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ABSTRACT
The ongoing pandemic COVID-19 (COrona Virus Immuno Deficiency-2019) which is caused by SARS-
CoV-2 (Severe Acute Respiratory Syndrome–CoronaVirus-2) has emerged as a pandemic with 400,000
plus deaths till date. We do not have any drug or vaccine available for the inhibition of this deadly
virus. The expedition for searching a potential drug or vaccine against COVID-19 will be of massive
potential and favor. This study is focused on finding an effective natural origin compound which can
put a check on the activity of this virus. We chose important proteins from the SARS-CoV-2 genome
such as NSP4, NSP15 and RdRp along-with the human ACE2 receptor which is the first point of con-
tact with the virus. Virtual screening and followed up molecular docking resulted in Baicalin and
Limonin as the final lead molecules. 200ns of MD simulation for each protein-ligand complex provides
the insights that Baicalin has a potential to target NSP4, NSP15 and RdRp proteins. Limonin which is
largely used in traditional Indian medicine system is found to inhibit the human ACE2 receptor (mak-
ing it inefficient in binding to the receptor binding domain of SARS-CoV-2). Our studies propose
Baicalin and Limonin in combination to be studied in vitro and in vivo against COVID-19.
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Introduction

SARS-CoV-2 is a single-stranded RNA virus discovered in the late
2019 in the city of Wuhan in China. This particular disease has
been named as COVID-19, with common symptoms such as loss
of smell, muscle ache, shortness of breath and fever with cough
(Aanouz et al., 2020; Alagaili et al., 2014; Bhakkiyalakshmi et al.,
2016; Bonkowski & Sinclair, 2016). The difficulty in breathing is
caused by the virus attacking the T-lymphocytes in the lungs
destroying the protecting proteins. This destruction builds up
fluid in the lungs causing breathing difficulties (Wang et al.,
2020). The disease has now spread globally with numbers as
high as 8,466,256 humans infected taking up 451,943 deaths
until date (https://www.worldometers.info/coronavirus/?utm_
campaign=homeAdUOA?Si). World Health Organization (WHO)
has declared this disease as an ongoing pandemic. COVID-19
has the capability to spread human to human through droplet
exchange while coughing, talking, and sneezing (Chan et al.,
2020). People with other ailments such as diabetes, heart prob-
lems, cancer, asthma, etc. are reported to show critical symp-
toms (Velavan & Meyer, 2020). Coronaviruses have affected
humans in the past in the form of SARS-CoV and MERS-CoV, but
SARS-CoV-2 has proven to be much invasive with higher rates of
infection and deaths than the previous ones (Li et al., 2020).

The novel SARS-CoV-2 is a spherical shaped enveloped particle
having single-stranded positive-sense or sense-stranded RNA, i.e.

their RNA encodes for mRNA (Fehr & Perlman, 2015). They have a
very large genome of 26–30 kilo base pairs which encodes for var-
iety of proteins involved in the mechanism of action (Fehr &
Perlman, 2015). The two-third part of the RNA genomes is cov-
ered by the ORF1a/b, which produces the two viral replicase pro-
teins that are polyproteins (PP1a and PP1ab). Sixteen mature
nonstructural proteins (NSPs) arise from further processing of
these two PPs. These NSPs take part in different viral functions
including the formation of the replicase-transcriptase complex.
The remaining genome part of the virus encodes the mRNA
which produces the structural proteins, i.e. spike, envelope, mem-
brane, and nucleocapsid, and other accessory proteins (Prajapat
et al., 2020). The entry of virus in human body is facilitated by the
interacting phenomenon between the Spike protein (S) of SARS-
CoV-2 and the human ACE2 (Angiotensin-Converting enzyme-2)
receptor (Yan et al., 2020). The trimeric Spike has a strong polar
contact between ASP442 and ARG509 in the Receptor Binding
Domain (RBD) of each monomer and for the human ACE2, strong
H-bonds (TYR237.OH-VAL485.O, THR516.OH-THR229.OG1,
TYR252.OHLEU156.O, THR567.OG1-TYR215.O) plays important
role in Spike protein interaction with ACE2 protein. Other interac-
tions are also reported in (Zhang, 2020).

In this current study we work on 4 proteins which are
found to be very important when comes to virulence of the
covid-19 disease. These 4 proteins are discussed as
given below:
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1. Non-structural protein 4 (nsp4): Participates in the
assembly of virally-induced cytoplasmic double-mem-
brane vesicles necessary for viral replication (https://
swissmodel.expasy.org/repository/species/2697049).

2. The RNA-dependent RNA polymerase [(RdRp), also
named nsp12] is the central component of coronaviral
replication and transcription machinery, and it appears
to be a primary target for the antiviral drug Remdesivir
(Gao et al., 2020).

3. Uridylate-specific endoribonuclease (NendoU/nsps15) an
Mn2þ-dependent, uridylate-specific enzyme, which leaves
2’-3’-cyclic phosphates 5’ to the cleaved bond (https://
swissmodel.expasy.org/repository/species/2697049).

4. Human ACE2 (Angiotensin-Converting enzyme-2) recep-
tor: ACE2 is a membrane-associated aminopeptidase
expressed in vascular endothelia, renal and cardiovascu-
lar tissue, and epithelia of the small intestine and testes
(Jia et al., 2005).

Various reports came in due course of time claiming to be
the inhibitory molecules against SARS-CoV-2 (with limited
knowledge of mechanism of action). Hydroxychloroquine has
been reported as a potential drug acting against this disease
(Liu et al., 2020) [13], where recently some groups have also
suggested Remdesivir to be the factor of inhibition (Shannon
et al., 2020). This study is devoted to find some potent com-
pounds through natural sources which can act against this
deadly disease and will be available in abundance as well as
act with least side-effects. Structural biology and computer
aided drug designing approach has been very effective in the
past for various diseases. These important proteins (NSP4,
NSP15, and RdRp) which are well-distributed in the SARS-CoV-
2 genome (Figure 1) (https://thepathologist.com/subspecial-
ties/the-covid-19-pandemic-a-summary) needs detailed study
of their structure and function which will provide novel
insights to design an effective, cost friendly drug with least
side effects.

Methodology

Protein preparation

Proteins used in this study are the ones which are majorly
involved in the mechanism of action of the novel SARS-CoV-2.

Experimentally solved 3D structures of the proteins non-struc-
tural protein 15 (nsp15) (PDB ID:6VWW) and RNA-dependent
polymerase (RdRp) (PDB ID: 6YYT), human angiotensin recep-
tor (ace2) (PDB ID:6M1D, chain B) were used for this study.
6M1D_B, 2KNC_A, 2KNC_B are three templates used for pre-
paring ace2 protein in full (as experimental structure has
some missing residues and loops). Fourth protein of our inter-
est is Non-structural protein 4 (nsp4) whose experimental
structure is not available. This protein is very important in viral
genome replication. The sequence of nsp4 is downloaded
from Uniprot (Boutet et al., 2016) (UniProtKB/Swiss-Prot:
P0DTC1.1). This particular structure was produced using
Phyre2 webserver (Kelley et al., 2015).

Saves server (Eisenberg et al., 1997; Laskowski, MacArthur,
& Moss, 1993; Laskowski, MacArthur, Moss, et al., 1993;
Laskowski et al., 1994; Laskowski & MacArthur, 2006) is used
to verify the homology model of NSP4. Errat Quality Factor
(Colovos & Yeates, 1993) for NSP4 is 80.4878. Only 45.40% of
the residues have averaged 3D-1D score >¼ 0.2 when veri-
fied using Verify3D (Eisenberg et al., 1997). Ramachandran
plot (Carugo & Djinovic-Carugo, 2013; Ramachandran et al.,
1963) analysis revealed that out of 500 residues 65.9% resi-
dues are falling under the core region, 26.6% in allowed
region, 4.9% generously allowed region, and 2.7% in disal-
lowed region. Transmembrane helix prediction for nsp4 is
also carried out using phyre2 webserver and 5 transmem-
brane helices (255–271, 275–305, 311–334, 338–367, and
371–395) were calculated. All the proteins were bring down
to the least energy state using YASARA energy minimization
server (Krieger et al., 2002) before further analyses. Binding
site of all the proteins were obtained from (Pal & Talukdar,
2020) and given in the Table 1.

Virtual screening and ligand preparation

The natural compound library (containing approx. 100,000
compounds) was obtained from ZINC database (Sterling &
Irwin, 2015) for the best optimal hit against these mentioned
targets. PyRx (Dallakyan & Olson, 2015) from MGLTools
(https://ccsb.scripps.edu/mgltools/) is used for the virtual
screening using default settings and 10 best hits has been
obtained. These 10 compounds were subjected to site-
specific docking to finally select 5 compounds with the best
docking score for further analysis. The respective PUBCHEM

Figure 1. Proteins distributed in the SARS-CoV-2 genome. Figure taken from (https://thepathologist.com/subspecialties/the-covid-19-pandemic-a-summary).
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identification numbers for these compounds further taken
for site specific docking are Baicalin (64982), Kaempferol
(5280863), Limonin (179651), Nimbolide (12313376) and
Quercetin (5280343). The drugs were downloaded in the 3D-
SDF format and geometry optimization was performed using
UCSF-Chimera (Pettersen et al., 2004). Further energy mini-
mization of all the compounds was performed using
Avogadro (Hanwell et al., 2012).

Molecular docking studies

The protein-ligand binding mechanism of the chosen protein-
ligand complexes was performed using Autodock 4.2 (Bikadi &
Hazai, 2009; Forli et al., 2016). The docking analyses were per-
formed using semi-flexible docking approach. In this study pro-
teins are kept rigid and ligands were kept flexible. The allowed
degrees of freedom for ligand molecules are 10. The steps
involving conversion of molecules into pdbqt format, box type,
grid box generation, etc. are specified by AutoDock. The box
type and grid box parameters for all 4 complexes along-with
the active site residue information is given in Table 1. The grid
box was made keeping active site in the center of the box.
Exhaustiveness of 100 was used to get the best output which
takes more computational power and time for the analyses.
However, the larger exhaustiveness gives better output. The
docking poses with the least energy were analyzed using
Discovery studio visualizer (Biovia, 2017).

Toxicity prediction

We also performed toxicity prediction of the selected 5 com-
pounds to check and verify the drugs being least toxic for
human use. The analyses were performed using ProTox-II, a
virtual lab for the prediction of toxicities of small molecules
(Banerjee et al., 2018). The drugs were uploaded to the ser-
ver which yielded results showing the toxicity prediction in
comparison to the already reported drugs such as
Hydroxychloroquine and Remdesivir.

Molecular dynamics simulations

Molecular dynamics simulations to confirm and calculate the
stability, fold and interactions of the docked proteins, 200 ns
all-atom simulations were set-up for each complex. The param-
eters for the ligands were produced using Antechamber mod-
ule of AmberTools18 (Case et al., 2005). The topology
parameters were then converted to Gromacs input. The Amber
forcefield ff14sb was used for to test the interactions.
Intramolecular as well as intermolecular interactions were
taken into consideration. The ions were neutralized and

simulations were performed in the presence of 150mM NaCl.
The energy minimization was performed and the system was
equilibrated with NVT and NPT ensembles for 10 ns each. The
temperature was set to 300 K. Production run was then started
for all the complexes at 200 ns each with a threshold set up at
8 Å. The system stability was calculated using Gromacs 2019
(Van Der Spoel et al., 2005) and VMD analysis scripts
(Humphrey et al., 1996). The molecular dynamics simulations
including minimization, equilibration and production runs
were carried out in triplicates to ensure stable conformations
over systems.

Analysis for MD simulations

Molecular dynamics simulations were analysed using
Gromacs analysis scripts for RMSD, RMSF, total energy, SASA,
radius of gyration, h-bonds, and secondary structure predic-
tion while xmgrace was used to plot the figures.

MMPBSA.py module was used to calculate the free energy
and interaction energy of the ligand. The mathematical for-
mula used to calculate the energies was:

DGbind:solv ¼ DGbind:vaccum þ DGsolv:complex

– DGsolv:ligand þ DGsolv:receptor
� �

The solvation energy for all the states was calculated using
Generalized Born (GB) and Poisson Boltzman (OB). This analysis
revealed the electrostatic contribution of the solvation state.

Results and discussion

Protein modeling

The protein modeling for the Non-Structured Protein (NSP4)
performed using Phyre2 webserver (Kelley et al., 2015)
yielded a high confidence full length model. Figure 2 shows
the cartoon representation and surface representation of the
NSP4 protein. Rests of all the proteins were also corrected
via Phyre2 webserver. Supplementary Figure 1 shows the
transmembrane embedded structure of NSP4 made by using
MEMEMBED webserver (Nugent & Jones, 2013).

The other protein targets used were experimentally solved
structures deposited in the PDB. The protein Nsp15 is
responsible for the interference of protein with the innate
immune response (F€ahrrolfes et al., 2017). Further studies
have indicated that the mechanism of action of NSP15 is
independent of the endonuclease activity (Liu et al., 2019).
The independence of the endonuclease activity marks our
third protein target which is RdRp, known as RNA-dependent
polymerase (PDB ID: 6M17). RdRp is a very important target
as this particular enzyme drives the replication of the viral

Table 1. AutoDock mediated docking parameters like box type and grid box information for 4 protein-ligand complexes. The active site residue information for
the respective proteins is also given as per the literature.

Complex Box type X Y Z Active site residues

NSP15_Baicalin Cube 24.03 24.03 24.03 Gln245, Gly248, Lys290, His235, His250, Thr341
NSP4_Baicalin Cube 24.07 24.07 24.07 Ile494, Asp459, Thr461, Leu417, Cys418, Pro489
ACE2_Limonin Cube 27.09 27.09 27.09 Pro426, Gln442, Ile439, Leu440
RdRp_Baicalin Cube 40 40 40 Asp499, Lys545, Ser682, Thr687, Arg553, Lys551,

Asn691, Leu786, Ser759, Asp618, Asp761, Lys783
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genome (Venkataraman et al., 2018). The protein on the
human side (ACE2 receptor – PDB ID 6M1D) is the first entry
point for the SARS-CoV-2 to playing the crucial role for the

host cells allowing the entry of the viral genome (Yan
et al., 2020).

Virtual screening and ligand selection

Initial virtual screening of 100,000 natural compounds
obtained from Zinc database yielded 10 best compounds.
Supplementary Table 1 comprises top 10 hits obtained after
virtual screening with respective binding energies in kcal/mol.
These 10 best hits were then subjected to site specific molecu-
lar docking. The compounds screened were mostly phyto-
chemicals from natural sources which showed capability of
biological activities such as anti-oxidants, anti-viral, anti-inflam-
matory, anti-bacterial, anti-cancer and anti-microbial.

Toxicity prediction and ligand characteristics

The ligands were then subjected to drug likeliness and tox-
icity prediction using online tool named ProTox-II (Banerjee
et al., 2018). In ProTox-II (Banerjee et al., 2018) there are 6
classes for toxicity (1 to 6) in which class 1 has LD50� 5
which is fatal in nature on the other hand class 6 shows
LD50> 5000 which means compound is non-toxic. This study
indicated how likely and effective a drug could be with least
side effects and also informs us with a prediction score. The
analysis revealed that Baicalin was found to be the best

Figure 2. The NSP4 model from Phyre2 server showing cartoon representation
(left) and molecular surface representation (right). Residue Lys1 is shown in ball
model (in bottom) in cartoon figure. Figure is made by YASARA view.

Table 2. Shortlisted compounds with their drug parameters and toxicity report carried out using ProTox-II server (Banerjee et al., 2018).

Compound Structure
Mol. Wt
(g/mol) XLogP3-AA

H-bond
Donor

Hbond
Acceptor

Rotatable
Bonds

Predicted LD50
(mg/kg)

Toxicity
Class

Baicalin 446.4 1.1 6 11 4 5000 5

Kaempferol 286.2 1.9 4 6 1 3919 5

Limonin 470.5 1.8 0 8 1 244 3

Nimbolide 466.5 2.2 0 7 4 1000 4

Quercetin 302.2 1.5 5 7 1 159 3
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possible drug amongst the shortlisted compounds. The
molecular weight and other parameters for the drugs were
also found to be fitting well with the Lipinski rule of 5 for
drug likeliness. The drug likeliness parameters with toxicity
prediction are displayed in Table 2.

Molecular docking studies

Molecular docking performed with AutoDock 4.2 (Bikadi &
Hazai, 2009; Danish, 2013; Forli et al., 2016; Seeliger & de
Groot, 2010) further strengthened our study in finding an
effective drug against this deadly disease. The drug binding
scores in the form of kcal/mol for all drugs and targets are
mentioned in Table 3.

Docking analyses and drug interactions

The best compound obtained after docking which binds
effectively with NSP4. NSP15, and RdRp is Baicalin (the high-
est-ranked bound compound in all poses made as a cluster
at the ligand binding sites of these 3 target proteins). While
Limonin binds best with human ACE2 receptor. The analyses

were performed target by target to check the efficiency of
the ligand and the state of interaction using Discovery studio
visualizer (Biovia, n.d.). as mentioned here below:

Target 1 – NSP4 (non structured protein 4)

NSP4 was the unstructured protein modeled using Phyre2
web-server (Kelley et al., 2015) and then further minimized
using YASARA energy minimization server to be used to per-
form docking studies. The docking NSP4 gave us the best hit
with Baicalin. Analysis of docking results revealed that the drug
binds in the active site of the protein, interacting with import-
ant residues with polar and non-polar interactions. Key interac-
tions involved the presence of H-bond with Ser496,
hydrophobic interactions with Ile494 and Leu417. A Pi-cation
interaction with Lys86 is also observed. The docking pose and
ligand interaction diagram are displayed in Figure 3. The
minimum binding energy for this interaction was found to be
�6.8 kcal/mol. The interaction inhibiting the NSP4 protein will
help in the crucial and important step in the replication
mechanism and translation of the genome upon entry to the
host organism.

Table 3. Molecular docking score of the final four protein-ligand complexes as obtained from in-silico docking experiment done using AutoDock 4.2 (Bikadi &
Hazai, 2009). Binding energy values are defined in kcal/mol and Kd values are in micromolar range.

Protein-ligand complex
Binding Energy

(kcal/mol)
Dissociation constant

[Kd] (lM) Polar contacts Non-polar contacts

NSP4-Baicalin �6.8 ± 0.78 9.009 ± 1.5 Ser496 Ile494, Leu417, Lys86
NSP15-Baicalin �7.4 ± 0.52 3.489 ± 0.91 Lys290, Thr341, Leu346,

Ser294, Tyr343
Pro344, Lys345, Trp333

RdRp-Baicalin �8.7 ± 0.35 0.419 ± 0.25 Asp167, Lys624, Thr622,
Asp621, Lys801, Ser798

Pro623, Tyr458, Asp626,
and Arg627

ACE2-Limonin �11.0 ± 0.18 0.007 ± 0.003 – Phe532, Ile416, Phe597, Tyr596,
Leu419, Phe447

Figure 3. Docking pose (left) and Ligand interaction diagram (right) for protein-ligand interaction with NSP4 and baicalin shown in green sticks while interacting
residues are labeled and shown in red sticks.
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Target 2 – NSP15 (uridylate-specific endoribonuclease)

Nsp15 is responsible for the interference of protein with the
innate immune response. Further studies have indicated that
the mechanism of action of NSP15 is independent of the
endonuclease activity. The docking result of NSP15 with
Baicalin revealed a docking score of �7.4 kcal/mol in the
least energy conformation. Further ligand interaction analy-
ses revealed NSP15 having important interactions with active
site residues such as Lys290, Thr341 both forming H-bonds.
Apart these two important residues, Baicalin forms H-bonds
with Leu346, Ser294, Tyr343. Three non-polar interactions

observed are Pro344, Lys345, and Trp333. Docking pose and
ligand interaction diagram is shown in the Figure 4. The
mechanism of action of NSP15 which is independent of any
endonuclease activity can successfully predicted to be inhib-
ited with this interaction.

Target 3 – RdRp (RNA-dependent RNA polymerase)

RdRp being a catalytic RNA replication protein which con-
tains important cavity surrounding hydrophobic residues.
The docking with RdRp gave us the best hit with Baicalin

Figure 4. Docking pose (left) and Ligand interaction diagram (right) for protein-ligand interaction with NSP15 and baicalin shown in green sticks while interacting
residues are labeled and shown in red sticks.

Figure 5. Docking pose (left) and Ligand interaction diagram (right) for protein-ligand interaction with RdRp and baicalin shown in green sticks while interacting
residues are labeled and shown in red sticks.
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which binds in the very close vicinity of the active site.
Although neighboring residues of the exact active site resi-
dues are interacting with the ligand, no active site residue is
interacting. Therefore, docked placement of the ligand can
be considered in the active site. Asp167, Lys624, Thr622,
Asp621, Lys801, Ser798 residues form H-bonds with the lig-
and. Pro623, Tyr458, Asp626, and Arg627 form non-polar
interactions.

All these interactions suggest that Baicalin binds very
close to the active site and hence can be very potent and
active in inhibiting the enzyme. The docking pose and ligand
interaction diagram are shown in the Figure 5. The least
energy state of this interaction revealed the binding energy
to be �8.7 kcal/mol. This particular interaction will be import-
ant in inhibiting the complex mechanism by which RdRp
drives the replication of the viral genome.

Target 4 – human ACE2 (angiotensin-converting
enzyme 2)

Finally, the last target of our study was with an important
protein on the host side, the ACE2 receptor (which is an
important first contact of the novel CoV-2). Inhibiting this
particular receptor will successfully make the SARS-CoV-2
devoid on attaching to the host cell and transferring its gen-
ome for replication and translation. Herewith the best inter-
action found to be acting against this particular protein was
with limonin also known to cause the citrus bitterness with
lots of biological activities. In the case of ACE2, we are get-
ting results similar to the RdRp. Here also the ligand limonin
is binding in the exact vicinity of the exact binding site and
no active site residue is observed to have any interaction
with the ligand. All non-polar interactions are observed.
Residues Phe532, Ile416, Phe597, Tyr596, Leu419, and

Phe447 participated in the ligand binding. Docking pose and
ligand interaction diagram is shown in Figure 6. The binding
energy obtained is �11.0 kcal/mol. The target ACE2 used was
in the open conformation, and once bound to Limonin, it
will not be possible for the ACE2 inhibitor to transit in its
closed conformation and have the binding capacity to the
attacking virus.

Molecular dynamics simulations

Post-docking the selected compounds for interaction against
respective targets, we moved on to perform molecular
dynamics simulations. The experiment was performed in trip-
licates to minimize the error and artifacts while achieving
better stability over systems. This step is vital to test the sta-
bility, performance, and optimization of the bound ligands to
proteins. All production run trajectories of 200 ns each were
analyzed using Gromacs and VMD analysis tool. The RMSD
and RMSF were calculated using gmx_rms and gmx_rmsf
commands. The system was found to reach equilibrium
around 50 ns time frame. RMSD graphs for backbone and
alpha carbon as shown in Figure 7 tells us that all trajectories
reach equilibrium. Slight deviation around 70 ns has been
observed in the case of NSP4-baicalin complex. As the pro-
tein is membrane embedded and elongated, such deviation
is natural to be observed. This change in the RMSD may also
be because NSP4 having unstructured regions with loops
making the structure more dynamic in comparison to the
globular proteins. Rest of the trajectories of other proteins
are quite stabilized and equilibrated showing less deviation
and dynamics.

As we run the MD simulation for all 4 protein-ligand com-
plexes (200 ns each) in triplicates, the average RMSD over
three runs for C-alpha atom and also for backbone suggests

Figure 6. Docking pose (left) and Ligand interaction diagram (right) for protein-ligand interaction with ACE2 and Limonin shown in green sticks while interacting
residues are labeled and shown in red sticks.
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that all the runs are almost same. Using different initial
velocities, the protein-ligand complexes achieve their global
minima of equilibrium. This adds on that the simulation is
free from errors and the ligand binding phenomenon with
the respective protein is not by chance but an actually hap-
pening event. The values of average RMSD for C-alpha and
Backbone are presented in the form of Supplementary
Table 2.

We also checked the per-residue fluctuation using
gmx_rmsf tool in GROMACS (Abraham et al., 2015;
Berendsen et al., 1995; Van Der Spoel et al., 2005). RMSF (for
alpha carbon atom) shown in Supplementary Figure 2B

analysis reveals that NSP15, RdRp, and ACE2 have more resi-
dues participating in bringing more fluctuation into the sys-
tem. NSP4 residues are not playing that much part in
increased fluctuation of the overall system while the RMSF
plot per residue for backbone of the all protein complexes is
shown in Supplementary Figure 2A.

Apart from RMSD and RMSF, number of Hydrogen bonds
formed between protein and ligand during the simulation
time is also calculated. Figure 8 shows the plots of these H-
bonds forming between protein and respective ligand in due
course of simulation time of 200 ns. Average number of H-
bonds formed between NSP4, NSP15 and RdRp with Baicalin

Figure 7. Molecular dynamics simulations for the protein: ligand complexes. RMSD plots showing structural stability for (A) NSP4: Baicalin complex, (B)
NSP15:Baicalin complex, (C) RdRp:Baicalin complex and (D) human ACE2:Limonin complex.

Figure 8. The number of H-bonds forming between protein and respective ligand in due course of simulation time of 200 ns. Average number of H-bonds formed
between NSP4, NSP15 and RdRp with Baicalin are 4, 5 and 8 respectively. This number for ACE2-Limonin complex is around 4.
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are 4, 5 and 8 respectively. This number for ACE2-Limonin
complex is around 4. Supplementary Figure 3A depicts the
Radius of Gyration plots for all the 4 complexes over 200 ns
of simulation time. As we can observe that Rg is decreasing
in all cases over the time. It suggests that binding of ligands
helps in the stabilization and compactness of the protein.
The radius of gyration (Rg) of a particle is the root-mean-
square distance of all electrons from their center of gravity.
It is an important parameter and is often useful as an indica-
tor for structural changes of a substance. Changes studied
through the use of the radius of gyration are, for instance,
association and dissociation effects, conformational changes
by denaturation, binding of coenzymes, and temperature
effects (O. Kratky, P. Laggner, in Encyclopedia of Physical
Science and Technology (Third Edition), 2003).

Solvent accessible surface area for all the proteins was also
calculated to check the effect of ligand binding on the residue
profiling of the surface of the protein. Supplementary Figure
3B shows Solvent accessible surface area (SASA) plots for all 4
protein-ligand complexes. NSP4 and ACE2 shows decreasing
SASA on the other hand, RdRp and NSP15 shows more or less
same SASA profiling even after ligand binding. This suggests
that NSP4 and ACE2 undergo crucial structural changes upon
binding of the ligand.

The total energy of the complexes and individual energy
components are depicted in Supplementary Figure 3C and
Figure 9. Individual energy components like Vander walls
forces, coulomb, H-bonds are calculated using MM-PBSA/
MM-GBSA tool in Gromacs. A table (Table 4) representing the
values is also included in the text. The reason being NSP4 is
an unstructured protein with high number of loops and
dynamics. The fluctuations were however mostly found in

the regions for the ligand binding, corroborating our previ-
ous analyses. These analyses help us conclude that Baicalin
as well as Limonin exhibit as potential targets for SARS-CoV-
2 and human ACE2 binding proteins. Supplementary Figure
4 shows the secondary structure change in the protein upon
ligand binding in due course of 200 ns simulation run.
Overall secondary structure change is nevertheless same
except in NSP4 as it is a homology model and a membrane
protein too having lots of elongated helical structures.

Conclusion

COVID-19 is the biggest pandemic world is facing right now
after the Spanish Flu. SARS-CoV-2 emerged as the deadliest
pathogen of the century. Genome of corona virus 2 and the
resultant proteins are quite complex to study. An urgent
check on this virus is the hottest topic of the hour. However,
structural biology approach which has been working with all
diseases in the past has been found to be the fastest, cheap-
est and reliable to discover drug against deadly diseases. We
performed computer-aided drug discovery process against
the important proteins involved in the mechanism of action
for SARS-CoV-2. Three proteins (NSP4, NSP15 and RdRp) were
taken from the SARS-CoV-2 genome, while ACE2 being the
first point of contact upon virus entry into humans was also
studied. Our results reveal that Baicalin, a herbal supplement
and a plant based natural compound has the capability to
inhibit SARS-CoV-2 target proteins (NSP4, NSP15 and RdRp)
in the least energy conformation. Baicalin has been known
as an important flavonoid with anti-cancer and anti-xiolytic
effects. The human ACE2 receptor was however found to be
interacted best with Limonin, which is found in the citrus
peels giving bitterness. It has been largely used as traditional
Indian medicine with a lot of biological activities, though
some people have disliked it due to its bitter and pungent
taste. After conducting this work, we suggest Baicalin and
Limonin (separate or in combination) as Natural lead com-
pounds to act against the novel SARS-CoV-2. Present study
can be very helpful in stopping the COVID-19 pandemic to
grow more. This in-silico analysis can be quickly combined
with expedited research on the experimental side to unveil

Figure 9. Values for all of the calculated binding energies and contributions for all 4 complexes were performed using MMPBSA.py.

Table 4. MM-PBSA/MM-GBSA results for all the 4 final complexes as obtained
after 200 ns of simulation run using Gromacs.

Contribution ACE2:Limonin RdRp:Baicalin NSP15:Baicalin NSP4:Baicalin

DGbind �30.814 �43.776 �39.619 �28.625
DGcoulomb �38.357 �48.216 �40.154 �30.247
DGcovalent 1.456 0.472 6.843 7.895
DGHbond �1.708 �4.621 �2.011 �0.085
DGlipo �21.462 �30.884 �21.493 �24.125
DGpacking �1.135 �4.173 �2.856 �1.875
DGGB 50.272 59.941 52.048 49.054
DGvdW �21.881 �33.294 �30.548 �37.051
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the importance of naturally occurring compounds acting
against this deadly disease.
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