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Background and aim: A novel coronavirus, called the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has been found to cause COVID-19 in humans and some other mammals. The nonstruc-
tural protein 16 (NSP16) of SARS-CoV-2 plays a significant part in the replication of viruses and sup-
presses the ability of innate immune system to detect the virus. Therefore, inhibiting NSP16 can be a
secure path towards identifying a potent medication against SARS-CoV-2. Tea (Camellia sinensis) poly-
phenols have been reported to exhibit potential treatment options against various viral diseases.
Methods: We conducted molecular docking and structural dynamics studies with a set of 65 Tea
bioactive compounds to illustrate their ability to inhibit NSP16 of SARS-CoV-2. Moreover, post-
simulations end state thermodynamic free energy calculations were estimated to strengthen our results.
Results and conclusion: Six bioactive tea molecules showed better docking scores than the standard
molecule sinefungin. These results were further validated by MD simulations, where Theaflavin com-
pound demonstrated lower binding free energy in comparison to the standard molecule sinefungin. The
compound theaflavin could be considered as a novel lead compound for further evaluation by in-vitro
and in-vivo studies.
© 2021 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Coronaviruses (CoVs) caused a significant explosion of fatal
human pneumonia leading to a worldwide pandemic. CoVs
comprise four structural proteins: envelope protein, spike protein,
nucleocapsid, and membrane protein. A dynamic RNA replication
system, consisting of at least 16 nonstructural viral proteins,1 is
used to reproduce and transcribe the CoV RNA genome. Previous
studies have shown that MERS-CoV and SARS-CoV non structural
protein 16 (NSP16) catalyze the methylation by activating the
methyltransferase (MTase) activities of the first nucleotide
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transcribed at the ribose 20-O (20-O-Me) position.2e4 NSP16 forms a
heterodimer with its NSP10 co-factor and activates 20-O-MTase
action. By complementing the 20-O-MTase action, NSP16 trans-
forms the virus's genetic material to make it seem more familiar
with human RNA.5 The 20-O-Me virus cap RNAs defend themselves
from 50 to 30 exoribonucleases breakdown, assures effective trans-
mission, and supports to prevent recognition by the human innate
immune system.5 Previous in-vivo and in-vitro studies5e7 have
illustrated the influence of 20-O-MTase action of NSP16 for CoV
pathogenesis and infection. The NSP16 20-O-MTase activity absence
results in critical attenuation for SARS-CoV, defined by reduced
replication of the virus, decreased weight deficit, and fewer mice
respiration dysfunction.8 Thus, the blocking of NSP16 20-O-MTase
actions will limit replication of the virus and empower the human
innate immune system to recognize it.

The NSP16 residues are highly conserved across the CoV family,
proposing related structural domains and functional actions.5 The
structure of Nsp16 has all 301 residues. The structure of NSP16
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Abbreviations

CHARMm Chemistry at Harvard Macromolecular Mechanics
SARS-CoV-2 Severe acute respiratory syndrome coronavirus

2
GROMACS GROningen MAchine for Chemical Simulations
MD Molecular Dynamics
MM-PBSA Molecular Mechanics Poisson Boltzmann Surface

Area
NSP16 Non-Structural Protein 16
RMSD Root Mean Square Deviation
RMSF Root Mean Square Fluctuation
SASA Solvent accessible surface area

Table 1
Selected compounds based on CDOCKER interaction energy.

Compounds -CDOCKER interaction energy

Sinefungin 76.83
Epigallocatechin-3,5-di-O-gallate 62.22
Epicatechin-3,5-di-O-gallate 60.24
Epigallocatechin-3,4-di-O-gallate 60.09
Kaempferitrin 59.29
Isoquercetin 58.47
Theaflavin 57.82
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includes a 2-O-MTase analytic action core formed of a Rossmann-
like b-sheet fold shaped by eleven a-helices, seven b-strands, and
loops. The NSP16 binding site is coordinated by the residues
Phe6947, Asp6912, Leu6898, Cys6913, Met6929, Gly6871, Asp6897,
Asn6899, Asp6928, Tyr6845, Asn6841, and Gly6871.9

Natural plant products may be a valuable source of novel drugs
to fight with COVID-19 pandemic.10,11 Indeed, various phytocon-
stituents, including polyphenols and flavonoids, have shown the
ability to prevent SARS-CoV-2 replication and infection to mitigate
the clinical consequences of the infection.12,13 In this context, the
tea plant (Camellia sinensis), rich in micro-nutrients, polyphenols,
and vitamins in tea mixture was considered as a source for bioac-
tive molecules in this study. Tea is a traditional and most consumed
drink globally due to its economic viability and easy availability and
can play an essential role in nutritional immunity.14 The tea poly-
phenols were reported to exhibit antiviral activities against various
viruses, especially positive-sense single-stranded RNA viruses.15

Bioactive tea compounds manifest antiviral activity against a
broad spectrum of human viruses, including Dengue, Chikungunya,
Zika, herpes simplex virus, HIV, hepatitis B, hepatitis C, and influ-
enza.16 Recent in-silico and experimental studies documented
potent antiviral activities of bioactive tea compounds against
multiple SARS-CoV-2 viral proteins.17e24

The present study was aimed to recognize lead compounds that
may serve as a barrier against the activity of NSP16 of SARS-CoV-2.
The objectives of the study were to rank and compare the binding
affinity of the selected tea bioactive compounds with standard
molecule sinefungin. Secondly, to validate the molecular docking
results and in-depth analysis of protein-ligand complexes by per-
forming robust, long-term (100 ns) molecular dynamics (MD)
simulations. Lastly, to identify the most potent inhibitor by calcu-
lating the thermodynamic binding free energy by Molecular Me-
chanics Poisson-Boltzmann Surface Area (MM-PBSA) analysis.
2. Material and methods

2.1. Datasets

NSP16 protein (PDB ID 6W4H) was selected for study based on
the best resolution of 1.80 Å compared to other NSP16 crystallo-
graphic structures. Sinefungin (standard molecule/inhibitor)9,25

and a library of 65 bioactive compounds from tea (Camellia sinen-
sis) were prepared for in-silico study as depicted in Table S1.17,26,27

The protein crystal structure preparation was conveyed by the
Discovery studio protocols “prepare protein”.28 The ligand geom-
etry of each molecule was optimized with minimization protocols
(DFT) of Gaussian16.29
36
2.2. Molecular docking

The molecular docking was conducted in Discovery Studio
version 2018 to determine the binding poses of the selected com-
pounds with the NSP16 protein. CDOCKER, a docking system based
on Chemistry at Harvard Macromolecular Mechanics Energy
(CHARMm)30 was used to perform the docking procedure. The re-
ceptor was kept rigid while the ligands were allowed to flexible
during the docking. The water molecules from the protein were
eliminated, because the fixed-water molecules may change the
ligand-receptor complex rendering. The NSP16 binding
pocket allocated as the spaces inside a radius of 10 Å from the
middle of the standard compound, while the other docking
parameter values were retained default. The CHARMm force field
with the interaction strength of each complex was measured. The
distinct conformational poses of each compound generated and
analyzed based on the CDOCKER interaction energy. The number of
starting random conformations and the number of rotated ligand
orientations to refine for each of the conformations for 1000 dy-
namics steps were set to ten. Moreover, for annealing refinement,
the number of heating steps were 2000 while the number of
cooling sets were set to 5000. The distance to consider Pi-cation, Pi-
Pi, and Pi-alkyl interactions was set to 5 Å, 6 Å, and 5.5 Å
respectively.
2.3. Molecular dynamics simulations

Molecular Dynamics (MD) simulations studies were conducted
to determine the stability and flexibility of the NSP16 complexes.
All simulations were performed using the GROMOS96 43a1 force
field available in GROMACS 4.6.7.31 Ligand topology files were
produced with the server of PRODRG.32 The processed protein
complexes were solvated in a cubic box of edge length 10 nm along
with simple point-charge (SPC) water models. Sufficient amounts
of ions were appended to sustain the system neutrality. To exclude
the clashes within atoms of the system, energy minimization es-
timations weremadewith the convergence pattern of 1000 kJ/mol/
nm. Particle mesh Ewald (PME) method was employed to supervise
the long-range interaction electrostatics33 A cutoff radius of 9 Åwas
accepted for both Coulombic and van der Waals interactions.
Equilibration was finished in two-stages. In the first phase, the
solvent and ion molecules were put unrestrained while in the next
step, the restraint weight from the protein and protein-ligand
complexes was steadily decreased, in the NPT ensemble. All
hydrogen bonds were retained constrained, adopting a Linear
Constraint Solver (LINCS) algorithm.34 The system's pressure and
temperature were held at 300 K and 1 atm, sequentially, using
Berendsen's temperature and Parrinello-Rahman pressure
coupling, respectively.35 The simulation production was begun
from the velocity and coordinates collected after the end step of the
equilibration run. All the systems were simulated for 100 ns.



Fig. 1. 2-D interactions of SARS-CoV-2 NSP16 protein with standard and bioactives (a) sinefungin (b) epigallocatechin-3,5-di-O-gallate and (c) epicatechin-3,5-di-O-gallate.
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2.4. MM-PBSA calculation

The Molecular Mechanics Poisson Boltzmann Surface Area
(MM-PBSA) technique was utilized to calculate the binding energy
of the protein-ligand complexes. MMPBSA is a combined energy
system, described by the Van der Waal, Solvent accessible surface
area (SASA), electrostatic, and binding free energy of the system. In
MM-PBSA, the polar solvation energy is computed, adopting the
linear association to the SASA. The g_mmpbsa package of GRO-
MACSwas implemented to ascertain the diverse components of the
free binding energy of the complexes.36
3. Results

3.1. Molecular docking analysis

A library of 65 bioactive tea compounds was docked with SARS-
CoV-2 NSP16. The compounds were docked in the binding site of
the already published inhibitor sinefungin. The robustness of
docking protocol was endorsed by comparing the co-crystallized
sinefungin (PDB ID 6WKQ) with docked pose of sinefungin on the
same protein. The root mean square deviation (RMSD) between
both structures was 0.0001 Å over 1758 to 1758 atoms (Fig. S1). We
selected the top six high-scoring bioactive molecules from all the
docked compounds compared to sinefungin with valid -CDOCKER
scores as tabulated in Table S1. The docking scores of the top
37
selected molecules along with sinefungin were shown in Table 1.
The active site of the NSP16 conferred hydrogen bonds with
conserved residues Gly6869, Met6929, Asp6873, Tyr6930,
Asp6928, Gly6879, Asn6841, Asp6897, Cys6913, Leu6898, Asp6912,
Gly6871, Asp6930, Asn6899, and Lys6844. While hydrophobic
interaction with residues Leu6898, Met6929, Gly6871, Pro6878,
Asp6931, Phe6947, Pro6932, Tyr6930, Cys6913, Asp6897, Ser6872,
Asp6912, and Asn6899. Figs. 1 and 2 depicted the molecular in-
teractions of the sorted compounds in the binding pocket of the
NSP16.
3.2. Structural stability at global and local levels

To gain insight into the dynamic behavior of the compounds at
the active site of 20-O-MTase, 100 ns MD simulations were executed
for seven selected complexes (top hits and sinefungin, Table 1). To
quantify the structural stability of protein-ligand complexes, root
mean square deviation (RMSD) of backbone C-a atoms was
measured (Fig. 3a). NSP16 complexes with theaflavin, kaempferi-
trin, isoquercetin, epicatechin-3,5-di-O-gallate, and epi-
gallocatechin-3,5-di-O-gallate, pointed average RMSD values
between 0.2 and 0.45 nm. At the same time, sinefungin and epi-
gallocatechin-3,4-di-O-gallate in complex with NSP16 recorded
higher fluctuations till 0.5 nm. Less fluctuations in RMSD trajec-
tories and lower average values (<0.5 nm) indicated stable protein-
ligand complexes, suitable for further analyses. Moreover, the root



Fig. 2. 2-D interactions of SARS-CoV-2 NSP16 protein with standard and bioactives (a) epigallocatechin-3,4-di-O-gallate (b) kaempferitrin, (c) isoquercetin and (d) theaflavin.
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mean square fluctuation (RMSF) was estimated to perceive struc-
tural stability at local levels (Fig. 3b). The average RMSF values lied
between 0.1 and 0.45 nm, and with moderate fluctuations, the
RMSF trajectories all the seven complexes were pretty similar.
However, epicatechin-3,5-di-O-gallate showed abrupt fluctuations
in RMSF values around residues 6820 to 6840. All the residues
belonging to the binding site showed low RMSF values.
3.3. RMSD clustering analysis

Further, we estimated other structural parameters, including the
RMSD clustering analysis based on the underlying dynamics
approach. The clustering was performed to investigate the dy-
namics of molecular interactions of selected compounds with
NSP16 protein, as shown in Fig. 4. In NSP16 complexes, sinefungin
formed 50 clusters with an average RMSD of 0.17 nm. The bioactive
compounds epigallocatechin-3,5-di-O-gallate, epigallocatechin-
3,4-di-O-gallate, and isoquercetin formed 41, 39, 32 clusters with
an average 0.16 nm RMSD. While compounds theaflavin, kaemp-
feritrin, and epicatechin-3,5-di-O-gallate formed 49, 46, 50 clusters
with an average RMSD of 0.17 and 0.15 and 0.19 nm. The chosen
bioactive molecules covered greater space of the binding site as
compared to sinefungin. These outcomes illustrated that the cho-
sen bioactive compounds were enduring and relatively comparable
to sinefungin in RMSD clustering interpretation.
3.4. Analysis of inter-molecular hydrogen bonds

Additionally, our MD simulation analysis reported an average of
38
five to seven hydrogen bonds for sinefungin during the entire
simulation run. In comparison, all the six selected bioactive com-
pounds of tea formed an average number of eight to twelve
hydrogen bonds inside the active site of NSP16 of SARS-CoV-2.
These outcomes manifested that all the complexes were
adequately equilibrated and structurally abiding (Fig. 5). Moreover,
we also obtained the scripts of all the selected complexes at
different time intervals (5, 25, 45, 65, 85, 100 ns) to perceive the
position and stability of compounds inside the binding pocket of
the NSP16. It also allowed us to reaffirm the number of hydrogen
bonds between protein and ligands. All the bioactive tea com-
pounds formed a higher number of hydrogen bonds inside the
binding pocket throughout the simulation than sinefungin. The
number of hydrogen bonds acted as a driving efficiency for the solid
binding of the ligand to its receptor. The common residues
participating in hydrogen bond formations were Phe6947, Asp6912,
Leu6898, Cys6913, Met6929, Gly6871, Asp6897, Asn6899, Asp6928,
Tyr6845, Asn6841, and Gly6871. Also, all the selected molecules
were present inside the binding site throughout the simulations
(Fig. S2).
3.5. Analysis of thermodynamic binding energy

Another significant indicator that accounts for the potential af-
finity of a ligand with its target is the binding free energy computed
by using the MM-PBSA approach. The binding free energies were
measured for all conformations stored in the 0e100 ns trajectories
during the simulations. The binding free energy outcomes showed
that the DE free binding energy (kJ/mol) was higher for sinefungin,



Fig. 3. (a) RMSD of backbone C a-atoms of NSP16 complexes, (b) RMSF for the back-
bone C a-atoms of NSP16 complexes with sinefungin (black), epigallocatechin-3,5-di-
O-gallate (orange), epicatechin-3,5-di-O-gallate (yellow), epigallocatechin-3,4-di-O-
gallate (blue),kaempferitrin (magenta), isoquercetin (green), and theaflavin (cyan).

R. Singh, V.K. Bhardwaj, J. Sharma et al. Journal of Traditional and Complementary Medicine 12 (2022) 35e43
whereas lower for the other six selected bioactive compounds of
tea. Lower the binding free energy, greater is the affinity between
ligand and protein. The binding free energy of sinefungin recorded
fluctuation after ~22 ns and remained higher till the end of simu-
lation, while selected bioactive compounds displayed stable tra-
jectories with lower binding free energies (Fig. 6). In addition, the
binding free energy was disintegrated into individual components,
as tabulated in Table 2. On comparing the components, the polar
solvation and Van der Waal energy showed unfavorable contribu-
tions, resulting in a decline in the binding free energy between
sinefungin and NSP16. The favorable contribution of electrostatic
energy was lower than the Van der Waal energy towards the total
binding free energy. However, the binding free energy outcomes
represented more favorable contributions for all the six tea com-
pounds as compared to sinefungin.
4. Discussion

The capability to effectively evade the immune detection and
depress human immune responses significantly raises the virus
transmission ability. This feature of SARS-CoV-2 to bypass identi-
fication and activation of the host immune response requires the
RNA cap altering enzyme 20-O-MTase, which gives the ability to
viral mRNA to hide from the host cell.37,38 Several different classes
of natural molecules isolated frommany plants have been shown to
have antiviral activity against CoV infection.10,39,40 Many studies
have reported the computational screening of natural molecules for
various SARS-CoV-2 targets, such as the main protease, papain-like
protease, spike protein, and RNA-dependent RNA polymerase.41e45
39
In order to find the potential compounds against a target SARS-
CoV-2 NSP16, we employed structural bioinformatics approaches
to rank and compare bioactive tea compounds in comparison to
sinefungin.

Molecular docking investigation is a wide-ranging technique
that typically uncovers the binding interactions of protein-ligand
complexes.46e48 The low RMSD value of superimposition be-
tween docked pose (generated by re-docking sinefungin on NSP16
PDB ID: 6WKQ) and co-crystallographic structure affirmed that the
CDOCKER was notably firm for regenerating the binding poses
between ligands and NSP16 of SARS-CoV-2. Our docking protocol
showed six bioactive tea molecules (epigallocatechin-3,5-di-O-
gallate, epigallocatechin-3,4-di-O-gallate, isoquercetin, theaflavin,
kaempferitrin, and epicatechin-3,5-di-O-gallate) with high docking
scores to be considered for drug development. Protein-ligand inter-
communications are usually highlighted by hydrogen bonds and
hydrophobic interactions, which perform a vital role in predicting
the binding affinity of ligands with proteins.49,50 The active site of
the NSP16 showed hydrogen bonding with the same residues,
including Phe6947, Asp6912, Leu6898, Cys6913, Met6929, Gly6871,
Asp6897, Asn6899, Asp6928, Tyr6845, Asn6841, and Gly6871.
Similar results with different molecules were shown in different
computational and experimental studies.9,51,52

Molecular docking, although very effective, provides static poses
of protein-ligand interactions. In nature, these interactions are
highly dynamic and limits the use of docking studies to preliminary
screening only.53,54 Hence, the seven selected protein ligand com-
plexes were subjected to MD simulations that can offer essential
time-related insights into individual atomic movements and can
also be used to address distinctive features of a simulated sys-
tem.55e57 Based on experimental and theoretical data, MD simu-
lations describes the fundamental relations between structure and
its essential dynamics, enabling the exploration of the conforma-
tional energy environment open to biological macromolecules.58

The RMSD is a popular method used to evaluate the structural
stability of protein structures via MD simulations.41,59 The stable
trajectories along with low RMSD values generated during the
entire simulation in the RMSD interpretation of MD simulations
intimated the propriety of the simulation run. Also, the low fluc-
tuations in RMSF values also indicated high structural stability of
protein-ligand complexes. Potential inhibitors of NSP16 were
screened by computational studies also showed low RMSD and
RMSF values.51,60

The ensemble clustering analysis of simulated NSP16 complexes
is a definitive and successful way to examine the structural stability
of the protein systems.61 For the last 5ns of the simulation phase,
theMD trajectories of all the selected complexes were obtained and
subjected to cluster interpretation. The analysis furnished a notable
amount of clusters for a protein-ligand complex considered for the
flexibility of the protein, following their low average RMSD values
deemed for the conformational stability of the complex.

Furthermore, we obtained the number of hydrogen bond be-
tween selected compounds and NSP16 protein to illustrate the
impact of structural variations on inter-molecular interactions. The
bioactive compounds of teawere firmly adhering to the binding site
of NSP16 by making a higher number of hydrogen bonds than
sinefungin. These findings were further verified by collecting
NSP16 complexes trajectories at various time intervals and by
visualizing the stability of selected compounds in the NSP16 active
site. These results complemented our hydrogen bond analysis and
showed hydrogen bonds throughout the simulation with different
residues of the binding pocket. These results also suggested that all
the selected molecules stayed inside the binding site till the end of
simulation.

Moreover, an adequate and stable process of measuring the



Fig. 4. Pictorial representation of conformational flexibility using cluster analysis for NSP16 in complex with (a) sinefungin, (b) epigallocatechin-3,5-di-O-gallat, (c) epicatechin-3,5-
di-O-gallate, (d) epigallocatechin-3,4-di-O-gallate, (e) kaempferitrin, (f) isoquercetin, and (g) theaflavin.

Fig. 5. Hydrogen bond profiles of the NSP16 complexes with compounds sinefungin
(black), epigallocatechin-3,5-di-O-gallate (orange), epicatechin-3,5-di-O-gallate (yel-
low), epigallocatechin-3,4-di-O-gallate (blue), kaempferitrin (magenta), isoquercetin
(green), and theaflavin (cyan).
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binding free energy (MM-PBSA) was adopted to compare the af-
finity of bioactive compounds of tea and sinefungin to NSP16 of
SARS-CoV-2. The free binding energy calculation is an essential
parameter of evaluation in drug discovery.62,63 Theaflavin showed
most favorable binding energy among all the selected molecules,
including sinefungin. The Van der Waal, Electrostatic, and SASA
energies were favorable contributors to the total binding free en-
ergy for theaflavin. These results are however preliminary, and
require validation by in-vivo and in-vitro studies. To conclude, our
studies implemented the framework to further examine these lead
candidates experimentally against SARS-CoV-2 NSP16.
5. Conclusion

In this study, we examined 65 bioactive compounds of the tea to
provide a lead compound against the NSP16 of SARS-CoV-2. These
molecules were compared to standard inhibitor sinefungin. Mo-
lecular docking results suggested six potential compounds for MD
simulations studies. The stable trajectories and low RMSD and
RMSF values revealed structural stability of selected protein-ligand
complexes. Further, these results were complemented by hydrogen
bond analysis, RMSD clustering, and analysis of molecular in-
teractions at different time-intervals. Theaflavin conferred the
higher binding free energy among all the selected compounds.
Hence, this investigation states theaflavin as a new persuasive in-
hibitor of the SARS-CoV-2 NSP16 than sinefungin. However, its
inhibitory potential against NSP16 of SARS-CoV-2 needs to be
examined by suitable in-vivo and in-vitro analyses.



Fig. 6. Graphical representation of the Delta_E_Binding free energy kJ/mol showing sinefungin (black), epigallocatechin-3,5-di-O-gallate (yellow), epicatechin-3,5-di-O-gallate
(cyan), kaempferitrin (blue), isoquercetin (orange), and epigallocatechin-3,4-di-O-gallate (pink), theaflavin (ocean green).

Table 2
Binding free energy calculations of selected complexes using MM-PBSA.

Compounds in complex with NSP16 DE binding (kJ/mol) DE polar solvation (kJ/mol) SASA (kJ/mol) DE Electrostatic (kJ/mol) DE Van der Waal (kJ/mol)

Sinefungin 3.723 372.618 �17.442 �170.772 �180.682
Theaflavin �165.063 269.194 �22.777 �155.910 �255.569
Kaempferitrin �110.230 215.255 �18.984 �115.877 �190.624
Isoquercetin �108.973 222.321 �18.693 �117.182 �195.419
Epigallocatechin-3,5-di-O-gallate �163.136 225.488 �22.502 �100.135 �265.987
Epigallocatechin-3,4-di-O-gallate �143.084 325.824 �24.432 �177.909 �266.567
Epicatechin-3,5-di-O-gallate �82.136 335.779 �24.002 �127.733 �266.180
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