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ABSTRACT: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) worldwide has increased the importance of computational tools to
design a drug or vaccine in reduced time with minimum risk. Earlier studies have emphasized the important role of RNA-dependent RNA poly-
merase (RdRp) in SARS-CoV-2 replication as a potential drug target. In our study, comprehensive computational approaches were applied to
identify potential compounds targeting RdRp of SARS-CoV-2. To study the binding affinity and stability of the phytocompounds from Phyllanthus
emblica and Aegel marmelos within the defined binding site of SARS-CoV-2 RdRp, they were subjected to molecular docking, 100ns molecular
dynamics (MD) simulation followed by post-simulation analysis. Furthermore, to assess the importance of features involved in the strong binding
affinity, molecular field-based similarity analysis was performed. Based on comparative molecular docking and simulation studies of the selected
phytocompounds with SARS-CoV-2 RdRp revealed that EBDGp possesses a stronger binding affinity (-23.32kcal/mol) and stability than other
phytocompounds and reference compound, Remdesivir (=19.36 kcal/mol). Molecular field-based similarity profiling has supported our study
in the validation of the importance of the presence of hydroxyl groups in EBDGp, involved in increasing its binding affinity toward SARS-CoV-2
RdRp. Molecular docking and dynamic simulation results confirmed that EBDGp has better inhibitory potential than Remdesivir and can be
an effective novel drug for SARS-CoV-2 RdRp. Furthermore, binding free energy calculations confirmed the higher stability of the SARS-CoV-2
RdRp-EBDGp complex. These results suggest that the EBDGp compound may emerge as a promising drug against SARS-CoV-2 and hence

requires further experimental validation.
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Introduction

COVID-19 has been referred to as SARS-CoV-2 by the
World Health Organization (WHO) in the year 2019.' The
virus belonging to the order Nidovirales and genus Beta-
coronavirus?® has imposed a major challenge in front of human
society due to global health concerns. The disease has become
pandemic worldwide due to the human-to-human transmis-
sion cycle of such a pathogenic virus. The disease originated in
China in 2019 has now spread across all over countries with
around 170426245 confirmed cases of COVID-19, including
3548628 deaths as reported by WHO (https://covid19.who.
int/) on the date June 1, 2021.

Several targets currently being focused on for identifying
SARS-CoV-2  spike
Angiotensin-converting enzyme-2 (ACE-2), human proteases
including transmembrane protease, Serine 2 (TMPRSS2),
furin and viral proteases like RNA-dependent RNA polymer-

novel inhibitors include protein,

ase, papain like proteases-2 (PLpro), and main protease
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(Mpr) 410 Two types of proteins, ie, structural and non-struc-
tural proteins characterizing human coronaviruses (HCoVs).
SARS-CoV-2, structural proteins include Spike (S),
Nucleocapsid (N), Matrix (M), and Envelope (E), whereas
non-structural proteins include Nspl up to Nsp1612 along
with the RNA-dependent RNA polymerase (RdRp) also
known as Nsp12.1314The RdRp, a vital enzyme in the life cycle
of RNA viruses, has been targeted in various viral infections
including Hepatitis C virus (HCV), Zika virus (ZIKV'), West
Nile virus, and Japanese encephalitis virus (JEV).1>26 RdRp, a
protein crucial for viral replication is a promising druggable
antiviral target for coronavirus.”” RdRp of SARS-CoV-2 sup-
ports the transcription and replication of a large RNA genome
with approximately 30000 nucleotides?®-3° and is the most
highly conserved protein among RNA viruses.3! RdRp activity
is dependent on magnesium ions and requires the non-struc-
tural proteins Nsp7 and Nsp8 for complete activity.3?
Nucleotide and nucleoside analogs inhibiting the action of
RNA polymerases would be considered promising antiviral
agents.>®> Compounds showing broad-spectrum antiviral
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Table 1. List of phytocompounds from Phyllanthus emblica and Aegle marmelos.

S. NO. PLANT SOURCE COMPOUNDS PUBCHEM CID

1. Phyllanthus emblica Chebulagic acid®° 442674
Pedunculagin®® 442688
(2S)-Eriodictyol 7-O-(6"-O-galloyl)- 442688
beta-D glucopyranoside (EBDGp)®?

2 Aegle marmelos Seselint® 68229
Marmelide*8 10212

activities with their proven action against coronaviruses are
under focus. Several such compounds are being evaluated
through random clinical trials®»% where Remdesivir (RDV) is
used5 in the form of a common substrate of several viral RdRp
enzymes.’*3 Remdesivir was approved by the U.S. Food and
Drug Administration (US-FDA) on May 1, 2020 for emer-
gency use to treat COVID-19.40

Nowadays, phytochemicals are the key sources of antiviral
drugs with minimal side effects and therefore are of global
interest to identify and explore their potency to treat SARS-
CoV-2 viral disease.*! The extracts derived from medicinal
plants have been found to inhibit replication of HSV-2,42
HIV,%34 HBV,#4 and SARS-CoV-2 virus.#’” The current
approach is the screening of bioactive compounds from medic-
inal plants, Aegle marmelos and Phyllanthus emblica that have
been already reported to show antiviral activities against
Human coxsackieviruses B1-B6, and herpes simplex virus,
respectively.*$-°0 The Aegle marmelos being an important medic-
inal plant with several bioactive compounds such as Seselin,
Aeglein, Marmelide, and Marmelosin is chosen for antiviral
study against SARS-CoV-2."1° Some Phyllanthus species also
exhibit inhibitory potential against HBV, HCV, HIV, and
HSV>6-58 and Phyllanthus emblica against respiratory syndrome
virus  (PRRSV).*®  Chebulagic  Acid,
Azadirachtin, and Nimbolide may act as potential inhibitors of
the SARS-CoV-2 ACE2 receptor and Mpw.%0 Seselin showed
efficacy against multiple targets of SARS-COV-2 such as spike
protein and Mp. 6t However, evidence of these compounds for
the treatment of COVID-19 is lacking. Therefore, these com-
pounds were studied for their inhibitory action against SARS-
CoV-2 RdRp.

In the present study, in silico approach was employed to

Pedunculagin,

identify the therapeutic potential of a set of phytocompounds
trom Aegle marmelos and Phyllanthus emblica against SARS-
CoV-2 RdRp. The potential of these phytocompounds (Table
1) was accessed by performing molecular docking and dynamic
simulation studies for analyzing their binding affinity with
SARS-CoV-2 RdRp. The molecular field-based similarity of
Remdesivir with the obtained lead compound has been
employed. The efficacy of these compounds has been com-

pared with Remdesivir for experimental COVID-19 therapy.

Materials and Methods
Preparation of SARS-CoV-2 RARp structure

The SARS-CoV-2 RdRp structure complexed with an RNA
template, and Nsp7, and Nsp8 cofactors crystallized using elec-
tron microscopy at 2.93 A resolution has been selected as a
target for the current study. This complex was downloaded
from Protein Data Bank with PDB ID: 7C2K.62

The receptor structure was prepared using the Protein
Preparation Wizard tool of the Maestro program (Schrodinger
Release 2020-3: Maestro) at pH 7.5. Removal of water mole-
cules and zinc ion bound with the SARS-CoV-2 RdRp com-
plex along with the subsequent addition of all missing hydrogen
atoms and disulfide bonds was carried out. To prevent charge
repulsion from the free termini and ensure conformational sta-
bility of the protein, N-termini and C-termini of the SARS-
CoV-2 RdRp were capped with N-acetyl and N-methyl amide
groups respectively. Finally, the prepared and minimized struc-
ture of SARS-CoV-2 RdRp was subjected to further docking

and molecular dynamic simulation studies.

Phytocompounds retrieval and preparation

To identify promising SARS-CoV-2 RdRp inhibitors, a set of
5 bioactive phytocompounds reported for their antiviral activ-
ity, and Remdesivir, a standard reference molecule was
retrieved from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/).%3 To get the energetically stable conformation
of the retrieved compounds, the energy minimization was per-
formed using the Maestro program with the OPLS3e force
field. The most stable conformation having low energy for
each compound was used for the docking calculation. The
phytocompounds and Remdesivir with their PubChem IDs
are enlisted in Table 1.

Defining the binding site of the SARS-Col-2
RdRp

From the literature study, amino acid residues like Phe441,
Asp452, Tyrd55, Tyrd56, Lys545, Ala547, Arg553, Arg555,
Thr556, Ala558, Tyr619, Cys622, Asp623, Arg624, Thr680,
Thr687, and Asp760'16* are important for ligand binding
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SARS-CoV-2 RdRp Active Site

‘ RNA-dependent RNA polymerase (RdRp)
' Non-Structural Protein 8 (NSP 8)
Non-Structural Protein 7 (NSP 7)

. RNA

Figure 1. The defined binding pocket of SARS-CoV-2-RdRp (PDB ID: 7C2K). The complex of RdRp (Teal), NSP 8 (Purple), NSP 7 (Yellow), and RNA

(Orange) represented with molecular surface and the active site of RdRp shown by CPK representation.
NSP indicates non-structural proteins; PDB, Protein Data Bank; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; RdRp, RNA-dependent RNA polymerase.

within the SARS-CoV2 RdRp cavity were selected as binding
site residues for the docking study (Figure 1).

Molecular docking studies

To study the mode of interactions of phytocompounds in the
defined binding site of SARS-CoV-2 RdRp, molecular docking
was performed using FlexX software (LeadIT 2.3.2).6566 This
software uses an incremental buildup algorithm guiding the
flexible placement of ligand in the binding region.®” FlexX con-
siders ligand flexibility by changing the conformations of the
ligand in the active site while making the protein rigid.®® It is an
extremely fast, robust, and highly configurable computer pro-
gram for predicting protein-ligand interactions.®® The SDF file
of the compounds was uploaded in FlexX as a docking library.
FlexX default docking parameters were kept with 200 confor-
mations per iteration and maintained conformation per frag-
mentation. The top-ranked poses were selected for the
interaction study, the FlexX rank the resulting docked poses as
per the FlexX score (docking energy). The intermolecular inter-
actions between the SARS-CoV-2 RdRp and ligands were
studied using the Maestro program (Schrodinger Release 2020-
3: Maestro). Binding poses of the ligands visualized in Maestro
were selected for further studies based on their binding affinity
and mode of interactions with SARS-CoV-2 RdRp.
Subsequently, the compounds were subjected to 100ns MD
simulation to probe the binding stability.

Molecular dynamics simulation

To assess the dynamic behavior and binding stability of the
docked compounds in the binding cavity of the SARS-CoV-2
RdRp, 100ns of MD simulation was carried out using the
Desmond” module of Schrodinger software (Schrodinger
Release 2020-3: Desmond). The docked complexes were
solvated using an implicit solvent model in a cubic box of 10 A
spacing. The solvated systems were neutralized with counter
ions, and physiological salt concentration was maintained to
0.15 M.7* All the systems were set up at constant NPT
(N[number], P[pressure], T[time]) ensemble’ with atmos-
pheric pressure (1.013 bar), and a constant temperature of 300k
over 100 ns simulation.”?

The systems were minimized and equilibrated with the
default settings of relaxation with a time step of 2fs. The
OPLS3e force field was designated to the protein-ligand com-
plex systems.” The results were analyzed using MD trajecto-
ries generated during 100ns simulation as root mean square
deviation (RMSD), root mean square fluctuation (RMSF), and
protein-ligand interactions. Protein-ligand interactions were
recorded throughout the 100 ns MD simulation and examined
various intermolecular interactions between SARS-CoV-2
RdRp and lead compounds. The protein-ligand interaction
profile was normalized throughout the trajectory wherein, the
binding site residues were provided that are interacted with
SARS-CoV-2 RdRp by various types of interactions.
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Binding-free energy calculation (Prime MM/
GBSA)

The molecular mechanics generalized born and surface area
(MM/GBSA approach) was used to compute the binding-free
energies of the complex system using the Prime module.”
MM/GBSA is a method to calculate binding energy, which
uses energy properties of free ligand, free receptor, and recep-
tor-ligand complex for binding affinity calculation. The more
negative MM/GBSA score indicates the formation of more
stable protein-ligand complexes.””” We have computed the
MM/GBSA from the entire trajectory of the MD simulation
run using the trajectory clustering method for each SARS-
CoV-2 RdRp complex system. For this purpose, we have taken
the entire 100 ns trajectory of MD simulation and extracted the
coordinate file at every 10ns interval. From these, we have cal-
culated the ensemble-averaged binding-free energies (MM/
GBSA) value. The free energy of binding can be calculated as

AG,, = AH-TAS

AH=AE g+ AE 4w+ AG,,, + AG, o oty Where AE and
AFE, 4w are the electrostatic and van der Waal’s contributions
and G, and G, 1, are the polar and non-polar solvation

terms, respectively.”8-80

Molecular fie[d—éased similarity analysis

FieldTemplater, a component of Forge-Cresset software,! was
used to perform a conformational search using the extended
electron distribution (XED) force field. The technique uses
“field points”as a simple and effective descriptor of the electro-
static and van der Waals maxima and minima surrounding a
molecule equipped with XED charges.828% Compound with
the best binding energy and mode of interactions was selected.
The processing was performed using default parameters for the
generation of a bioactive field template with a single common
field pattern reflecting the binding requirements of the selected
compound and Remdesivir.

Results and Discussion

Intermolecular interactions between Remdesivir,

EBDGp, and SARS-CoV-2 RdRp

The detailed intermolecular interactions analysis is summa-
rized in Table 2. The binding energy obtained for Remdesivir
with SARS-CoV-2 RdRp is -19.36 kcal/mol. The analysis of
intermolecular interaction between Remdesivir and SARS-
CoV-2 RdRp is showing hydrogen bond interactions with
the reported crucial residues Thr556 and Asp623 of SARS-
CoV-2 RdRp!%* with the bond distance of 2.22 and 2.08 A,
respectively. As per the observation of docking interactions
shown in Figure 2A, the -NH group adjacent to the
Phosphate group in the structure of Remdesivir is forming
hydrogen bond interaction with the carboxylic oxygen atom

of Asp623 amino acid of SARS-CoV-2 RdRp. The carbox-
ylic oxygen atom of Thr556 is hydrogen-bonded with the
hydroxyl group of Remdesivir. Hydrogen bonding interac-
tions are also observed with Asp452, Cys622, and Arg624 of
SARS-CoV-2 RdRp.

The binding energy obtained for EBDGp with SARS-
CoV-2 RdRp is -23.32 kcal/mol. The intermolecular inter-
action of EBDGp with SARS-CoV-2 RdRp is showing
hydrogen bond interactions with the same crucial amino
acids Thr556 and Asp623 as observed with Remdesivir. The
carboxylic oxygen atom of amino acids Thr556 and Asp623
forms hydrogen bond interactions with the hydroxyl group of
EBDGp as shown in Figure 2B with the bond distance of
1.99 and 1.60 A, respectively. Thr556 of SARS-CoV-2
RdRp forms similar molecular interactions with both
Remdesivir and EBDGp. It can be deduced from the above
results that EBDGp is showing a similar mode of interac-
tions with amino acid residues Thr556 and Asp623 as
Remdesivir despite Asp623 is forming interactions with
Remdesivir and EBDGp with different functional groups
but forming the similar type of intermolecular interactions,
ie, Hydrogen bond. In addition, Asp452, Arg555, Tyr619,
Cys622, Thr687, and Asp760 are also involved in hydrogen
bond interactions with EBDGp.

Intermolecular interactions between Marmelide,

Seselin, and SARS-CoV-2 RdRp
The Marmelide shows the binding energy of -10.30kcal/mol

which is observed to be lower than that of Remdesivir and
EBDGp. Interactions of Marmelide with SARS-CoV-2 RdRp
are shown in Figure 3A. Hydroxyl group of Marmelide shows
to form hydrogen bond interaction with an amino group of
Thr556 (2.02 A) and the secondary amino group of Arg624
with a bond distance of 1.79 A. Six carbon aromatic ring of
Seselin is forming a m-cation bond with the secondary amino
group of Arg553 (3.04 A) and the side-chain amino group of
Lys621 (5.85 A), and backbone amino group of Cys622 (1.98
A) forms a hydrogen bond with the carbonyl oxygen atom of
the Seselin (Figure 3B).

Intermolecular interactions between Pedunculagin,

Chebulagic acid, and SARS-CoV-2 RARp

Pedunculagin and Chebulagic acid show the lowest binding
energies (-1.57 and 1.64 kcal/mol, respectively) among all the
docked compounds. Interactions of Pedunculagin and
Chebulagic acid with SARS-CoV-2 RdRp are shown in Figure
4A and B, respectively. Hydroxyl groups of Pedunculagin forms
2 hydrogen bonds with a carboxylic group of crucial amino
acid, ie, Thr556 with a bond distance of 1.57 A and 2.05 A.
Carbonyl oxygen of Pedunculagin forming a hydrogen bond
with an amino group of Cys622 with a bond distance of 1.91
A. Besides, Arg553 and Lys621 are also forming hydrogen
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Table 2. Binding affinity of phytocompounds with the target SARS-CoV2 RdRp.

COMPOUND NAME COMPOUNDS CID BINDING ENERGY INTERACTING BOND TYPE BOND .
(KCAL/MOL) RESIDUES DISTANCE (A)

1. Remdesivir 121304016 -19.36 Thr5562 H bond 2.22

Arg624 H bond 2.09, 1.92
Asp6232 H bond 2.08
Cys622a H bond 2.07
Asp452 H bond 1.83
2. EBDGp 10930068 -23.32 Thr5562 H bond 1.99
Arg555 n-cation 6.57
Asp6232 H bond 1.60

Asp452 H bond 1.76, 1.68
Cys6222 H bond 2.33
Tyr619 H bond 2.06

Asp760 H bond 1.49,2.07

Thr687 H bond 2.09, 2.76
3. Marmelide 10212 -10.30 Thr5562 H bond 2.02
Arg624 H bond 1.79
4. Seselin 68229 -10.1 Lys621 n-Cation 5.85
Arg553 n-Cation 3.04
Cys6222 H bond 1.98
5. Pedunculagin 442688 -1.57 Cys6222 H bond 1.91
Lys621 H bond 2.39
Arg553 H bond 1.62

Thr5562 H bond 1.57,2.05
Asp760 H bond 1.78
6. Chebulagic acid 442674 1.64 Arg555 H-bond 2.26
Arg553 n-cation 4.30
Salt bridge 2.87
Arg624 H bond 2.10
Salt bridge 3.08
Asp6232 H bond 0.59
Cys621 H bond 2.76
Asp760 H bond 1.69
Tyr619 H bond 2.60

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; RdRp, RNA-dependent RNA polymerase.
aCommon interacting residues with SARS-CoV-2 RdRp.

bond interactions with Pedunculagin. Chebulagic acid shows Dynamic behavior of Remdesivir and lead

hydrogen bond interactions with amino acids, namely, Arg553, compounds with SARS-CoV-2 RARp

Arg555, Lys621, Arg624, Thr619, Asp623, and Asp760. The To evaluate the dynamic behavior, 100 ns simulation runs for the
carboxylic group of crucial amino acid Asp623 makes hydrogen docked compounds including Remdesivir in the defined binding
bond interaction with the hydroxyl group of Chebulagic acid. pocket of SARS-CoV-2-RdRp was carried out. The information
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THRG687

Figure 2. Binding interaction of (A) Remdesivir and (B) EBDGp with
SARS-CoV-2 RdRp. Interacting residues are represented in lines and
ligand shown in the ball and stick model. Hydrogen bonds are

represented by black dashed lines.
SARS-CoV-2 indicates severe acute respiratory syndrome coronavirus 2; RdRp,
RNA-dependent RNA polymerase.

about the structural stability of the protein-ligand complex could
be analyzed by RMSD. Root mean square deviation calculations
were performed using changes in C-alpha atoms of SARS-CoV-
2-RdRp in complex with docked phytocompounds.

In each complex, it appears that stable equilibrium was
reached after 5ns. The RMSD was observed within 4.5 A
RMSD for the receptor in complex with Seselin, Marmelide,
Pedunculagin, and Chebulagic acid throughout the simulation.
These compounds have been shown to have lower RIMSD val-
ues as compared with Remdesivir. Among these compounds,
EBDGp was observed to have the lowest RMSD value below
1.5 A where Remdesivir deviates within the RMSD range of
1.5t02.0 A suggesting higher stability as compared with other
phytocompounds and Remdesivir (Figure 5B). However, it can
be seen that the receptor is least stable when in complex with
Remdesivir, as shown by its highest RMSD (Figure 5A). The
Ligand RMSD analysis shows that there is a less deviation of
EBDGp (RMSD-1.25 A) from the binding pocket of the
receptor thus showing its role in the overall higher stability of
SARS-CoV-2 RdRp as compared with Remdesivir (RMSD-
2.25 A). To further understand the dynamics of the backbone

Figure 3. Binding interaction of (A) Marmelide and (B) Seselin with
SARS-CoV-2 RdRp. Interacting residues are represented in lines and
ligand shown in the ball and stick model. Hydrogen bonds and n-cation

are black and green colored dashed lines, respectively.
SARS-CoV-2 indicates severe acute respiratory syndrome coronavirus 2; RdRp,
RNA-dependent RNA polymerase.

atoms, the RMSF values were calculated for backbone atoms at
each point of the trajectories. Higher RIVISF values indicate
greater flexibility during the MD simulation.8*

Low RMSF values (<1.5 A) of active site residues for all
SARS-CoV-2 RdRp-complexes indicate their higher stabilities
during the entire MD simulation (Figure 6), signifying that
there are no major conformational changes seen in the binding
pocket of the SARS-CoV-2 RdRp in complex with all the com-
pounds. Also, RMSF values for the binding pocket residues
(C-a atoms) were summarized in Table 3. The RMSF of the
SARS-CoV-2 RdRp binding site residues, upon binding of lead
compounds, ie, EBDGp, Marmelide Seselin Pedunculagin, and
Chebulagic acid is lower than 1 A, which suggest that the SARS-
CoV-2 RdRp binding pocket is more stable with minimum fluc-
tuation during the 100ns MD simulation.

Intermolecular interaction profile between
Remdesivir, lead compounds, and SARS-Col-2
RdRp

To understand the binding pocket stability, the MD trajectories
captured for all systems were superimposed and analyzed using
the Simulation Event Analysis tool of Desmond. Figures 7 and 8
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Figure 4. Binding interaction of (A) Pedunculagin and (B) Chebulagic
acid with SARS-CoV-2 RdRp. Interacting residues are represented in
lines and ligand shown in the ball and stick model. Hydrogen bonds, salt
bridge, and n-cation are black, pink, and green colored dashed lines,

respectively.
SARS-CoV-2 indicates severe acute respiratory syndrome coronavirus 2; RdRp,
RNA-dependent RNA polymerase.

show interacting residues of SARS-CoV-2 RdRp with the
Remdesivir and lead compound during 100ns MD simulation.
Some residues make more than one specific contact with the
ligand, which is represented by a darker shade of orange, accord-
ing to the scale to the right of the plot. Remdesivir, Pedunculagin,
EBDGp, and Chebulagic acid are showing good interactions

with some active site residues.

Hydrogen bond interaction analysis of the
Remdesivir and phytocompounds with SARS-
CoV-2 RdRp

To reveal the binding stability between SARS-CoV-2 RdRp
and phytocompounds like EBDGp, Marmelide, Seselin,
Pedunculagin, and Chebulagic acid, hydrogen bond monitor-
ing was done using the resulting MD trajectories from 100 ns
simulation via Simulation Event Analysis module of Maestro.
The plots of the hydrogen bonding profile are presented in

7
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Figure 5. Plots of RMSD of (A) SARS-CoV-2-RdRp C-alpha atoms and (B)

lead compounds along with Remdesivir during 100ns MD simulation time.
MD indicates molecular dynamics; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; RdRp, RNA-dependent RNA polymerase; RMSD, root
mean square deviation.
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Figure 6. RMSF profiles of the SARS-CoV-2 RdRp complexed with

Remdesivir and lead compounds in the entire 100ns MD simulation.
MD indicates molecular dynamics; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; RdRp, RNA-dependent RNA polymerase; RMSF, root
mean square fluctuation.

Figure 9. In Figure 9A, it is observed that the Remdesivir is
making 8 hydrogen bonds with the active site residues of
SARS-CoV-2 RdRp such as Asp623 and Asp760 throughout
the 100ns MD simulation. Interestingly, EBDGp is making
the highest contacts, ie, about 10 hydrogen bonds as shown in
Figure 9B till 25ns and is observed to maintain 8-10 hydrogen
bond contacts with the active site residues such as Asp452,
Cys622, Asp623, and Thr680 throughout the 100 ns MD sim-
ulation, which is observed to be the highest as compared with
a reference compound, Remdesivir. Whereas, other phytocom-
pounds such as Marmelide, Seselin, Pedunculagin, and
Chebulagic acid are shown to have the least hydrogen bond
contacts as compared with all the other phytocompounds as
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Table 3. RMSF values of the amino acids (C-o. atoms) which are involved in the SARS-CoV-2 RdRp binding pocket after binding of lead compounds

and Remdesivir.

RESIDUES REMDESIVIR EBDGP MARMELIDE
Phe441 1.573 0.728 0.548
Asp4522 1.115 0.756 0.535
Tyrd55 0.898 0.777 0.481
Tyr456 0.766 0.776 0.660
Lys545 0.944 0.714 0.427
Alab547 1.132 0.637 0.487
Arg5532 1.240 0.845 0.874
Arg5552 0.880 0.713 0.674
Thr5562 0.867 0.794 0.556
Ala558 0.605 0.676 0.602
Tyr6192 0.794 0.635 0.625
Lys6212 0.676 0.982 0.575
Cys6222 0.720 0.735 0.546
Asp6232 0.943 0.655 0.465
Arg6242 0.634 0.973 0.501
Thr680 0.508 0.859 0.437
Thré872 0.683 0.498 0.554
Asp7602 0.962 0.759 0.514

SESELIN PEDUNCULAGIN CHEBULAGIC ACID
0.615 0.619 0.468
0.652 0.832 0.907
0.593 0.503 0.981
0.572 0.558 1.947
0.579 0.587 0.801
0.496 0.496 0.693
0.658 0.595 0.958
0.503 0.475 0.615
0.728 0.503 0.630
0.450 0.590 0.974
0.897 0.541 0.498
0.908 0.626 0.664
0.784 0.520 0.825
0.705 0.431 0.714
0.618 0.771 0.551
0.620 0.706 1.030
0.536 0.445 0.762
1.536 0.429 0.482

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; RdRp, RNA-dependent RNA polymerase; RMSF, root mean square fluctuation.

alnteracting residues of SARS-CoV-2 RdRp with lead compounds and Remdesivir.

can be seen in Figure 9C to F respectively. From these results,
we can conclude that the screened lead compound EBDGp
forms a stable complex with SARS-CoV-2 RdRp and thus
obtain the complex stability during the 100ns MD simulation.
It is observed that EBDGp is making the highest hydrogen
bond contacts for a longer period with most of the active site
residues as compared with Remdesivir and other phytocom-
pounds which shows its greater potential in inhibiting SARS-
CoV-2 RdRp as compared with Remdesivir.

Binding free energies for Remdesivir and EBDGp
with SARS-CoV-2 RdRp

To compute binding free energies (AG Bind) of protein-ligand
complexes, MM/GBSA calculations were performed, which
gives the output in the context of VDW, hydrophobic, and
solvation components. The phytocompounds and reference
compound, Remdesivir, within the binding cavity of SARS-
CoV-2 RdRp was subjected to ensemble-averaged Prime
MM/GBSA calculations. The resulting free binding energies
of each complex by taking ensemble-average MM/GBSA are

summarized in Table 4.

Based on the MM/GBSA values obtained, as reported in
Table 4, the EBDGp is expected to have a strong binding affin-
ity (-66.498kcal/mol) as compared with other phytocom-
pounds. However, Remdesivir shows binding free energy of
-49.492 kcal/mol with SARS-CoV-2 RdRp. The binding free
energy calculation signifies that EBDGp has the most favora-
ble binding free energy (-66.498 kcal/mol) closely followed by
Marmelide (-57.145 keal/mol) as shown in Figure 10. Binding
free energy calculations of the compounds reveal that EBDGp
forms a stronger and highly stable complex with the SARS-
CoV-2 RdRp and all computed energies are found to be ther-
modynamically favorable as compared with other both
phytocompounds and Remdesivir.

Molecular field-based similarity analysis

To evaluate the importance of features involved in the strong
binding affinity of EBDGp toward SARS-CoV-2 RdRp, we
have performed molecular field-based similarity analysis using
FieldTemplater  software. It
3D-molecular field properties of the EBDGp in alignment

provides the necessary

with the Reference molecule, Remdesivir. FieldTemplater took
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Figure 8. SARS-CoV-2-RdRp interactions profile with (A) Seselin, (B) Pedunculagin, and (C) Chebulagic acid during 100ns simulation.
SARS-CoV-2 indicates severe acute respiratory syndrome coronavirus 2; RdRp, RNA-dependent RNA polymerase.

2 compounds EBDGp and Remdesivir, optimally aligned their
conformer fields, and yielded 89 templates ranked as per incor-
porated score (Structural similarity, Field similarity, and Shape
similarity). The top-ranked molecular field template is pre-
sented in Figure 11. In this study, we have explored only com-
mon fields with the aligned templates of Remdesivir and
EBDGp describing electrostatic (positive and negative),
Hydrophobic, and van der Waals properties.

Large points indicating strong interactions as observed in
field point patterns,® abundant in positive and negative elec-
trostatic fields were observed in Remdesivir and EBDGp.
Positive electrostatic fields are seen along with the hydroxyl
group of EBDGp and amino group of Remdesivir, but inter-
estingly the positive electrostatic fields are seen in large points
along with hydroxyl groups of EBDGp. Large points of nega-
tive electrostatic fields are observed along with the carbonyl
group and hydrophobic field along the benzoyl aromatic ring of
both Remdesivir and EBDGp. Moreover, Van der Waals fields
are also abundant along both Remdesivir and EBDGp equally.
These results of molecular field-based similarity analysis show
that positive electrostatic fields are largely observed along with
hydroxyl groups of the EBDGp which indicates the impor-
tance of hydroxyl groups in an efficient binding with SARS-
CoV-2 RdRp. This study demonstrates that the presence of the

hydroxyl group can be assessed further for lead optimization
and the design of a more potent lead candidate.

Conclusions

The present study aimed to test the inhibition potency of 5
phytocompounds from Phy/lanthus emblica and Aegel marmelos
against SARS-CoV-2 RdRp using a computational approach.
Molecular docking studies were conducted to compare binding
affinities toward SARS-CoV-2 RdRp. Only one of them
(EBDGp) showed higher FlexX docking energy values than
other phytocompounds and a reference molecule, Remdesivir.
EBDGp showed strong hydrogen bond interaction with key
amino acid residues Thr556 and Asp623. The RMSD and
RMSF profiles corresponding to the SARS-CoV-2 RdRp-
EBDGp complex suggested that it is highly stable and experi-
enced low conformational fluctuations. The RMSF values for
the binding pocket residues of SARS-CoV-2 RdRp, upon
binding of phytocompounds, was lower than 1.0A, thus it
reveals that the binding pocket of SARS-CoV-2 RdRp was
very stable during MD simulations. The protein-ligand inter-
action profile analysis revealed that EBDGp exhibited good
interactions with the surrounded amino acid residues through-
out the simulation. The pre (after docking study) and post
(after MD simulation) MM/GBSA analysis of the EBDGp
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Figure 9. Hydrogen bonding profile of SARS-CoV-2 RdRp with (A) Remdesivir, (B) EBDGp, (C) Marmelide, (D) Seselin, (E) Pedunculagin, and (F)

Chebulagic acid during 100 ns simulation.
SARS-CoV-2 indicates severe acute respiratory syndrome coronavirus 2; RdRp, RNA-dependent RNA polymerase.

Table 4. The ensemble-average Prime binding free energies (kcal/mol) of docked complexes during the 100ns MD simulation.

LEAD COMPOUNDS AG BIND? AG AG AG AG
COMPLEXED WITH SARS- (KCAL/MOL)  BIND BIND BIND BIND
COV-2S RDRP COULOMBP (KCAL/MOL)  LIPOe (KCAL/MOL) SOLV GB¢ (KCAL/MOL) VDWe (KCAL/MOL)
Remdesivir —49.492 -17.452 -9.452 30.854 -52.830
+4.700 +12.150 +1.502 +8.552 +5.803

(Continued)
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Table 4. (Continued)

AG AG AG
BIND

BIND BIND

LEAD COMPOUNDS AG BIND2 AG
COMPLEXED WITH SARS- (KCAL/MOL)  BIND
COV-2S RDRP COULOMB® (KCAL/MOL)
EBDGp -66.498 —42.547
+2.619 +14.407
Marmelide -57.145 -33.670
+4.506 +24.894
Seselin -32.399 —-41.354
+2.859 +5.746
Pedunculagin -25.681 -44190
+3.175 +4.459
Chebulagic acid -24.464 -45.851
+2.804 *+4.141

LIPO¢ (KCAL/MOL) SOLV GB¢ (KCAL/MOL) VDWe (KCAL/MOL)

-9.074 49.440 -48.418
+1.482 +7.150 +4.748
-7.569 32.040 -39.696
+1.280 +7.538 +4.260
-10.269 30.923 -34.461
+1.024 +4.850 +2.266
-10.053 30.622 -35.925
+1.134 +5.082 +4.689
-9.413 29.695 -35.777
+1.110 +*3.717 +5.252

Abbreviations: MD, molecular dynamics; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; RdRp, RNA-dependent RNA polymerase.

aMM/GBSA binding free energy.
bCoulomb energy.

°Lipophilic energy.

dGeneralized born solvation energy.
eVan der Waal energy.

Prime MM/GBSA Binding Free Energies

MM/GBSA dG Bind

-66.498

<70

= Remdesivir EBDGp ®Marmelide ®Seselin ®Pedunculagin = Chebulagic acid

Figure 10. The ensemble-averaged Prime binding free energies in kcal/

mol of docked complexes during the 100ns MD simulation.
MD indicates molecular dynamics; MM/GBSA, molecular mechanics generalized
born and surface area.

showed higher binding affinity than other phytocompounds
and Remdesivir with SARS-CoV-2 RdRp target protein.

Furthermore, molecular field-based similarity profiling has
supported our study in the validation of the importance of the
presence of hydroxyl groups in EBDGp, increasing its binding
affinity with crucial amino acid residues, Thr556 and Asp623
of SARS-CoV-2 RdRp.

This novel concept has percolated the new idea to design
and develop promising drugs for effective binding resulting in
inhibition of SARS-CoV-2 RdRp. Our study proves that the
EBDGp can be a promising SARS-CoV-2 RdRp inhibitor by
contributing to its stable and better interactions in the binding
pocket of SARS-CoV-2 RdRp for a greater simulation time
than that of Remdesivir. Our study for the first time reports the
stabilized interactions of phytocompound EBDGp from
Phyllanthus emblica with SARS-CoV-2 RdRp and confirmed

Figure 11. Field-based template aligned structures of Remdesivir and
EBDGp. Field points color coding: negative electrostatic field, blue;
positive electrostatic field, red; van der Waal (VDW) surface, yellow;
hydrophobic field, orange.

the role of EBDGp as an anti-SARS-CoV-2 RdRp drug for
treating the COVID-19. In the future, biological evaluation
can be done to access the therapeutic potential of EBDGp
against SARS-CoV-2 RdRp for proceeding to clinical trials.
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