
pregnant or breastfeeding women8. Similar is the case for children under 16–18 years of age as clinical
trials in adolescents have only just begun and it will take time to reach certain decisions. Therefore,
potential molecules that can inhibit the viral replication and disrupt the interaction between the viral
protein and host receptor can add signi�cant value in managing COVID-199. To facilitate rapid drug
discoveries or drug repurposing, several antiviral compounds were screened in-silico in various
laboratories all around the world but the studies still lack su�cient wet lab experimentations following
clinical trials to support their claims.

Many natural molecules, and their derivatives have entered different stages of drug design, including
clinical trials against diseases like cardiovascular diseases, malaria, Human immunode�ciency virus-
AIDS, etc.10–12, and more than 50% of approved drugs are reported to be based on natural products13.
Therefore, natural molecules have caught the attention of researchers to hunt for anti-SARS-CoV-2 drug
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candidates and several natural molecules belonging to different classes and sources of origin have been
explored through in silico and experimental investigations14,15. Natural molecules like thea�avin, rutin,
curcumin, salvionic acid, and many �avones were reported to have anti-SARS-CoV-2 activity14–18. Among
natural molecules, tea polyphenols are well known to have anti-HIV effect anti-cancerous, anti-oxidative,
anti-mutagenic, and anti-diabetic, and hypocholesterolemic activities19,20. The bene�cial effects of green
tea, oolong tea, and black tea are well-known since long ago21. Recent studies have also shown anti-
SARS-CoV-2 potential of several bioactive tea molecules. For example, epigallocatechin gallate was
shown to disrupt the interaction of spike protein with ACE2 receptors22; epicatechin-3,5-di-O-gallate,
epigallocatechin-3,5-di-O-gallate, and epigallocatechin-3,4-di-O-gallate as inhibitors of RNA-Dependent
RNA Polymerase23; epigallocatechin gallate, epicatechin gallate and gallocatechin-3-gallate as potential
inhibitors of Mpro 24. Through in-silico studies, our group have previously recognized three lead molecules,
oolonghomobis�avan-A, theasinensin-D, and thea�avin-3-O-gallate as a potential inhibitors of Mpro

protein of SARS-CoV-2 with docking scores higher than repurposed drugs Atazanavir, Darunavir, and
Lopinavir23. Since the average content of oolonghomobis�avan-A (1.1 mg/100g) and theasinensin-D (1.8
mg/100g) as compared to thea�avin 3-gallate (148.6 mg/100g) in different types of tea is lower, we
selected the later for detailed studies25. Additionally, oolonghomobis�avan-A and theasinensin-D are
poorly soluble in water26 while thea�avin and its derivatives are highly soluble27. Considering the above
stated reasons and the huge therapeutic potential of thea�avin 3-gallate, we performed the lacking wet-
lab studies to test the inhibition potential of this molecule along with control molecules GC376 and
thea�avin (known inhibitors of Mpro) against Mpro protein of SARS-CoV-2 and tested it on the live virus
under in vitro conditions. Further, in silico studies were conducted to shed insights into the mechanism of
action of thea�avin 3-gallate on Mpro.

2. Results

2.1 Thea�avin 3-gallate inhibited Mpro protein of SARS-CoV-
2
Mpro was inhibited by more than 80% after incubation with 100 µM concentration of thea�avin and
thea�avin 3-gallate for 30 min. Accordingly, it was tested for inhibition by these molecules at lower
concentrations. The IC50 of thea�avin and thea�avin 3-gallate against Mpro protein was calculated to be

22.22 ± 1.4 µM and 18.48 ± 1.29 µM, respectively (Fig. 1). A known inhibitor of Mpro protein named GC376
was kept as a positive control. The IC50 for GC376 was calculated to be 0.24 ± 0.04 µM (Fig. 1) which is
slightly lower than the reported value of 0.42 µM with the kit.

2.2. Incubation of SARS-CoV-2 with thea�avin 3-gallate
reduced viral count in vitro in a dose-dependent manner
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Incubation of thea�avin and thea�avin 3-gallate with SARS-CoV-2 resulted in the reduction of viral count
to different extents (Fig. 2). At lower concentrations of 12.50, 25 µM, thea�avin and thea�avin 3-gallate
could reduce the viral count to different extents below 24%. However, the viral count was reduced by 26%
with thea�avin and 42% with thea�avin 3-gallate at 100 µM. At 200 µM, thea�avin and thea�avin 3-
gallate showed a reduction of 40% and 75%, respectively. Treatment with thea�avin 3-gallate at 200 µM
reduced the viral particles from 106.7 to 106.1. As anticipated, treatment with remdesivir (positive control)
resulted in inhibition of virus at a concentration of 0.5, 0.75 and 1.0 µM (Fig. 2).

2.3. Thea�avin 3-gallate interacts with the active site
residues of Mpro

The availability of crystal structures of protein allowed us to generate and visualize the interactions
between protein and their respective ligands. The optimal poses of GC373 (the active form of the prodrug
GC376), thea�avin, and thea�avin 3-gallate with the Mpro of SARS-CoV-2 were generated by employing
molecular docking methodology. The best poses with the highest docking score were selected, as shown
in Fig. 3. The docking scores in terms of interaction energy for GC373, thea�avin, and thea�avin 3-gallate
were 50.54 kcal/mol, 57.41 kcal/ml, and 74.35 kcal/mol respectively. The standard inhibitor (GC373)
formed three conventional hydrogen bonds (H-bonds), two carbon hydrogen bonds, and pi-pi interactions
with the active site of Mpro. Thea�avin showed higher number of H-bonds than the standard molecule. A
total of eight H-bonds were observed between thea�avin and the binding pocket residues of Mpro. The
residue Glu166 interacted via three H-bonds, while the residues His41, His164, Pro168, Arg188, and
Gln189 formed H-bond each. Among the docked molecules, thea�avin 3-gallate showed the highest
number of H-bonds. Thea�avin 3-gallate established eleven H-bonds with residues of the active site of
SARS-CoV-2 Mpro. The residues involved in H-bonds with thea�avin 3-gallate were Ser46, Ser144, Asn142,
Gly143, Met165, Glu166, Pro168, Asp187, and Arg188. The pi-pi interactions were shown by residues
Met49 and Cys145 of the binding pocket. All the three molecules interacted with the key residues of the
binding site. Many natural molecules were shown to target the same binding site to inhibit the Mpro of
SARS-CoV-2. The stability of binding poses of thea�avin 3-gallate with Mpro were further accessed by
performing MD simulations.

2.4. MD simulation studies suggested stable protein
topology and global stability of the protein-ligand
complexes
MD simulations present various time-dependent analyses to analyze protein-ligand dynamics at the
molecular level. We calculated the root mean square deviation (RMSD) of backbone C-α atoms to analyze
the effect of ligand binding on protein topology (Fig. 4a). We observed initial deviations from the starting
structures during the simulation in RMSD values for all the three trajectories. The RMSD values for
protein structure with thea�avin stabilized at ~ 10 ns and followed the same trajectory till the end of
simulation. On the other hand, the RMSD values proteins with GC373 and thea�avin 3-gallate stabilized
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towards the end of the simulation. However, the average RMSD values never exceeded over 0.4 nm during
the simulation. The average RMSD values for the entire simulation run for GC373, thea�avin, and
thea�avin 3-gallate were 0.27 nm, 0.22 nm, and 0.36 nm, respectively. The low RMSD values and stable
trajectories validated the structural stability and indicated that the ligand binding had no impact on the
overall protein topology.

2.5. Thea�avin 3-gallate formed higher number of H-bonds
than GC373 and thea�avin
We analyzed the total number of H-bonds formed between Mpro and selected molecules during the entire
simulation (Fig. 4b). Among the three molecules, thea�avin 3-gallate formed highest number of H-bonds
throughout the entire simulation run. The average number of H-bonds for GC373, thea�avin, and
thea�avin 3-gallate were 2.15, 3.26, and 6.85, respectively. We observed no H-bonds between GC373 and
Mpro after 80 ns of simulation time. A few conformations of Mpro-thea�avin 3-gallate complex showed
upto 13 H-bonds during the simulation. These results suggest high potential of thea�avin 3-gallate over
thea�avin and GC373 to interact with the active site of Mpro.

2.6. Thea�avin 3-gallate showed exclusive interactions with
binding site of Mpro

The MD trajectories could be used to visualize the interactions between protein and ligands at different
time intervals during the simulation. We also took snapshots of protein-ligand complexes at different
time intervals to analyze the interaction pattern of GC373 (Supplementary Fig. S2), thea�avin
(Supplementary Fig. S3), and thea�avin 3-gallate (Fig. 5) with the binding sites of Mpro. The standard
molecule GC373 initially interacted by showing H-bonds, pi-pi, and hydrophobic interactions, while
towards the end of simulation, it only interacted with the active site residues via hydrophobic interactions.
The binding site of Mpro formed the greatest number of H-bonds with thea�avin 3-gallate in all the
conformations when compared to GC373 and thea�avin. We also observed formation of some exclusive
interactions (Val186, His164, His41) at different time intervals between Mpro and thea�avin 3-gallate
during the simulation. These interactions were not observed for GC373 and thea�avin. Also, thea�avin
formed weaker hydrophobic interactions with residue Cys145, while thea�avin 3-gallate interacted with
cys145 by stronger H-bonds, pi-sulfur, and pi-alkyl interactions. These results con�rmed that thea�avin 3-
gallate adhered tightly to the binding site by interacting with different residues through the entire course
of simulation.

2.7. Van der Wall and electrostatic energies majorly
contributed to tight binding of thea�avin 3-gallate to M  pro 

protein of SARS-CoV-2
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The Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) is a well-established end-state
post-processing approach to calculate the free energy of binding of the ligands to their respective
receptors. The total binding energy obtained by the MMPBSA approach is a cumulative sum of individual
energies including the polar solvation energy, van der Waal energy, SASA energy, and Electrostatic energy.
The MMPBSA results are summarized in Table 1. Among the selected molecules, thea�avin 3-gallate
showed the least binding energy (highest a�nity) of -47.62 kcal/mol, followed by thea�avin and GC373.
The van der Waal energy contributed most signi�cantly to the binding between ligands and Mpro of SARS-
CoV-2. The non-favorable contributions by the polar solvation energy were highest for thea�avin 3-
gallate. However, the large difference in positive contributions by van der Waal and electrostatic energy
contributed to the least binding energy of thea�avin 3-gallate in comparison to GC373 and thea�avin.
The �nal binding energy of thea�avin 3-gallate provided a strong rationale for its high inhibition potential
against both the proteins. The per-frame trajectories of binding energies for all the three complexes
throughout the simulation are provided in Supplementary Fig. S4.

 
Table 1

The components of binding free energy calculated by the MMPBSA method.
Complex van der Waal

energy
(kcal/mol)

Electrostatic
energy
(kcal/mol)

Polar solvation
energy
(kcal/mol)

SASA
energy
(kcal/mol)

Binding
energy
(kcal/mol)

GC373 -21.96 -5.57 21.29 -2.89 -9.13

Thea�avin -35.50 -11.44 39.93 -4.19 -11.21

Thea�avin
3-gallate

-66.44 -18.35 42.33 -5.15 -47.62

2.6. A strong external pulling force is required to unbind
thea�avin 3-gallate from its respective binding sites on M
 pro 

SMD simulations can offer the qualitative perspectives of interactions and conformational perturbations
between ligand and its neighboring amino acids by inducing ligand unbinding along the MD simulation
pathway. In this study, the well equilibrated protein-ligand complexes were taken as starting points for
carrying out SMD simulations. A pulling simulation was performed on all the complexes with a constant
pulling velocity of 0.01 nm/ps and a spring constant of 250 kJ/mol/nm2. The representative force
pro�les of GC373, thea�avin, thea�avin 3-gallate unbinding from binding sites of the Mpro are shown in
Fig. 6. A linear increase in the time-dependent external pulling force was observed for the initial phase of
SMD simulation for all the complexes. The standard molecule GC373 required the lowest amount of
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external pulling force to completely unbind from the binding pocket. The peak values of external pulling
force experienced by thea�avin and thea�avin 3-gallate were ~ 350.02 kJ/mol/nm and ~ 368.47
kJ/mol/nm respectively. Afterward, the external pulling force gradually decreased and the ligand was
completely out of the binding site. The peak of pull force trajectory for thea�avin 3-gallate lied towards
the right of thea�avin and GC373, suggesting that thea�avin was bound to the active site for a longer
duration than both the compounds. These results show that thea�avin 3-gallate required a strong
external pulling force to separate it from the binding site of Mpro of SARS-CoV-2.

4. Discussion And Conclusions
Within the past two decades, three extremely pathogenic and deadly human coronaviruses namely, SARS-
CoV, MERS, SARS-CoV-2 have emerged28. They belong to the group β-coronavirus and draw more
attention because of their ability to cross animal-human barriers, ultimately becoming major human
pathogens29. The timely development of antiviral substances is of utmost importance, which in such a
short span is extremely challenging. Moreover, the conventional drug takes years to develop and to get
into the market. Drug repurposing is a choice in which the molecules/compounds already known for their
therapeutic effects can be screened and tested for inhibition of SARS-CoV-2.

Since time immemorial, natural compounds have been used as therapeutic agents for the treatment of
several ailments30. Plant-based natural compounds offer a rich reservoir for novel antiviral drug
development. Some natural medicines have been reported to possess antiviral activities against many
virus strains including herpes simplex virus, coronavirus, in�uenza virus, hepatitis B and C viruses, and
HIV virus31–33. Our previous in-silico studies showed that tea molecule thea�avin-3-O-gallate has the
a�nity to bind to the substrate-binding pocket of Mpro of SARS-CoV-234. To quantify the inhibition on a
scale, we tested thea�avin 3-gallate against Mpro protein of SARS-CoV-2, and calculated its IC50. The IC50

is a quantitative measure that represents how much of a particular inhibitory substance is needed to
inhibit a given biological process or biological component by 50% under in vitro conditions. With our
aforesaid method, the IC50 values of thea�avin 3-gallate against Mpro was calculated to be 18.48 ± 1.29
µM. Also, incubation of thea�avin 3-gallate with SARS-CoV-2 led to inhibition of the virus as evident by
reduction of viral count by 75% at a concentration of 200 µM.

To understand the mechanism of inhibitory action of thea�avin 3-gallate we performed molecular
docking studies which provide a platform to predict the estimated binding a�nity and optimal binding
pose between receptor and ligand. The binding poses were compared with a standard drug GC373 and
thea�avin. This method has been implemented for more than three decades and a signi�cant number of
experimental drugs have been identi�ed and developed accordingly14,15,35. Our molecular docking
analysis showed that thea�avin 3-gallate interacts strongly with the binding sites on Mpro with a higher
docking score than GC373 and thea�avin. Our results showed that Thea�avin 3-gallate acquired the
active site of Mpro by interacting with many residues (Asn142, Ser144, His145 His163, and Glu166)
crucial for dimerization and biological activity. Many experimental and computational studies have
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shown potent inhibitor molecules interacting with these residues7,16,17,23,36,37. The stability of binding
poses was validated by analysis of different MD-driven time-dependent analyses. The low deviations in
RMSD values for all the three structures suggested that the binding of ligands on protein had no impact
on stability of the binding pocket. We also compared the number of H-bonds formed by GC373,
thea�avin, and thea�avin 3-gallate with the binding site of Mpro throughout the simulation. The analysis
of the H-bond pro�les of the three molecules showed that thea�avin 3-gallate formed highest number of
bonds during the simulation. To get an in-depth insight of the molecular interactions during the
simulations, protein-ligand conformations at different time intervals were extracted from the MD
trajectories. In comparison to GC373 and thea�avin, thea�avin 3-gallate formed exclusive H-bonds with
residues His41, Val186, and His164 at different time intervals during the simulation. These interactions
were not observed for GC373 and thea�avin. Also, thea�avin 3-gallate interacted with residue Cys145 by
much stronger interactions than thea�avin. The residue Cys145 is involved in the formation of catalytic
dyad of the active site of Mpro 7. The strong interactions shown by thea�avin 3-gallate with Mpro were
further validated and compared with GC373 and thea�avin by caculating the binding free energy by the
MM-PBSA method. The MM-PBSA is an e�cient, reliable method for evaluating protein-ligand
interactions38,39. The binding free energy results con�rmed that thea�avin 3-gallate showed the highest
binding a�nity for Mpro than GC373 and thea�avin. Our results showed that the van der Waal energy
contributed most favorably to the binding of thea�avin 3-gallate with Mpro. Moreover, we also performed
SMD simulations to analyze the amount of external force required for unbinding GC373, thea�avin, and
thea�avin 3-gallate from the binding pocket. Our SMD results demonstrated that thea�avin 3-gallate
required highest amount of external force to unbind it from the binding pocket of the Mpro of SARS-CoV-2.
Also, thea�avin 3-gallate remained at the active site for a longer duration than both the GC373 and
thea�avin during the pulling simulations, suggesting strong interactions with the residues of the binding
site.

In conclusion, in-silico and experimental results suggested thea�avin 3-gallate as a potential candidate
molecule that could be rapidly developed as a therapeutic agent to �ght COVID-19. Thea�avin 3-gallate
performed better than the standard molecule GC373 and thea�avin in both the in-silico and experimental
analyses. Thea�avin 3-gallate is a major component of black which is already known for its anti-oxidant
properties and is the most consumed beverage in the world. Since thea�avin 3-gallate is already
consumed by humans through tea for ages and being edible, crossing cell-cell barriers in the body40

makes it a good potential inhibitor to be used against SARS-CoV-2. Either the molecule alone or in
formulations with other such anti-viral compounds as a cocktail can provide an effective �rst line of
defense against diseases associated with coronaviruses.

5. Material And Methods
Thea�avin (molecular weight = 564.49 g/mol) and thea�avin 3-gallate (Molecular weight = 716.61g/mol)
were procured from (PhytoLab GmbH & Co. KG, Germany). The authenticity and purity of the molecules
were validated by Mass spectrometry analysis using UHPLC-IM-QTOF 6560 instrument (Agilent, USA)
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equipped with PDA detector and hyphenated to the Q-TOF MS/MS (Supplementary Fig. S1). Stock
solutions (5 mM) of thea�avin and thea�avin 3-gallate were prepared in methanol. Appropriate dilutions
were made in assay buffer to test the molecules at various concentrations keeping methanol
concentration less than 1% in the �nal reaction volume.

All the assays were carried out at room temperature (RT: 25 ± 2°C) in triplicates. As an initial screen
thea�avin and thea�avin 3-gallate were tested for inhibition of Mpro protein at 100 µM concentration and
later tested at lower concentrations to calculate the IC50 value.

5.1. In vitro inhibition assay of Mpro

MBP-tagged (SARS-CoV-2) assay kit was used (Cat. No. Catalog #79955-1; BPS Bioscience, USA) to
study the inhibition of Mpro by thea�avin 3-gallate. GC376 and thea�avin (known inhibitors of Mpro) was
kept as positive controls. In brief, reactions were performed in a �nal assay volume of 50 µl in a 96 well
plate wherein each reaction consisted of 30 µl of Mpro (150 ng) prepared in an assay buffer containing 1
mM DTT, 10 µl of �uorogenic protease substrate (DABCYL-KTSAVLQSGFRKME-EDANS) to a �nal
concentration of 50 µM, and 10 µl of either thea�avin or thea�avin 3-gallate. Appropriate assay control
was also kept by replacing inhibitor with inhibitor buffer. Sample controls were included to account for
any interference caused by color of the molecules. The plate was sealed with the plate sealer and
incubated overnight at RT. The �uorescence intensity was measured in a microtiter plate-reading
�uorimeter (Biotek Synergy™ H1, USA) with an excitation wavelength of 360 nm and detection of
emission at a wavelength of 460 nm. All the values were corrected by subtracting the blank values. The
percent inhibition was calculated using the following formula: % inhibition = [(positive control – test
inhibitor)/positive control] × 100.

5.3. Calculation of IC50

To calculate the inhibitory concentration (IC50) value, thea�avin and thea�avin 3-gallate were tested at

concentrations of 0.1, 0.6, 1.0, 5.0, 10, 25, 50, 75, and 100 µM against Mpro protein of SARS-CoV-2. GC376
was tested at 0.1, 0.2, 0.5, 1, and 100 µM. The inhibitor concentration was plotted against the percent
inhibition and the IC50 value was calculated using the non-linear regression equation of the resulting
graph using GraphPad Prism software version 8.0.2.

5.4. Drug treatment and detection of SARS-CoV-2 using an
RT-qPCR assay
The individual antiviral effect of thea�avin and thea�avin 3-gallate were tested against the SARS-CoV-2
(Indian/a3i clade/2020 isolate) virus in-vitro, using Vero cells (Green African Monkey). The vero cells,
prior to infection, were maintained in Dulbecco Minimum Essential Medium (DMEM, Gibco) with 10%
Fetal Bovine Serum (Gibco) at 37 C, 5% CO2. 24 hours prior to infection, the cells were trypsinized and
seeded in a 96 well plate. 80–90% of cell con�uency was considered for infection. Brie�y, 50, 100, 150 &
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200 (µM) concentrations of thea�avin and thea�avin 3-gallate was used to enumerate the antiviral effect.
Initially the cells were primed with different concentrations of thea�avin and thea�avin 3-gallate for 2
hours. Later, the medium containing the drug candidates was replaced with the virus inoculum (0.1 MOI)
along with drug dilutions made in DMEM without FBS for 3 hours. Post-infection, the media was replaced
with DMEM media along with 10% FBS containing drugs and maintained in an incubator at 37 C, 5% CO2
until 72 hours. Post 72 hours, the cell supernatants were collected for enumerating the cell released viral
RNA particles using quantitative real time PCR.

Viral RNA extraction was performed via the Vira/Pathogen Extraction Kit (Applied Biosystems, Thermo
Fisher Scienti�c) according to the protocol described by manufacturer. Viral supernatants (200µL) after
centrifugation from the experimental groups were aliquoted into deep well plates and were subjected
with, the lysis buffer that contained 260µL, Binding Solution; 10µL, Binding Beads; 5µL Proteinase K (w.r.t
to mentioned sample volume) from the Extraction Kit. The RNA extraction step was performed using the
King�sher Flex (version 1.01, Thermo Fisher Scienti�c) according to the manufacturer’s protocol. The
obtained RNA was stored at -80 until further use. The COVID-19 RT-PCR Detection Kit (Fosun 2019-nCoV
qPCR, Shanghai Fosun Long March Medical Science Co. Ltd.) was used. The primers provided along with
the kit amplify the Envelope gene (E; ROX labeled), Nucleocapsid gene (N-JOE labeled), and Open Reading
Frame1ab (ORF1ab, FAM-labeled) speci�c to SARS-CoV-2. SARS-CoV-2 cDNA showing a Ct ~ 28 was
used as an assay control. A linear regression equation, obtained from the known log viral particle count
and Ct using RT-qPCR, was established for N- and ORF1ab (via the COVID-19 RT-PCR Detection Kit) genes
speci�c to SARS-CoV-237.

5.5. Molecular Docking
We used the resolved crystal structures of Mpro (PDB ID: 6M0K)30 protein of SARS-CoV-2 for carrying out
molecular docking study through the CDOCKER protocol of Discovery Studio41. The structure of
thea�avin and thea�avin 3-gallate were downloaded in SDF format from PubChem (CID: 169167)42. The
Gaussian protocol with DFT was used for ligand geometry and energy minimization43. The binding site
for Mpro was de�ned by taking the reference of the co-crystallized inhibitor (11a). The binding site with
the best docking score was reported. The sphere coordinates for the Mpro binding pocket were 11.62,
11.88, and 68.70 with a radius of 12.00 Å. The other parameters were kept as default. Of all the binding
conformations predicted, the top �ve binding poses with the highest CDOCKER energy were reported.

5.6. Molecular dynamics (MD) simulations and
thermodynamic free energy calculations
The best binding poses of thea�avin 3-gallate with Mpro were subjected to MD simulations by GROMACS
package44–46. We used the CHARMM36 force �eld to generate ligand topologies by CGenFF server47,48.
Similarly, the protein topologies were prepared by CHARMM36 force �eld by employing the “gmx
pdb2gmx” script of GROMACS. The protein-ligand complexes for simulations were prepared by
appending ligand topologies to the protein topologies. To maintain the electroneutrality of the system,
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sodium, and chloride ions were added by employing the “gmx genion” script. Further steps of MD
simulations were carried out by following the protocol de�ned in our previous studies49,50,34. The
simulations were carried out for 100 ns. The simulation trajectories of both the complexes were used to
determine the root mean square deviations (RMSD) of backbone C-α atoms, extracting binding poses at
different time intervals, and calculating thermodynamic binding free energies. We utilized the Molecular
Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) method to calculate free energies of protein-
ligand binding. MM-PBSA is a classical and validated method for modeling protein-ligand interactions39.

5.7. Steered molecular dynamics (SMD) simulations
SMD allows to analyze the amount of external force required to unbind ligand from its binding site in
protein51. One of the most extensively used GROMACS package was employed to perform SMD
simulations. The end terminals of proteins were processed for preparing protein topologies, while exactly
the same ligand topologies were used as used in conventional MD simulations. Subsequently, protein-
ligand complexes were solvated in a rectangular box of dimensions (8.5 X 8.3X 25) Å. Steepest descent
method was employed for energy minimization of protein-ligand complexes. Further, NPT run was carried
out at 100 ps to equilibrate the energy minimized complexes. For the execution of the pulling code a
spring constant of 250 kJ/mol/nm2 and a constant velocity of 0.01 nm/ps was maintained. For the
execution of the pulling code a spring constant of 250 kJ/mol/nm2 and a constant velocity of 0.01
nm/ps was maintained. During pulling simulations, the following equation was utilized to calculate the
external force:

F = -k [Xpull (t) – Xpull (0) -vt]

where F = external pulling force; k = spring constant; v = constant velocity; Xpull (t) = position of atom at
time t and Xpull (0) = initial position.
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Figure 1

Inhibition of Mpro protein of SARS-CoV-2 by thea�avin 3-gallate. The inhibition of Mpro protein by a)
thea�avin (positive control) b) thea�avin 3-gallate and c) GC376 (positive control) was measured in the
presence of increasing concentrations of these molecules. The structures of molecules are shown along
with the IC50 curves. Dose-response curves for IC50 values were determined by nonlinear regression. Data
represent mean ± SE., n = 3 independent replicates.

Figure 2

Effect of thea�avin 3-gallate on the inhibition of SARS-CoV-2. Response to thea�avin (positive control),
thea�avin 3-gallate and remdesivir (positive control) in Vero cells at 50, 100, 150, and 200 μM was
calculated using quantitative PCR of N and E viral genes. Graphs represent relative viral RNA % (a, b) and
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log reduction in viral particles (c, d) after treatment with thea�avin, thea�avin 3-gallate and positive
control remdesivir, respectively.

Figure 3

Analysis of docking results. The docking poses are shown in (a) 3D and (b) 2D representations for (i)
GC373, (ii) thea�avin, and (iii) thea�avin 3-gallate. 

Figure 4

Analysis of MD trajectories showing the (a) RMSD of backbone Cα atoms for Mpro bound to different
ligands and (b) number of H-bonds formed between Mpro and ligands during the entire simulation. The
color-coding scheme is as follows: GC373 (black), thea�avin (red), and thea�avin 3-gallate (green).

Figure 5

Representation of the molecular interactions at the binding site of thea�avin 3-gallate-Mpro complex. The
binding poses are shown for time intervals (a) 20 ns, (b) 40 ns, (c) 60 ns and (d) 80 ns.
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Figure 6

Analysis of SMD results showing: (a) typical external force pro�les of GC373 (black), thea�avin (red), and
thea�avin 3-gallate (green). The position of (a) GC373, (b) thea�avin, and (c) thea�avin 3-gallate at
different time intervals during SMD simulations. The color coding is as follows: 100 ns (blue), 194 ns
(magenta), 242 ns (orange), and 400 ns (cyan).
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