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ABSTRACT
Since the SARS/MERS epidemic, scientists across the world have been racing to identify the novel-
CoVs as it has been predicted that next epidemic can very well be a result from a new mutation of
CoV, for which hundred mutations have already been discovered, and the same fear has come true
with world facing a raging pandemic due to COVID-19, an infectious disease caused by a newly dis-
covered coronavirus. COVID-19 or Severe acute respiratory syndrome coronavirus2 (SARS-CoV-2), is a
single stranded RNA virus. COVID �19 is highly contagious and has resulted in current global pan-
demic with almost no country of the world unaffected by this virus. Owing to the lack of effective
therapeutics or vaccines, the best measures to control human coronaviruses remain a strong public
health surveillance system coupled with rapid diagnostic testing and quarantine/social; distancing/lock-
downs as and when necessary. In the present study, we have used the insilico approach for the predic-
tion of novel drug molecules from available antiviral drugs and also from natural compounds that can
be best target against RNA-dependent RNA-polymerase (Pol/RdRp) protein of SARS-CoV-2 which can
be suitable drugs for the treatment of COVID-19 virus. From the current study we observed that three
antiviral and three phyto-chemicals have minimum binding energy with the target protein which were
further evaluated in molecular dynamics studies and could specifically bind to RdRp protein of COVID-
19. Based on results we suggest that these drugs may act as best or novel inhibitor that may be used
for the treatment of SARS-CoV-2.
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1. Introduction

An RNA-dependent RNA polymerase (RdRp) is the central
catalytic subunit of the RNA-synthesizing machinery of all
positive-strand RNA viruses. It is presumed that replication
and transcription of the �30-kb severe acute respiratory syn-
drome (SARS) coronavirus (SARS-CoV) RNA genome are

catalyzed by an RdRp domain in the C-terminal part of non-
structural protein 12 (nsp12), one of 16 replicase subunits
which is responsible for the production of negative strand
RNA (–RNA), new genome molecules and in many virus
groups also subgenomic (sg) messenger RNAs (mRNAs)
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(Ahlquist et al., 2003; Miller & Koev, 2000). Coronaviruses
(CoVs) are a family ofþ strand single stranded RNA (þssRNA)
viruses that have large RNA genome and cause gamut of dis-
eases in mammals and births to respiratory infections in
humans which can be potentially lethal (Fehr & Perlman,
2015). SARS-CoV-2 is genetically similar to bat coronaviruses,
giving strong credence to the theory that bats were the pri-
mary sources for this virus, also virus found in bats have the
same receptor angiotensin converting enzyme 2 (ACE2) as in
humans (Benvenuto et al., 2020; Perlman, 2020; Zhou et al.,
2020). An intermediate animal reservoir such as a pangolin is
also suspected to have been the primary source of transmis-
sion of this virus to humans. SARS-CoV-2 virions are typically
50–200 nanometers in diameter (Chen et al., 2020). All coro-
naviruses including SARS-CoV-2 has four structural proteins,
known as the S (spike), E (envelope), M (membrane), and N
(nucleocapsid) proteins; with N protein holding the RNA gen-
ome, and the S, E, and M proteins together create the viral
envelope (Hasan et al., 2020). The spike protein with millen-
nia of evolution is perfectly shaped to attach to the mem-
brane of a host cell in stealth mode (Chatterjee, 2020; Lai &
Cavanagh, 1997; Woo et al., 2010). Once the CoV has
attached to the host cell it gets a clear path to infiltrate the
host cells even before the immune system has chance to
know that an external virus has attacked the host organism.
Protein modeling experiments on the spike protein of the
virus soon suggested that SARS-CoV-2 has sufficient affinity
to the angiotensin converting enzyme 2 (ACE2) receptors of
human cells to use them as a mechanism of cell entry (Batlle
et al., 2020; Chen & Hao, 2020; Walls et al., 2020). After
attaching the host cell SARS-CoV-2, the virion then releases
RNA into the cell, forcing the cell to produce copies of the
virus that further infect more CoV which in turn infect even
more host cells.This virus is assumed to have originated in
infamous wet markets of China from where it spread to
humans (Andersen et al., 2020; Boopathi et al., 2020;
Cyranoski, 2020). SARS-CoV primarily infects epithelial cells
within the lung. The virus is capable of entering macro-
phages and dendritic cells but only leads to an abortive
infection (Chu et al., 2020; Conti et al., 2020).

In the current COVID-19 outbreak and the previous SARS
outbreak it is critical to identify an etiological agent which
helps in diagnosing cases in locations where a severe CoV
outbreak is occurring. The identification of cases will guide
the development, of public health measures to control out-
breaks. To date we have not been able to develop anti-viral
therapeutics that specifically target human coronaviruses, so
treatments are only supportive. The SARS and MERS out-
breaks in the past and COVID-19 have stimulated research
on these viruses and the ongoing research have identified a
large number of suitable anti-viral targets, such as viral pro-
teases, polymerases, and entry proteins. Significant work
remains, however, to develop drugs that target these proc-
esses and have the ability to inhibit viral replication. In the
present study, we have used insilico approach for the predic-
tion of novel drug molecules from FDA approved antiviral
drugs including Adefovir, Amantadine, Oseltamivir, Ribavirin
and Zanamivir and seven phytochemical compounds from

natural plants Curcumin, Demethoxycurcumin, Flavonoid,
Isoflavonee, Terpinen-4-ol, Nimbin and Piperine that can be
best targeted against RNA-dependent RNA polymerase (Pol/
RdRp) protein of severe acute respiratory syndrome corona-
virus 2 which is responsible for replication and transcription
of the viral RNA genome. Our study selected five antiviral
drugs which have been already approved by FDA hence pro-
viding a faster access to patients suffering from COVID-19 if
there is any positive correlation is found any of drug and its
impact in either clearing the viral load or reducing the sever-
ity of the COVID-19 infection. Also as these drugs already
have the FDA approval hence there is already sufficient evi-
dence of safety of administering these drugs to humans. The
seven natural compounds from different plants have been
reported to have many properties like curcumin found to
possess antiviral, antifungal, antibacterial and antimicrobial
activities (Moghadamtousi et al., 2014). Demethoxycurcumin
has antiviral, antitumor, antifungal, antibacterial, antidiabetic
and antimicrobial properties (Agrawal & Goel, 2016). Flavonoid
possesses antiviral effect on human viruses and protective
effect on viral Infections (Kaul et al., 1985; Zakaryan et al.,
2017). Isoflavonee is shown to inhibit infectivity of enveloped
or non-enveloped viruses, as well as single-stranded or double-
stranded RNA or DNA viruses (Andres et al., 2009). Terpinen-4-
ol is reported to have an inhibitory effect on influenza virus
replication (Garozzo et al., 2011). Nimbin is a known anti-viral
with beneficial effect in viral infections (Badam et al., 1999).
Piperine have many health benefits and disease preventing
properties like e.g. anti-inflammatory, antiviral, antipyretic,
immune and bioavailability enhancing qualities (Mair et al.,
2016). Based on the above properties we recommend in vitro
testing and clinical trials of these highly beneficial compounds
for their impact on recovery of patients suffering from Covid-
19, potential reduction in severity and duration of the infec-
tions. These compounds can potentially help in slowing down
the replication of CoV in host providing effective therapeutic
strategy against this dreaded virus.

2. Methods

2.1. Sequence retrieval and conserved region
identification

The protein sequences of 4 RNA-dependent RNA polymerase
(RdRp) from different variants of severe acute respiratory syn-
drome coronavirus (SARS-CoV) including SARS-CoV-2 (NCBI
ID: YP_009725307), SARS-CoV (NCBI Reference Sequence: NP-
828869.1), MERS-CoV (NCBI Reference Sequence:
YP_009047223.1) and Bat-CoV (NCBI reference sequence:
AID16545.1) were retrieved in FASTA format from National
Centre for Biotechnology Information (http://www.ncbi.nlm.
nih.gov/) database. Jalview v2 (Thompson et al., 1994) was
used for the identification of the conserved region among
the sequences through multiple-sequence alignment (MSA)
with Clustal Omega (Hall, 1999). BLOSUM62 distance matrix
method through Jalview software was used to construct phy-
lograms from the MSA, and to scrutinise divergence among
different strains of the CoV (Waterhouse et al., 2009).
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2.2. Molecular modelling and structure assessment

The selected target protein RdRp structure was modelled
through homology methods. The template selection and valid-
ation of the target protein (RdRp) was done using BLASTP
against PDB database to find the best template (https://blast.
ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). PDB ID: 6NUR, protein
name Chain A, NSP12 (Severe acute respiratory syndrome-related
coronavirus) was found as a best template. After the selection of
template, a 3D protein model of target protein was generated
using SWISS MODEL method (https://swissmodel.expasy.org/.)
(Waterhouse et al., 2018). Prediction of secondary structure of
RdRp model was predicted through PSIPRED 4.0 (http://bioinf.cs.
ucl.ac.uk/psipred/) (Jones, 1999). This algorithm assigns secondary
structural elements (a-helices, b sheets and turns).

2.3. Predictive accuracy, model optimization and
superimposition

The accuracy of predicted 3D structure of target protein and its
stereo-chemical properties were analysed using SWISS-MODEL
online tool (https://swissmodel.expasy.org/) (Waterhouse et al.,
2018). SWISS MODEL structure assessment, MolProbity reports
(http://molprobity.biochem.duke.edu/), QMEAN (Quantitative
Model Energy Analysis), Z-score, Clash score, Ramachandran plot,
Ramachandran outliers, Ramachandran favoured, Rotamer out-
liers, C-beta deviations, bad bonds and bad angles were used to
determine stereo-chemical properties of target protein. The
model structure was optimized by energy minimization through
YASARA server (http://www.yasara.org/minimizationserver.htm)
(Krieger et al., 2009), which performs an energy minimization
using the YASARA force field. Superimposition of RdRp model
and template was done using FATCAT online web tool (http://
fatcat.godziklab.org/) (Yuzhen & Godzik, 2004) which calculates
Root Mean Square Deviation (RMSD) values, p-value, differential
distance matrix decomposition and Eigen value distribution.

2.4. Binding site prediction

Protein–ligand binding sites are the active sites on protein sur-
face that perform protein functions. Thus, the identification of
these binding sites is often the first step to study protein func-
tions and structure-based drug design. Active sites (ligand bind-
ing sites) of the receptor protein were analyzed by Prank Web
online tool (http://prankweb.cz/). Binding sites are the distribu-
tion of surrounding residues in the active sites and act as the
catalytic residues (Jendele et al., 2019; Lukas et al., 2019).

2.5. Ligand preparation

FDA approved antiviral drugs: Adefovir, Amantadine, Oseltamivir,
Ribavirin and Zanamivir and seven phyto-chemical compounds
from natural plants Curcumin, Demethoxycurcumin, Flavonoid,
Isoflavonee, Terpinen-4-ol, Nimbin and Piperine were selected as
ligands for binding with target protein (Pol/RdRp) of COVID-19.
The structure of these drug compounds were downloaded
from PubChem data base (http://pubchem.ncbi.nlm.nih.gov/).
The drug files was downloaded in SDF file format and were
converted into PDB files using Discovery Studio Visualizer which

includes 2D to 3D conversion, verification and optimization of
structures. The selected compounds were subjected to Lipinski
rules of five. We analysed the rules of five by using online insi-
lico program Lipinski Rule of Five which is available on the
Web link (http://www.scfbio-iitd.res.in/software/drugdesign/lipin-
ski.jsp) (LipinskiCA, 2004).

2.6. Molecular docking

Molecular docking study of selected five FDA approved antiviral
drug molecule structures and seven molecule structures from
natural plants was performed against the binding site of target
protein i.e. RdRp protein of COVID-19. AutoDock vina PyRx soft-
ware was used to dock protein and ligand molecules (Trott &
Olson, 2010). The target receptor file and all ligand files were
prepared to AutoDock Vina for the docking with individual
drug molecules. A grid map was set grid center X: 141.1104, Y:
142.3415, Z: 147.8521 and number of points X: 93, Y: 70, Z: 70,
spacing was 0.3750 Angstrom. After docking process was com-
plete the complex structure results were analysed. Fifteen differ-
ent compounds were tested against COVID-19 RdRp, including
5 FDA approved antiviral drugs, 7 Natural compounds and 3
nucleotides (ATP,GTP and UTP) (Lam et al., 2012). The nucleoti-
des were used as control in the docking process.

2.7. Pharmacokinetic properties

FAFDrugs4 (http://fafdrugs4.mti.univ-paris-diderot.fr/) (David
et al., 2008) and AdmetSAR (http://lmmd.ecust.edu.cn/admet-
sar) (Cheng et al., 2012) server was used to analyze the
absorption, distribution, metabolism, and excretion proper-
ties of all ligand compounds. ADMET properties of all the lig-
and molecules were checked in optimal descriptors
(hydrogen bonds, charge) at pH ¼ 7.4. The oral toxicity prop-
erties and LD50 was also analysed by using PROTOX web
server (http://tox.charite.de/protox_II/) (Drwal et al., 2014).

2.8. Molecular dynamics simulation

The Desmond module was used to carry out MD simulations
for this study. Firstly, water model were developed and also
add sodium and chloride ions to neutralize the drug and target
complex by using ‘system builder’ tool of Desmond,
Schr€odinger. Liquid simulations optimization was minimized at
OPLS3 force field. After creating frames for 100ps interval, the
complexes were submitted for 50ns simulations. We performed
50ns molecular dynamics studies of all the ligand-target com-
plexes. We performed molecular dynamic simulation experi-
ment at 50ns of all the selected 6 (3 were FDA approved and
3 were phyto-drug molecules) ligands which showed good
docking score in virtual screening.

3. Results

3.1. Protein sequence retrieval and multiple
sequence alignment

A total of 4 RNA-dependent RNA polymerase (RdRp) protein
sequences from different variants of severe acute respiratory
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syndrome coronavirus (SARS-CoV) were retrieved in FASTA
format from National Centre for Biotechnology Information
database. The multiple sequence alignment (MSA) of proteins
SARS-CoV 2 (NCBI ID: YP_009725307), SARS-CoV (NCBI
Reference Sequence: NP_828869.1), MERS-CoV (NCBI
Reference Sequence: YP_009047223.1) and Bat-CoV RdRp
sequence (NCBI reference sequence: AID16545.1) was

performed using Clustal omega software (https://www.ebi.ac.
uk/Tools/msa/clustalo/). In the multiple sequence alignment
results the black-dashed rectangle marks active site residues
(successive aspartate residues D764 and D765). The active
site aspartates are projecting from the beta-turn joining the
b15 and b16. As implied from the MSA, the active site is
highly conserved (highlighted in green colour). Also, the 5 Å

Figure 1. Multiple sequence alignment of 4 strains of CoV (Bat-CoV, SARS-Cov-2, SARS-CoV and MERS-CoV) RdRp Sequences. Green colour highlighted indicated
identical residues while brown and red colour highlighted residues are less conserved. The black dashed rectangles mark active site aspartates while blue rectan-
gles mark the residues lying in the 5 Å region surrounding the active aspartates. The alignment was made using the Clustal omega web server and
Jalview software.

Figure 2. Phylogenetic tree displaying the evolutionary divergence among the different RNA-dependent RNA polymerase proteins, all selected 4 strains of CoV
(Bat-CoV, SARS-Cov-2, SARS-CoV and MERS-CoV). BLOSUM62 distance matrix method through Jalview software was used for the construction of phylogenetic tree.
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region surrounding the D764 and D765 are highly conserved
in all CoVs strains as shown by the blue-dashed rectangles.
This region includes Y-619, C-622, N-691, N-695, M-756, I-757,
L-758, S-759, A-762, V-763, E-811, F-812, C-813, S-814. The
active site residues and most of the 5 Å region surrounding
it are surface accessible, though can bind to the free nucleo-
tides (ATP, GTP and UTP) (Elfiky et al., 2020). The selected
conserved region from the MSA is represented in the Figure
1. BLOSUM62 distance matrix method through Jalview soft-
ware was used to construct phylograms from the MSA, with
the aim to examine the divergence among the retrieved
sequences (Thompson et al., 1994). Phylogram of RNA-
dependent RNA polymerase is shown in Figure 2.

3.2. Template selection and structural modelling

Next with the aim to determine the best ligands against tar-
get protein RdRp of COVID-19 (SARS-CoV-2), the selected tar-
get protein RdRp of COVID-19 structure was modelled
through homology modelling methods using the Swiss
Model web server. The template selection and validation of
the target protein (RdRp) was done using BLAST-P against
PDB database to find the best template.The PDB ID: 6NUR,
protein name Chain A, NSP12 of COVID-19 was employed as
a best template. On analysis we found that ‘template’ protein
model built in our study was the best template with 100%
score (maximum score 1889 from a total score 1889), query
cover 99%, E-value was 0.0 and sequence identity was
96.35% suggesting it to be best template for the further
study. The MMDB ID of the selected template was 175857
with electron microscope as experimental method and the
resolution of selected template was 3.1 Å (Kirchdoerfer &
Ward, 2019). In addition homology modelling was also done
by SWISS-MODEL. On analysis from the Swiss Model data-
base we found large number of models with different
sequence identity, the model which exhibited a very high
sequence identity (96.35%) to the template sequence of PDB
ID: 6NUR of NSP12 of COVID-19 was selected. All other mod-
els with sequence identity that scored less than 96.35% were
eliminated from the study. The predicted 3D structure of the

target protein is represented in Figure 3. The structure
assessment was performed by analysing the secondary

Figure 3. Representative image indicating 3 D modelled structure of target pro-
tein (POL/RdRp) generated by Swiss-Model Database.

Figure 4. Representative secondary structure of target protein RdRp displaying
helix strand, coils and membrane interactions. Yellow colour showing beta
strands, pink colour showing helix and gray colour showing coils.
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structure of RdRp 3D protein using PSIPRED 4.0 online web
tool (Predict Secondary Structure) (Jones, 1999). The results
predicted large number of beta sheets, alpha helix and turns
further suggesting that modelled structure were accurate
(Figure 4).

3.3. Assessment of model quality and analysis of stereo-
chemical properties

After the generation of 3D structure of target protein, next
we tested the quality of the model of the target protein and
its stereo-chemical properties using SWISS MODEL online
program. We observed that target model protein with clash
score 0.24, good Global Model Quality Estimation (GMQE)
score 0.83 and Qualitative Model Energy Analysis (QMEAN)

score was �0.69 which guarantees the best model quality
and also Z score was estimated (Figure 5A–C). To know the
active binding site(s) of ‘target’ protein structure, we first did
the validation of the 3D structure by Ramachandran plot
and we found 97.50% residues were in the favoured region,
MolProbity score was 0.69 (Figure 5D). In addition we found
that there were no observations of any Bad bonds, Cb devia-
tions were 11, and BAD angles observed were 62 out of
8994 angles, and thus validates the quality of the 3D struc-
ture of the target protein (Table 1).

3.4. Model Optimization and superimposition

The model structure was then optimized by energy mini-
mization through YASARA Energy Minimization Server
(Krieger et al., 2009). The structure validation Z-scores and
force field energies before and after the minimization were
calculated through this tool. The energies of the structure
before and after optimization were �351863.4 and
�455799.9 kJ/mol respectively. This specifies that the protein
structure was stabilized by an amount of �103,936.5 kJ/mol.
Moreover, the structure validation Z-scores before and after
optimization was �0.61 and �0.04 indicating good optimiza-
tion of the target protein. The structure of RdRp after energy
minimization is presented in Figure 6. Superimposition of
RdRp model and template was done using FATCAT online
web tool. p-value is another estimator utilized to assess
structural similarity in the FATCAT-flexible method. According
to the FATCAT-flexible method, a P-value < 0.05 means that
the two structures compared are significantly similar. These
two structures shown in Figure 6 are significantly similar
with p-value of 0.00eþ 00 (raw FATCAT score was 2346.50).

Figure 5. Representative image indicating (A) Global Quality Estimation (B) Local Quality Estimation (C) Z-score of 3 D structure of RdRp (D) Ramachandran plot
retrieved from SWISS-MODEL database of target protein showing 97.50% of the residues in the favoured region with good validation score, proving the validity of
the model.

Table 1. Table indicating stereo-chemical properties of modelled 3 D structure
of RdRp of COVID-19.

Properties
RdRp from COVID-19

Residues score

MolProbity score 0.69
Clash score 0.24
Ramachandran favoured 97.50%
No of residues in favoured region 786
No of residues in allowed region 15
Ramachandran outliers 0.0%
Rotamer outliers 0.28%
C-Beta deviations 11
Bad bonds 0/6624
Bad angles 62/8994
Cis prolines 1/26
QMEAN �0.69
GMQUE 0.83
Sequence identity 96.35%
Template name 6nur
E value 0.0
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The Root Mean Square Deviation (RMSD) is the measure of
the average distance between two aligned proteins (Kufareva
& Abagyan, 2012). In general, smaller RMSD values are
accompanied with protein structure pairs with greater simi-
larity (Carugo & Pongor, 2001). These two structures have
793 equivalent positions with an RMSD of 0.07Ð without
twists. Differential distance matrix decomposition distance
range from �0.5 to 0.6 Ð and Eigen value distribution range
from �26.2 to 19.6 (Figure 7A–C). These algorithms further
confirmed that the target model that we generated is the
best quality model.

3.5. Reliable active sites prediction

After the validation of this predicted 3D structure of target
protein, next we were concerned in finding the ligand bind-
ing site residues in Pol/RdRp protein using PrankWeb online
tool (Jendele et al., 2019). On analysis of the 3D structure of
RdRp target protein of COVID-19, we found there were top
three active sites (meta-pockets) considered as ligand bind-
ing sites in this protein. We observed aspartate active site
residues in all the Metapockets (Table 2). Since these three
meta-pocket(s) were found to contain aspartate active site
residues, they were then studied for further analysis. The
aspartate active site residues and most of the 5 Å region sur-
rounding it are surface accessible, though can bind to the
free nucleotides (ATP, GTP, and UTP). The active site aspar-
tates are protruding from the beta-turn joining the b15 and
b16. The active site is surface accessible as we can see from
the surface representation allowing the interaction with the
free nucleotides passing through the nucleotide channel of
the RdRp (Elfiky, 2020). The 3D structure showing the pos-
ition of aspartate active sites (D-760 and D-761) is repre-
sented in Figure 8.

3.6. Ligand molecules preparation and lipinski rule of
five properties

After finalizing the meta-pocket sites on the basis of import-
ant amino acid residues, a total of 12 compounds were
selected, out of which five were FDA approved antiviral
drugs: Adefovir, Amantadine, Oseltamivir, Ribavirin and
Zanamivir and seven phyto-chemical compounds from nat-
ural plants were Curcumin, Demethoxycurcumin, Flavonoid,

Isoflavone, Terpinen-4-ol, Nimbin and Piperine. Table 3 sum-
marizes 7 major phyto-compounds with their pharmaco-
logical properties.

All these compounds were used as ligands for docking
with the selected COVID-19 target protein. The 3D structures
of all the 12 compounds were downloaded from the NCBI
PubChem Database (Figure 9A,L). These 12 compounds were
then subjected to Lipinski rule of five to evaluate drug-like-
ness (Lipinski, 2004) and we found that all the 12 selected
compounds followed the Lipinski rule of five suggesting their
role as a drug compounds (Table 4).

3.7. Molecular docking studies

These 12 drug compounds and three control nucleotides
(ATP, GTP and UTP) were then checked for their binding
with target protein and docking score was evaluated using
AutoDock vina PyRx software (Trott & Olson, 2010). The tar-
get receptor file and all ligand files were prepared to
AutoDock Vina for the docking with individual drug mole-
cules. A grid map was set grid center X: 141.1104, Y:
142.3415, Z: 147.8521 and number of points X: 93, Y: 70, Z:
70, spacing was 0.3750 Angstrom. For each compound,
many docking poses were obtained with the target protein.
The binding interaction(s) of all the docked 3D and 2D
poses of receptor target protein of COVID-19 with various
antiviral drugs is represented in Figure 10A–C. Similarly inter-
action of phytochemicals is represented in 3D and 2D poses
in Figure 11A–C. After docking process was complete the
results were further analysed for binding energy (DG), inter-
acting residues and number of H-bonds (Table 5). The com-
plex structure of antiviral and phyto drugs with target
protein as a 3D cartoon is represented in Figure 10A1–A5
and Figure 11A1–A7 respectively. Various hydrogen bond
interactions in 3D form shown by the antiviral drug and
phto drug molecules are represented in Figure 10B1–B5 and
Figure 11B1–B7 respectively. Similarly number of residue
interactions and different bond interactions of all antiviral
drug molecules and Phyto-drug molecules in 2D form is
shown in Figure 10C1–C5 and Figure 11C1 to C7 respect-
ively. Out of many docking poses, only those were selected
which had the minimum binding energy, good hydrogen
bond interaction and which interacted with aspartate active
sites. From our results we found that three FDA approved

Figure 6. Representative figure displaying energy minimization of modelled structure through YASARA web server.
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antiviral drugs including Zanamivir, Ribavirin and Adefovir
molecules and three Phyto-drug molecule comprising

Curcumin, Piperine and Demethoxycurcumin showed min-
imum binding energy, maximum hydrogen bond interactions

Figure 7. Superimposition of RdRp target protein and template (A) Representative comparative FATCAT image between RdRp protein and template. Horizontal
axis represent target protein PDB and vertical axis indicate template PDB (B) Image displaying differential distance matrix decomposition distance range for both
template and target protein with values ranging from �0.5–0.6 Ð (C) Eigen value distribution curve for both template and target protein ranging
from �26.2–19.6.

Table 2. Table indicating amino acid positions of active sites within these meta-pockets. Blue colour residues indicate aspartate active site residues which are
surface accessible. Metapockets were analysed using Prank Web online tool (http://prankweb.cz/).

Metapockets region Amino acids name and position

Metapocket region �1 L-270, L-271, K-272, Y-273, V-315, T-319, P-323, T-324, S-325, F-326, G-327, P-328, L-329,V-330, Y-346,
R-349, E-350, D-378, P-379, A-382, A-383, A-394, C-395, F-396, V-398,Y-456, R-457, N-459, L-460,
P-461, D-618, Y-619, C-622, N-628, S-664, M-666, V-675, K-676, P-677, N-691, N-695, M-756, I-757,
L-758, S-759, D-760, D-761, A-762, V-763, E-811, F-812, C-813, S-814

Metapocket region �2 D-452, Y-455, Y-456, Q-541, M-542, K-551, R-553, A-554, R-555, T-556, A-558, D-618, Y-619, P-620,
K-621, C-622, D-623, R-624, E-665, V-666, K-676, T-680, S-681, S-682, L-758, S-759, D-761, K-798

Metapocket region �3 A-125, V-128, Y-129, R-132, H-133, V-204, T-206, L-207, D-208, S-236, L-240, D-465, Q-468, V-675,
N-691, N-705, L-708, S-709, Y-728, Y-732, C-813

Figure 8. Representative figure displaying of newly emerged COVID-19 RdRp model built by Swiss Model in the green cartoon representation. The active site
aspartates are represented in red and purple sticks for clarification (see the enlarged panel).
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and binding with aspartate active residues with the target
protein (RdRp target protein of COVID-19) which is shown in
Table 5. As aspartate active site residues are surface access-
ible residue which allows the interaction with free nucleoti-
des passing through the nucleotide channel of RdRp protein.
We have also docked these three nucleotides (ATP, GTP and
UTP) as a control drug which also showed the minimum

binding energy. Graphical representation and comparison of
all drugs and control molecules are shown in Figure 12.

3.8. Pharmacokinetics properties predictions

After the confirmation of the interaction of these drugs with
target protein RdRp of COVID-19, next the aim of the study

Table 3. List of seven major phyto-compounds with pharmacological properties.

Compound name Activities References Plant source

Curcumin Antiviral,
Antifungal, Antibacterial, Antimicrobial

Moghadamtousi et al. (2014) Turmeric (Curcuma longa)

Demethoxycurcumin Antiviral,
Antitumor,
Antifungal, Antibacterial, Antidiabetic,
Antimicrobial

Agrawal & Goel (2016) Turmeric (Curcuma longa)

Flavonoid Antiviral Effect of Flavonoids on Human Viruses
Flavonoids: Promising Natural Compounds
Against Viral Infections

Kaul et al. (1985),
Zakaryan et al. (2017)

Parsley (Petroselinum crispum)

Isoflavone Shown to inhibit the infectivity of enveloped
or non-enveloped viruses, as well as single-stranded
or double-stranded RNA or DNA viruses

Andres et al. (2009) Red clover (Trifoliumpratense L.)

Terpinen-4-ol Have an inhibitory effect on influenza virus replication. Garozzo et al. (2011) Tea tree (Melaleucaalternifolia )
Nimbin The antiviral and virucidal effect of methanolic

extract fraction of leaves of neem
Badam et al. (1999) Neem (Azadirachtaindica)

Piperine Health beneficial and disease preventing properties, like
anti-inflammatory, antiviral,
antipyretic,
immune and bioavailability enhancing qualities

Mair et al. (2016) Black Pepper (Piper nigrum)

Figure 9. A–L: Structural and chemical properties of antiviral and Phyto Drugs: Representative 3 D structure of FDA approved antiviral drugs A) Adefovir B)
Amantadine C) Oseltamivir D) Ribavirin E) Zanamivir. 3 D structure of natural drug molecules F) Curcumin G) Piperine H) Terpinen-4-ol I) Nimbin J) Isoflavone K)
Demethoxycurcumin L) Flavonoid. SDF structure retrieved from PUBCHEM database was converted to PDB structure using Discovery-studio visualizer free software.
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was to scrutinize the pharmacokinetics for absorption, distri-
bution, metabolism, and excretion (ADME) properties of all
these drug compounds using FAF Drugs3 (Lagorce et al.,
2015) and admetSAR (Cheng et al., 2012) server. ADMET
stands for Absorption, Distribution, Metabolism, Excretion
and Toxicity. The prediction of the ADMET properties plays
an important role in the drug design process because these
properties account for the failure of about 60% of all drugs
in the clinical phases. We also analysed these drugs for oral
toxicity (LD50) properties by using PROTOX web server
(Drwal et al., 2014). We found that Adefovir, Amantadine,
Oseltamivir, Ribavirin and Zanamivir have LD-50 values
13mg/kg, 157mg/kg, 260mg/kg, 2700mg/kg and 5000mg/
kg respectively and the phyto-drugs including Curcumin,

Demethoxycurcumin, Isoflavone, Flavonoid, Terpinen-4-ol,
Nimbin and Piperine have LD-50 values 2000mg/kg,
2000mg/kg, 500mg/kg, 5000mg/kg, 1016mg/kg, 1000mg/
kg and 350mg/kg. ADMET properties and toxicity calculation
of drug molecules which interacted with the target protein
of COVID-19 are shown in Tables 6 and 7. Our results
showed that all the antiviral drug molecules and phyto-com-
pounds we selected have promising and good ADMET prop-
erties and also showed high quality QSAR models.

3.9. Molecular dynamics studies

We performed molecular dynamic simulation experiment at
50 ns of all the selected 6 (3 were FDA approved & 3 were

Table 4. Table specifying selected compounds follow Lipinski rule of five. Chemical properties were predicted by online web tool (www.scfbio-iitd.res.in)
Lipinski Rule of five.

Sr. no. Compound CID
Compound

name
Molecular
mass LOgP

Hydrogen bond
donors

Hydrogen bond
acceptors

Molar
refractivity

Natural drugs
1 969516 Curcumin 368 3.36 2 6 102.0165
2 5469424 Demethoxycurcumin 338 3.361 2 5 95.4645
3 122792 Flavonoid 360 2.6254 3 8 90.376
4 5281797 Isoflavone 208 3.6195 0 1 66.2499
5 11230 Terpinen-4-ol 154 2.5 1 1 47.39
6 108058 Nimbin 540 3.92 0 9 137
7 638024 Piperine 285 2.99 0 4 81.1
FDA approved drugs
1 60172 Adefovir 273 �0.43 4 8 62.5
2 2130 Amantadine 151 1.91 2 1 45.09
3 65028 Oseltamivir 312 1.28 3 6 84.15
4 37542 Ribavirin 244 �3.0 5 8 51.5
5 60855 Zanamavir 332 �3.78 9 11 76.89

Figure 10. A-C: Molecular Modelling and docking studies of antiviral with pol/RdRp protein of COVID-19: Representative 3 D structure of complex docked target
protein molecule (POL/RdRp) with antiviral drugs A1) ProteinþAdefovir, A2) ProteinþAmantadine, A3) ProteinþOseltamivir, A4) Proteinþ Ribavirin, A5)
Proteinþ Zanamivir (A1-A5). Representative bonding interaction(s) between drug molecules and target protein receptor B1) ProteinþAdefovir, B2)
ProteinþAmantadine, B3) ProteinþOseltamivir, B4) Proteinþ Ribavirin, B5) Proteinþ Zanamivir (B1-B5). Representation of 2 D complex structure of antiviral drugs
and target protein presenting different types of bonds interacting with number of amino acid residues C1) ProteinþAdefovir, C2) ProteinþAmantadine, C3)
ProteinþOseltamivir, C4) Proteinþ Ribavirin, C5) Proteinþ Zanamivir (C1-C5).
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phyto-drug molecules) ligand which showed good docking
score in virtual screening. In our study of 50 ns MD simula-
tion study we found that the average RMSD and RMSF value
of all top drug molecules Adefovir, Ribavirin, Zanamivir,
Curcumin, Demethoxycurcumin and Piperine was found to
be (RMSD) 3.2 Å, 3.0 Å, 3.1 Å, 2.8 Å, 3.0 Å, 3.2 Å and (RMSF)
0.8 Å, 0.6 Å, 0.8 Å, 0.6 Å, 0.8 Å, 0.8 Å. (Figures 13–14 and Table
8). When comparing the RMSF value of the all the drug mol-
ecules we could find that higher fluctuations were noted
and details of interactions of these ligands with the target
protein are showed in Figure 15.

4. Discussion

Molecular docking studies explored the binding of FDA
approved antiviral drugs: Adefovir, Amantadine, Oseltamivir,
Ribavirin and Zanamivir and seven phyto-chemical com-
pounds from natural plants Curcumin, Demethoxycurcumin,
Flavonoid, Isoflavone, Terpinen-4-ol, Nimbin and Piperine and
three control molecules (ATP, GTP and UTP) for interaction
with target protein (Pol/RdRp) of SARS coronavirus 2 (COVID-
19). The molecular docking study showed that selected three
out of five FDA approved drug molecules (Zanamivir, Ribavirin
and Adefovir) and three out of seven different phyto-

Figure 11. A–C: Molecular Modelling and docking studies of antiviral with pol/RdRp protein of COVID-19: Representative 3 D structure of complex docked target
protein molecules with Phyto Drugs A1) Proteinþ Curcumin, A2) ProteinþDemethoxycurcumin, A3) Proteinþ Flavonoid, A4) Proteinþ Isoflavone, A5)
Proteinþ Terpinen-4-ol A6) ProteinþNimbin, A7) Proteinþ Piperine (B1-B2). Representative bonding interaction(s) between Phyto-Drug molecules and target pro-
tein receptor B1) Proteinþ Curcumin, B2) ProteinþDemethoxycurcumin B3) Proteinþ Flavonoid, B4) Proteinþ Isoflavone, B5) Proteinþ Terpinen-4-ol, B6)
ProteinþNimbin, B7) Proteinþ Piperine (C1-C2). Representation of 2 D complex structure of Phyto-Drugs and target protein presenting different types of bonds
interacting with number of amino acid residues C1) Proteinþ Curcumin, C2) ProteinþDemethoxycurcumin, C3) Proteinþ Flavonoid, C4) Proteinþ Isoflavone, C5)
Proteinþ Terpinen-4-ol, F6) ProteinþNimbin, C7) Proteinþ Piperine. All the 2 D and 3Dstructures were generated from the Discovery studio visualize software and
PYMOL visualize.

Table 5. Interacting amino acids and docking score of antiviral drugs and Phyto-Drugs molecules using molecular docking software (AutoDock vina).

Name of compound
Binding energy
Kcal/mol (DG) Interacting residues No of H bonds

FDA approved drugs
Adefovir �6.0 ASP760, ASP761, SER814, CYS813, ASP618, TRP617, GLU811, TRP800 9
Amantadine �4.6 ASP761, GLU811, TRP800, ALA762 4
Oseltamivir �4.6 TYR619, LYS621, CYS622, LYS798 3
Ribavirin �6.2 ASP760, ASP761, ASP618, TYR619, LYS798 6
Zanamivir �6.0 SER814, ASP760, TRP617, TYR619, ASP618 9

Natural drugs
Curcumin �6.7 ASP761, TYR619, GLU811, ASP760, THR680, ASN691, LYS621, CYS622 6
Demethoxycurcumin �6.5 ASN691, ASP623, ASP760, CYS622, LYS621, TYR619, ASP761 5
Flavonoid �5.8 ASP760, SER814, LYS798, GLU811, ASP618, LEU758 4
Isoflavone �5.7 ASP761, SER814, GLU811, TRP617 3
Terpinen-4-ol �4.4 ASP761 1
Nimbin �5.8 ASP623, ASP760, ASP761, ASP618 3
Piperine �6.0 LEU758, SER814, GLU811, CYS813 2

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 11



compounds (Curcumin, Piperine and Demethoxycurcumin) and
control molecules specifically bind to RdRp protein of COVID-19
showing minimum binding energy which attests to the good
binding affinity of these drugs to the target protein RdRp of
COVID-19. Three FDA approved antiviral drugs including
Zanamivir, Ribavirin and Adefovir molecules showed the min-
imum binding energy (DG/kcal/mol: �6.0, �6.2, �6.0 respect-
ively) and three Phyto-drug molecule comprising of Curcumin,

Demethoxycurcumin and Piperine have the minimum binding
energy (DG/kcal/mol ¼ �6.7, �6.5, �6.0 respectively) (Table 5).
In addition, all these shortlisted drugs have also been found to
interact with aspartate active site residues. Similar to our study,
Elfiky et al. (2020) showed the five approved drugs i.e.
Galidesivir, Remdesivir, Tenofovir, Sofosbuvir, and Ribavirin also
have the ability to bind the SARS-CoV-2 RdRp, with binding
energies of �7.0, �7.6, �6.9, �7.5, and �7.8 kcal/mol,

Figure 12. Graphical representation of binding energy calculated by AutoDock vina for FDA approved antiviral drugs, phyto-drug molecules and nucleotides (ATP,
GTP and UTP) from minimum to maximum energy score in kcal/mol.

Table 6. Pharmacokinetic ADMET properties and oral toxicity studies of FDA approved antiviral drug molecules.

Compound name/
Properties Adefovir Amantadine Oseltamivir Ribavirin Zanamivir

LD50 13mg/kg 157mg/kg 260mg/kg 2700mg/kg 5000mg/kg
Human ether-a-go-go-related gene Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor
Inhibition Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor
AMES toxicity Non AMES toxic Non AMES toxic AMES toxic Non AMES toxic Non AMES toxic
Carcinogens Non-carcinogens Non- carcinogens Non-carcinogens Non-carcinogens Non-carcinogens
Fish toxicity High FHMT High FHMT High FHMT High FHMT Low FHMT
TetrahymenaPyriformis toxicity High TPT High TPT High TPT High TPT High TPT
Honey bee toxicity High HBT High HBT High HBT High HBT High HBT
Biodegradation Not ready

biodegradable
Not ready

biodegradable
Ready

biodegradable
Not ready

biodegradable
ready

biodegradable
Acute oral toxicity III III III III III

Table 7. Pharmacokinetic ADMET properties and oral toxicity studies of phyto-drugs.

Compound name/
Properties Curcumin Demethoxycur-cumin Isoflavone Flavonoid Terpinen-4-ol Nimbin Piperine

LD50 2000mg/kg 2000mg/kg 500mg/kg 5000mg/kg 1016mg/kg 1000mg/kg 350mg/kg
Human ether-a-go-go-

related gene
Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor Weak inhibitor

Inhibition Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor Non-inhibitor
AMES toxicity Non AMES toxic Non AMES toxic AMES toxic Non AMES toxic Non AMES toxic Non AMES toxic Non AMES toxic
Carcinogens Non-carcinogens Non- carcinogens Non-carcinogens Non-carcinogens Non-carcinogens Non-carcinogens Non-carcinogens
Fish toxicity High FHMT High FHMT High FHMT High FHMT High FHMT Low FHMT High FHMT
TetrahymenaPyriformis

toxicity
High TPT High TPT High TPT High TPT High TPT High TPT High TPT

Honey bee toxicity High HBT High HBT High HBT High HBT High HBT High HBT High HBT
Bio-degradation Not ready

bio-degradable
Not ready

bio-degradable
Ready

bio-degradable
Not ready

bio-degradable
Not ready

bio-degradable
Not ready

bio-degradable
Ready

bio-degradable
Acute oral toxicity III III III III III III III
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Figure 13. RMSD and RMSF of FDA approved molecules bound forms of selected molecules. Adefovir, Ribavirin, Zanamivir; (A-C) RMSD value and (D-F) RMSF val-
ues of these molecules.

Figure 14. RMSD and RMSF of Phyto-drug molecules bound forms of selected molecules. Curcumin, Demethoxycurcumin and Piperine; (A-C) RMSD value and (D-F)
RMSF values of these molecules.

Table 8. Molecular dynamics studies of all selected molecules showing RMSD, RMSF and interacting residues.

Ligands Simulation times (ns) RMSD RMSF Residues interaction

Adefovir 50 ns 3.2 Å 0.8 Å Arg-553,Asp-618,Asp-761,Ala-762,Lys-798,Glu-811,Arg-836
Ribavirin 50 ns 3.0 Å 0.6 Å Asp-618,Asp-761,lys-798,Glu-811,Ser-814
Zanamivir 50 ns 3.1 Å 0.8 Å Asp-618,Asp-760,Asp-761,Ser-814
Curcumin 50 ns 2.8 Å 0.6 Å Asn-543,Tyr-546,Thr-680,As-691,Asp-761
Demethoxycurcumin 50 ns 3.0 Å 0.8 Å Arg-555,Cys-622,Thr-687,Asp-761,Ala-762
Piperine 50 ns 3.2 Å 0.8 Å Ala-550,Asp-760,Cys-813,Ser-814,Gln-815
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respectively. Huang et al., 2020 also showed many herbal com-
pounds used in traditional Chinese medicine therapy have
been screened and found to have free binding affinity against
RdRp protein of SARSCoV-2. In another study Pandit & Latha,
2020 reported the binding affinity of phyto-compounds derived
from Silybum marianum (Silybin), Withania somnifera
(Withaferin A), Tinospora cordifolia (Cordioside) and Aloe barba-
densis (Catechin and Quercetin) with SARS-CoV-2 target. The
binding energy of phyto-compounds was more than the widely
used for hydroxychloroquine and other repurposed drugs used
for treatment of COVID–19 infection. Tatar and Turhan (2020)
reported the binding affinity of nafamostat, rapamycin, saracati-
nib, Imatinib and Camostat with binding energy �10.24, �9.28,
�9.66, �9.23 and 9.07 respectively with N-Terminal domain of
SARS-CoV-2 Nucleocapsid. Gupta et al. (2020) and Muralidharan
et al. (2020) have also done similar studies. Ubani et al. (2020)
reported best binding affinity of scopodulcic acid and 249
Dammarenolic acid with the Spike glycoprotein (6VSB) and the
Mpro 250 (6FLU7) respectively.

It is fascinating to find that three FDA approved antiviral
drugs including Zanamivir, Ribavirin and Adefovir molecules
and three Phyto-drug molecule comprising Piperin, Curcumin
and Demethoxycurcumin showed minimum binding energy
and hydrogen bond interactions alongwith interaction with
aspartate active site with the target protein (RdRp target pro-
tein of COVID-19 (Table 5). Interestingly, we observed that
LD50 of Zanamivir and Ribavirin was 5000mg/kg and
2700mg/kg respectively signifying that these compounds are
less toxic. Likewise Curcumin and Demethoxycurcumin com-
pound are also found to be non-toxic with high LD50 value
(LD50> 1000 indicates that drug molecules are non-toxic

while LD50< 1000 suggests drugs are highly toxic).
Furthermore, all the three FDA approved antiviral drugs and
three Phyto-drug molecules fulfill all the criteria of Lipinski’s
rule of five and ADME/T. Similar to our study, Ahmed and
Shohael, (2019) reported that the chrysophanol, aloe-emodin,
rhein and emodin all fulfil the criteria of Lipinski’s rule of five
and ADME/T. Collectively the data and our study suggests
that these selected compounds i.e. Zanamivir, Ribavirin,
Adefovir and Curcumin, demehoxycurcumin, Piperine with
minimum binding energy with the target protein may act as
potential candidates for the design of novel drugs for the
treatment of COVID-19.

5. Conclusion

In this study we studied twelve drugs like compounds five
from available antiviral drugs and seven from natural chem-
ical compounds. The three best FDA approved antiviral drugs
including Zanamivir, Ribavirin and Adefovir used for other
viral diseases and three phyto-drug like compounds like
Curcumin, Demethoxycurcumin and Piperine could specific-
ally bind to RdRp protein of COVID-19 showing minimum
binding energy which attests to the good binding affinity of
these drugs to the target protein. On the basis of molecular
docking energy score of all selected three FDA approved
drug molecules and three phyto-drug molecules from differ-
ent plants suggest that it may act as best or novel inhibitor
that may be used for the treatment of severe acute respira-
tory syndrome coronavirus 2. We need in-vitro proof of con-
cept studies of these identified agents to find out a potential

Figure 15. Details of protein Ligand contact profile of selected ligands A) Adefovir, B) Ribavirin, C) Zanamivir, and D) Curcumin, E) Demethoxycurcumin,
F) Piperine.
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inhibitor of SARS-2. Hence this information may be useful for
the designing of the novel drug molecules against COVID-19.
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