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Abstract

Though significant efforts are in progress for depeng drugs and vaccines against COVID-
19, limited therapeutic agents are available calyehus, it is essential to undertake
COVID-19 research and to identify therapeutic méetions in which computational
modeling and virtual screening of lead moleculesvigle significant insights. The present
study aimed to predict the interaction potentiahafural lead molecules against prospective
protein targets of SARS-CoV-2 by molecular modelidgcking, and dynamic simulation.
Based on the literature survey and database sdartateen molecular targets were selected
and the three targets which lack the native strastuvere computationally modeled. The
drug-likeliness and pharmacokinetic features oétyistwo natural molecules were predicted.
Four lead molecules with ideal drug-likeliness am@rmacokinetic properties were selected
and docked against fourteen targets, and theirinmndnergies were compared with the
binding energy of the interaction between Chloraguand Hydroxychloroquine to their
usual targets. The stabilities of selected dockedptexes were confirmed by MD simulation
and energy calculations. Four natural moleculesahstnated profound binding to most of
the prioritized targets, especially, Hyoscyamine damaridone to spike glycoprotein and
Rotiorinol-C and Scutifoliamide-A to replicase ppigtein-lab main protease of SARS-
CoV-2 showed better binding energy, conformati@ma dynamic stabilities compared to the
binding energy of Chloroquine and its usual targgutathione-S-transferase. The
aforementioned lead molecules can be used to develeel therapeutic agents towards the
protein targets of SARS-CoV-2, and the study presidignificant insight for structure-based
drug development against COVID-19.

Keywords: COVID-19, SARS-CoV-2, Computational virtual screening, Hyasuoine,

Rotiorinol-C, Scutifoliamide-A, Tamaridone, Moleauldynamic simulation
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1. Introduction

Severe Acute Respiratory Syndrome Coronavirus (S8RS-2) is responsible for
Coronavirus disease-2019 (COVID-19), formerly knoasm nCoV-2019, which was first
reported in the city of Wuhan, China in Decembet@®(l]. Globally, 116 million confirmed
cases and 2.58 million deaths have been reported the first week of March 2021 as per
the latest reports of the World Health Organiza(@fHO) [2]. The WHO declared COVID-
19 as a pandemic due to the impact of a globalreaky and the severity of the infection
caused by SARS-CoV-2 [3]. It is one of the chaliaggoutbreaks the world has ever
experienced, and most of the developed countreesiathe risk of community outbreaks [4,
5, 6]. While there were several asymptomatic casgsorted, the infection mainly
characterized by the symptoms such as fever, masualebody aches, cough, sore throat,
shortness of breath for about 5-6 days after tfexiion, whereas, it causes a severe form of
pneumonia in the elderly and immune-compromisedgleethat resulted in worldwide panic
leading to an international concern [7, 8, 9, Rpsently, more than 90% of the deaths are
reported due to COVID-19, and the major countrigk Wwigh mortality rates reported include
the United States of America, India, Brazil, Russiéederation, The United Kingdom,
France, Spain, Italy, Turkey, Germany, Colombia @mdentina [2]. Currently, there are
limited therapeutic agents available for the treattrof COVID-19, which demonstrates the
severity of the infection. Thus, it is essentiautadertake COVID-19 research and to screen
putative drug targets and lead molecules for theeldpment of therapeutic strategies
towards COVID-19.

The surface spike proteins (S), membrane protdhsdnvelope proteins (E), main protease-
replicase polyproteins (rep and protein 1a), amd rien-structural proteins (nsp6, nsp8, and
nspl0) are responsible for the pathogenesis mestharof coronavirus [10]. Spike
glycoproteins protruding on the surface of the vinediates the viral entry into the host cells
[11, 12]. Five regions were identified in spike t@ias (residues 274-306, 510-586, 587—
628, 784-803, and 870—893) that represent the megagsociated with the high rate of an
immune response [13]. The nucleoprotein such d&case polyprotein and RNA-dependent
RNA polymerase (RdRp) played a pivotal role in thieus replication and form a
ribonucleoprotein complex with the viral RNA thrduthe N-terminal domain (N-NTD) of
protein N. The membrane protein involved in thet@reprotein interactions required for

assembly of coronaviruses, and determined as &qdna antigen in humoral responses
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which functions as an ion channel [14]. Replicasklygroteins such as main protease (Mpro)
and papain-like protease (PLpro) are involved ie theavage of polyproteins, and non-
structural proteins (nsp) are involved in the addgnof replicase-transcriptase complex
(RTC) [14, 15, 16]. Therefore, these proteins cardnsidered as potential targets to develop
therapeutic agents against SARS-CoV-2.

The drugs that were suggested in the treatment@fID-19 include Hydroxychloroquine,
Chloroquine, Ritonavir, Lopinavir, and Remdesvirhieh are used for the treatment of
Malaria, AIDS, Ebola, and Influenza [17, 18]. Hentteere is a need to screen more reliable
approaches to combat the infections caused by SB&®52. Computational biology studies
are one of the promising approaches to reduceirtie and cost of various stages of drug
discovery when compared to the conventional methafddrug development. The major
approaches of computational biology in drug discgvimclude molecular modeling of
potential targets, computer-aided virtual screerohgnovel lead molecules, and molecular
dynamic simulation studies of the target-lead caxg@$. These methods can be used to
screen potential lead molecules against SARS-Co%eferal studies have demonstrated that
the bioactive molecules from natural sources camuded to treat several viral infections
because the natural compounds possess fewer sigetsefideal drug likeliness,
pharmacokinetic and toxicity properties, and thmnding potential to the molecular targets
[19, 20].

The present study aimed to predict the binding i@k of selected natural leads against
multiple protein targets of SARS-CoV-2 when compate the binding of two currently
suggested drugs to their usual targets by computati virtual screening, molecular

modeling, and dynamic simulation studies.

2. Materials and methods

2.1. Identification of probable molecular targets

The drug targets of SARS CoV — 2 were identifieddahon the literature survey, database
search, and knowledge on their role in pathogeniegpecially mediating host cell and
replication of RNA. The major targets involved hretvirulence mechanism of SARS-CoV-2
are spike glycoproteins, replicase, membrane prst@nvelope proteins, and non-structural

proteins. A total of fourteen probable drug targemely protein S, E, M5, rep, 1a, 7a, 3a,
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nsp6, nsp7, nsp8, 9b, nspl0, nspl2, and recepidmii domain (RBD) were identified as
potential molecular targets. Out of fourteen tasgeentified, the three-dimensional (3D)
structures of S, E, M5, rep, 1la, Protein7a, Préteimsp7, nsp8, nspl2, and RBD are
available in their native forms. The structuraladst of the selected targets are shown in
Table 1. The 3D structures of spike glycoprotein availainlepost-fusion (PDB: 1WYY;
resolution: 2.2R) [22], open state (PDB: 6VYB; rkegmn 3.2A) [10] and closed state (PDB:
6VXX; resolution 2.8A) [10] were retrieved from pein data bank (PDB) [21]. Similarly,
the structures of the main protease (Mpro) (PDB2WQresolution 1.8A) [23], Mpro (PDB:
5RE4; resolution 1.88A) [24], membrane protein {©h&, F) (PDB: 316G; resolution
2.201A) [25], envelope protein (PDB: 2MM4) [26], d&in7a (PDB: 1XAK; resolution
1.8R) [27], Protein9b (PDB: 2CME; resolution 2.8[28], ribosome binding protein (RBD)
(PDB: 6M17; resolution 2.9A) [29], RNA dependent RINolymerase (RdRp) (PDB: 6M71;
resolution 2.9A) [30] with chain A (non-structunadotein 12; nsp12), chain B and D (non-
structural protein 7; nsp7), and C (non-structymaltein 8; nsp8) were selected as a drug

target.

2.2. Model building and validation

Out of fourteen identified targets, the 3D struetuof three proteins namely Protein3a, nsp6,
and nspl0 were not reported in their native forfisus, the amino acid sequences of
Protein3a (UniProt ID: P59632), nsp6 (UniProt ID59B34), and nspl0 (UniProt ID:
POC6US8) were retrieved from UniProt KB [31], an@ 8D structures of these proteins were
predicted from the basic amino acid sequencesibinitio (de novo) modelling by C-I-
Tasser [32]. The 3D models of three targets weeeggnminimized by ModRefiner [33]. The
secondary structures of the hypothetical modelsewassessed by STRIDE [34]. The
hypothetical models were analyzed and computatipnalidated by ProSa [35], Verify3D
[36], ProCheck [37], ERRAT [38], and ANOLEA [39] iterms of the reliability, model
quality, stereochemical quality (Ramachandran ptptality factor (error function), structural
and force field parameters, respectively.

2.3. ldentification and virtual screening of natdead molecules
Based on the relevance of natural compounds in emedi chemistry research, the lead
molecules present in various natural sources likatp and microorganisms with antiviral

properties were identified by literature survey atmtabase search. The details of these

5



139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

compounds are shown in Supplementary Material, ef&dl. A total of ninety-two natural
compounds were identified, and their 3D structwese retrieved from PubChem [40] and
Chemspider [41] databases in .sdf and. mol formiatpectively (Supplementary Materials,
Table S1). The retrieved sdf files were convertatd i.pdb by Open Babel [42]. The drug
likeliness, pharmacokinetics (adsorption, distidnit metabolism, excretion -ADME), and
toxicity properties were predicted using the molacuwescriptors, filters, and statistical
models available at PreADMET [43] and SwissADME |[4%he molecular filters used to
predict drug likeliness included Lipinski’'s rule dive [45], Comprehensive Medicinal
Chemistry (CMC) rule, Egan’'s rule [46], MDL Drug taaReport (MDDR) like rule [47],
World Drug Index (WDI) like rule, Ghose filter [48lead-like rule [49] and bioavailability
score [50]. The statistical models such as blo@rbbarrier (BBB) [51], caco2 cell
permeability [52], human intestinal absorption (HIf53], lipophilicity [54], and water
solubility [55] were predicted by PreADMET and S8ADME. The statistical models such
as daphnia toxicity, Ames test [56], algae tesiR@Enhibition, carcinogenicity in rats and
mice, Minnow and Medaka fish toxicity and mutagégién terms of TA100 NA (-S9),
TA1535 10RLI (-S9), TA100 10RLI (pS9), and TA1535A NpS9) strain ofSalmonella
typhimurium were used to predict the toxicity features. Thelexules that qualified the

features required for drug likeliness, pharmacditseand toxicity were selected.

2.4. Molecular docking studies

Four potential molecules that qualified the drugliness, ADME, and toxicity properties
were selected, and the binding potentials of threekecules to fourteen selected targets of
SARS CoV-2 were predicted using molecular dockiygAutoDock tools and AutoDock
Vina [57]. The binding sites of selected targettpirts were predicted by Depth [58] and
CastP [59]. The protein targets were prepared biyngdpolar hydrogen atoms and Gasteiger
partial charges. The ligands were prepared bynggtiie number of torsions and detecting the
root atoms. The ligand and receptor files weretemiin. PDBQT format. The grid box for
each target was prepared based on the dimensiors ygf z coordinates of the binding
pocket, and the configuration file was preparedHeyand molecule was docked against the
selected target, and the output log files were gmegh Out of various docked conformations,
the best-docked poses of the complexes were seéldzdsed on the binding energy
(kcal/mol), cluster RMSD, number of hydrogen bonaisd other weak interactions, which

stabilised the docked complexes. The binding emsergissociated with the interaction
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172 between natural molecules and selected targetsapenpared with the binding energy of the
173  interaction between Chloroquine and Hydroxychloioguowards their usual targets namely
174  glutathione S transferase (PDB: 10KT)Riasmodium falciparum and human angiotensin-
175  converting enzyme (ACE)-2 (PDB: 1R42), respectivelhe results of these docked
176  complexes were considered as the control for thapamison of the binding potential of
177  natural molecules and the selected targets.

178

179  2.5. Molecular dynamic simulation studies

180  The molecular dynamic (MD) simulation studies wpeegformed to confirm the stabilities of
181 the best-docked complexes of ligands and theiretarglong with the interaction of
182  Chloroquine and glutathione S transferase. The NiDulstion was performed by the
183  Desmond module of Schrddinger's suite [60]. Thegineligand complexes were subjected
184  to pre-processing and hydrogen bond assignmentpedermed with standard parameters.
185  The simulation system was prepared by utilizing gistem builder. TIP3P was selected as
186  the solvent model, and the boundary conditions wiefened by an orthorhombic box with
187  minimized volume encapsulating the complex. OPL®3s used as a force field, and the
188  system neutralized by adding"©F N& ions based on the total charges of the system. The
189  MD simulations were performed at 300 K using thestant number of particles, pressure,
190 and temperature (NPT) ensembles for 100 ns attarval of 1ns. The model was unfitted for
191  10ns before performing the MD simulation. The tiatep adjusted to 2 femtoseconds (fs), a
192  short-range cut-off with a radius of 9.0 A optindzend no restraints were pre-defined. The
193  simulation showed a temperature increase of 10Ktipeg-step after the solvation of the
194  binding pocket. The changes in RMS and proteinalijaontacts during simulation were
195 generated by the simulation interaction diagranh too

196 The trajectories of RMSD and RMSF of proteins aighrds were estimated using the
197  following formula:

198

N
1 2
RMSDy = EZ (rit(tx) — T (tref))
199 -

200
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Where N is the number of atoms in the atom selectig is the reference time, (first frame
used as reference, time t = 0); and r’ is the positf the selected atoms in frame x after

superimposing on the reference frame, where frameaecorded at time.t

T

RMSF, = %Z < (r —ri(t,.ef))z >

t=1

Where, T is the trajectory time over which the RM&i#culated, t; is the reference time
(time t = 0); r is the position of an atom in theference at timget, and r’ is the position of

atom at time t after superimposing on the referdrazae.

The protein-ligand RMSD, protein and ligand RMSHptgin-ligand contacts, ligand
properties, and ligand torsion profile trajectorie®re analyzed using the simulation

interaction diagram tool.

2.6. Molecular mechanics Poisson-Boltzmann surémea (MM-PBSA) calculations

The calculation of model affinities of each doclenplex (protein-ligand interactions) after
a minimal simulation period of 1lns performed by GRE&CS [61, 62, 63] using
CHARMMS36 all-atom force field. CGenFF (Force fieigenerator) was used to assign the
parameters and charges to ligand to generate ax ifilé. A solvation dodecahedron box
generated with TIP3P solvent, and ions were addedetitralize the system charges. The
energy minimization was carried out at 0.5 ns. Hoation of the number of particles,
volume, and temperature (NVT) ensemble was caraetl before producing molecular
dynamics of 1ns. The trajectory files generatedewesed as the input files. The calculation
of energy by MMPBSA carried out using the followiogmmand:

g_mmpbsa -f traj.xtc -s topol.tpr -n index.ndx -mmen energy_MM.xvg

The output was reported in terms of binding en€kggl/mol).

3. Resultsand discussion

3.1. Prospective molecular targets

Fourteen target proteins namely protein S, M, R, t&, 3a, 7a, 9b, nsp6, nsp7, nsp8, nspl0,
nspl2, and RBD were identified based on an exterlgdrature survey and database search.
Eleven targets possessed native structufebl€l), and three targets, which lack the 3D

structures were computationally modeléihljle 2). Spike glycoprotein S (PDB: 1WYY,
8
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6VXX, 6VYB) was identified to be one of the mostportant targets due to its involvement
in mediating host transfer by attaching the viriorthe cell surface, and interacting with the
host, and promote the infection [64, 65]. The gdasten conformation of the spike
glycoprotein is a hairpin structure comprised obtiveptad repeats that are stabilized by
Asparagine and Glutamine residues, and form hydrdgends between the two heptad
domains. The open and closed conformations of titeace spike glycoprotein act as an
important part of interaction with the host cellrfage and, three human Angiotensin-
Converting Enzyme 2 (hACE2) motifs were observedhim closed conformation, thus, the
conformation is important for the interaction whiACE2 at host cell surface initiating the
viral entry [10]. The receptor-binding domain ottimembrane protein interacted with the
human cellular receptor hACE2 that recognizes SARS-2 [29]. The membrane protein M
is involved in morphogenesis, envelope membrangeprd induces apoptosis by activating
host inflammasome, and replicase protein rep ira@hn transcription and replication of
viral RNA, which contain proteinases that cleave tpolyprotein [66, 67]. Replicase
polyprotein 1a is a proteinase that cleaves th@dNG: terminal of replicase polyprotein and
involved in suppressing the host gene expressi@h [BNA-dependent RNA polymerase
consists of three non-structural proteins namelg7nssp8, and nspl2 [30]. Protein3a
induces apoptosis [69], protein 7a involved in theal replication in cell culture [70],
Protein9b is a lipid-binding protein, non-struclupaotein6 (nsp6) initiates induction of
autophagosomes, non-structural protein8 (nsp8) actgrimase in the viral replication and
non-structural protein10 (nspl0) involved in virmARNA cap methylation [71, 72, 73].
Therefore, based on the functional role and virtgemechanisms, these proteins were

considered to be putative molecular targets fogaareening in the present study.



255 Table 1. The structural description of eleven probable dewgets (with known 3D structures) that are invdliethe virulence and pathogenesis of SARS-CoV-2

256
PDB Name of the protein Chain ResolutioR-Value Free  R-Value Work Experimental method Sedeoy structure References
ID n
1WYY Post-fusion hairpin conformation of the A, B 22A 0.249 0.210 X-ray diffraction 66% helica Duquerroy et al.,
spike glycoprotein 2005
6VYB SARS-CoV-2 spike ectodomain structured, B, C 3.2 A Aggregation Reconstructio Electron Microscopy  16% helical, 25%  Walls et al., 2020
(open state) state: Particle n method: beta sheet
Single particle
6VXX  Structure of the SARS-CoV-2 spike A, B,C 28A Aggregation Reconstructio Electron Microscopy  16% helical, 25%  Walls et al., 2020
glycoprotein (closed state) state: Particle n method: beta sheet
Single particle
1Q2W  X-Ray Crystal Structure of the SARS A, B 1.86 A 0.249 0.194 X-ray diffraction 24% helic28% Bonanno et al.,
Coronavirus Main Protease beta sheet 2003
5RE4  Crystal Structure of SARS-CoV-2 main A 1.88A 0.266 0.199 X-ray diffraction 26% helicaB% Fearon et al., to
protease in complex with 21129283193 beta sheet be published
316G Newly identified epitope Mn2 from C,F 2.201A  0.246 0.205 X-ray diffraction 26% helical, 39% Liu et al., 2010
SARS-CoV M protein complexed beta sheet
withHLA-A*0201
2MM4  Structure of a Conserved Golgi A - Conformers  Conformers NMR 65% helical Lietal, 2014
Complex-targeting Signal in Coronavirus Calculated: Submitted: 15
Envelope Proteins 200
1XAK  Structure of the sars-coronavirus orf7a A 1.8A 0.275 0.223 X-ray diffraction 48% beta sheet Nelson et al.,
accessory protein 2005
2CME  The crystal structure of SARS A 2.8A 0.289 0.266 X-ray diffraction 3% helical,%4beta Meier et al., 2006
coronavirus ORF-9b protein sheet
6M17  The 2019-nCoV RBD/ACE2-BOAT1 E,F 2.9A Aggregation Reconstructio Electron Microscopy 3% helical, 23% betaYan et al., 2020
complex state: Particle n method: sheet
Single particle
6M71  SARS-Cov-2 RNA-dependent RNA A, B.C, 29A Aggregation  Reconstructio Electron Microscopy  47% helical, 17%  Gao et al., 2020
polymerase in complex with cofactors D state: Particle n method: beta sheet
Single particle
257
258
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259  Table2. The description of computational validation aofetd probable drug targets of SARS-CoV-2 that avelired in the pathogenesis mechanism of coronavirodeled
260 by ab initio approach using the C-l Tasser server.

261
UniProt  Organism Entry names Protein Gene  Function Length ProSA ERRA WHATI  Verify3D Anolea ProCheck
ID names (z- T F (residues (e/kt) Favoured Allowe Outlier
score) (overall Ramacha having region d region
quality ndran (Z- averaged region
factor) score) 3D-1D score
>=0.2)
P59632 Human SARS AP3A_CVHSA Protein3a 3a induces 274 -3.33 39.62 -5.763 50.82% 359 69% 358% 5.2%
coronavirus apoptosis
(SARS-CoV)
POC6U8 Human SARS R1A CVHSA  Non- Nspl0 essential 139 -4.88 30.71 -6.042 63.64% 871 68.8% 27.9% 3.2%
coronavirus structural for viral
(SARS-CoV) protein 10 mRNA cap
methylatio
n
P59634  Human SARS NS6_CVHSA Non- Nsp6 induction 63 -5.67 86.84 0.783 64.65% -528 89.3% 9.1% 1.6%
coronavirus structural of
(SARS-CoV) protein 6 autophagos
omes
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3.2. Hypothetical model building and validationselected targets

The 3D structures of target proteins such as Rr8&einon-structural protein6, and non-
structural proteinl0, which lack native structunesre computationally predicted. The
sequence size of Protein3a, 6, and 10 were 274r&8,139 amino acids, respectively. The
3D structures of these sequences were predictedCinfasser, which utilizes deep-

convolutional neural-network-based contact-map iptiesh [32].

The theoretical model of Protein 3a is showrFig. 1a. The energy of the modeled protein
predicted by Anolea was found to be 1716e/kt, amekgy was minimized to 879e/kt by
ModRefiner (Table 2). The secondary structure of modeled protein cosegriof 26.18,
29.82, 10.18, 33.82 alpha-helices, beta-sheet, toetes, and coils, respectivelyif.1b).
Ramachandran plot of the model suggested that 89%%, and 5.2% residues were located
in the most favored region, additionally allowedjiom, and outlier region of the plot,
respectively(Fig. 1c). The stereo-chemical validation in terms of z-ecobtained from
ProSA was found to be -4.88, which is comparablthéoz-score of experimental structures
(Fig. 1d). The VERIFY3D plot indicated that 63.64% of thesideies possessed a 3D-1D
score of >=0.2, suggested a good quality m@€ig.1e). The Z-score predicted by WHATIF
showed a value of -6.04Z able 2). The overall quality of the model is predicteco®30.71
(Fig. 1f). Thus, based on the computational validations isuggested that the hypothetical
model of Protein 3a showed good stereochemicaditglisecondary structural alignment,

and potential energy, which can be used as a nmaletauget.
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Fig.1. Computational modeling and model validation obtBin3a (a) Theoretical model of
the target protein modeled using C-I-Tasser, (byo8eary structure prediction of the
theoretical model by STRIDE (c) Ramachandran péseasment of the modeled residues of
the target protein obtained by ProCheck (d) Stetemmical validation of the theoretical
model in terms of z-score obtained from ProSA (e¢ Tfesidues qualifying the 3D-1D score
predicted by Verify 3D (f) The quality factor ofédhmodel obtained by the output plot of error
function predicted by ERRAT.

The hypothetical model of nsp6 visualized by PyMollustrated inFig. 2a. The energy of
the protein model was minimized from 366e/kt to &%® by ModRefiner. The secondary
structure of the model comprised 70.4, 9.84, &Pd, 11.48 % alpha-helices, beta-sheet, beta
turns, and coils, respectiveliif. 2b). A Ramachandran plot of the model is showriig.

2c¢, which revealed that 89.3%, 9.1%, 1.6% of thedwuess were present in the most favored
region, additionally allowed regions, and outliegions of the plot, respectively. The stereo-
chemical validation by ProSA in terms of Z-scoresvi@und to be -3.33, a score closer to the
z-score of native structur€sig. 2d). The plot obtained by VERIFY3D indicated that 3%/

of the residues showed a 3D-1D score of >%£Bi8. 2¢€). The Z-score predicted by WHATIF

was found to be -5.6{Table 2). The overall model quality was found to be 3%(BLR). 2f).
13
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From the computational prediction, it was eviddrdttthe hypothetical model demonstrated
structural and stereochemical qualities, thusntlbelel can consider as a potential molecular

target.
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Fig.2. Computational modeling and model validation aftemn6 (a) Theoretical model of the
target protein modeled using C-I-Tasser, (b) Seapnstructure prediction of the theoretical
model by STRIDE (c) Ramachandran plot assessmetiiteonodeled residues of the target
protein obtained by ProCheck (d) Stereo-chemicéidaton of the theoretical model in
terms of z-score obtained from ProSA (e) The ressdyualifying the 3D-1D score predicted
by Verify 3D (f) The quality factor of the model @@lined by the output plot of error function
predicted by ERRAT.

Similarly, the hypothetical model of nsp10 is shoiurFig. 3a. The energy of the protein
model was minimized from -636e/kt to -740e(Kiable 2). The secondary structure of the
modeled protein comprised 19.4, 25.9, 11.51, anti74% of alpha-helices, beta-sheet, beta
turns, and coils, respectivelyFi@. 3b). Ramachandran plot of the model predicted by
ProCheck showed that 68.8, 27.9, and 3.2 residees lecated in the favored, allowed, and
outlier regions, respectivelfig. 3c). The stereo-chemical quality obtained from ProSa#sw

found to be -4.05 in terms of Z-score, which wastle range of the z-score of the
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experimental structurg$ig. 3d). The plot of the theoretical model obtained by VIER3D
indicated that 70.5% of the residues were founblet@ 3D-1D score of >=0(Fig. 3e). The
Z-score predicted by WHATIF showed a value of 0.8Bdble 2). The quality of the model
validated by ERRAT showed that a quality factor @8.6 (Fig. 3f). Therefore, the
computational validation showed that the 3D modelnepl0 was ideal in terms of
stereochemical and structural stabilities, andntioelel can be considered as a target for the

lead screening.
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Fig.3. Computational modeling and model validation o6tBin10 (a) Theoretical model of
the target protein modeled using C-I-Tasser, (bgoSdary structure prediction of the
theoretical model by STRIDE (c) Ramachandran péseasment of the modeled residues of
the target protein obtained by ProCheck (d) Stetemmical validation of the theoretical
model in terms of z-score obtained from ProSA (e¢ Tesidues qualifying the 3D-1D score
predicted by Verify 3D (f) The quality factor ofdlhmodel obtained by the output plot of error
function predicted by ERRAT

3.3. Computational screening of natural lead madéscu
The virtual screening of 92 natural compounds fildabChem and ChemSpider databases
showed that 48 of them were qualified for the diikgliness predicted by various filters

available at PreADMET and SwissADME. The predictdig-likeliness of natural lead
15
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molecules is shown in Supplementary Material, Téb® When 48 lead molecules were
subjected to ADME prediction, 16 compounds demaiestt ideal skin and caco2 cell
permeabilities, human intestinal absorption, blbogin barrier penetration, gastrointestinal
absorption, lipophilicity, and water-solubility. EPADME features of the selected molecules
are shown in Supplementary Material, Table S3. W&igteen molecules that qualified the
ADME properties were screened for toxicity predinti four molecules were qualified the
toxicity features such as carcinogenicity, mutagéyi algae and fish toxicity, and hERG
inhibition. Thus, out of 92 molecules screeneditgilico approach, four molecules were
qualified for drug-likeliness, ADME, and toxicityeétures. The selected molecules were
Hyoscyamine, Rotiorinol-C, Scutifoliamide-A, andrifaridone, which are presentratura
stramonium, Chaetorium cupreum, Piper scutifolium, and Tamarix dioica, respectively.
These natural compounds were prioritized as thd I@alecules, and their interactions
towards fourteen molecular targets of SARS-CoV-2Zeweomputationally modeled and

validated.

3.4. Molecular docking studies

The binding potential of selected natural lead males namely Hyoscyamine, Rotiorinol-C,
Scutifoliamide-A, and Tamaridone towards fourteemlauular targets (S, M, E, rep, 1a, 3a,
7a, 9b, nsp6, nsp7, nsp8, nspl0, nspl2, and RBJARS-CoV-2 were predicted by
molecular docking. The best-docked conformationseggted were analyzed and scrutinized
based on binding energy (kcal/mol), the number yifrbgen bonds and other stabilizing
interactions, and cluster RMSD. The binding potdatof four selected natural molecules to
the prioritized targets of SARS-CoV-2 were predictey molecular docking studies are
shown inTable 3.
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Table 3. The binding potential of selected natural lead malies towards the probable drug targets of humaRSE&oV-2 predicted by molecular docking studies

Protein name PDB Ligand names Ligand structure Binding RMSD Interacting residues Hydrogen
ID affinity A bonds
(Kcal/mol)
Spike glycoprotein ~ 1WYY  Hyoscyamine -8.14 0.0 Ser924, Thr925, Gly928, Asnl1168: 2
Pubchem ID: 154417 Asp932, GIn1161, ILel164,
SourceDatura Asn1168 (Chain A),
stramonium j\/@ Ser924, Thr925, Gly928,
o GIn1161, lle1164 (Chain B)
Spike glycoprotein- 6VXX _:\ -5.7 0.0 Leu335, Pro337, Phe338, 0
Closed state OH Gly339, Asp364, Val367
Spike glycoprotein- 6VYB -6.0 0.0 Trpl04, lle119, Vall26, Serl72:1
Open state 1le128, Tyrl70, Serl72,
l1e203, Val227
Membrane protein 316G -0.7 0.0 Glyo 0
Envelope small 2MM4 -2.2 0.0 Lys63, Asn64 0
membrane protein
Replicase 1Q2wW -6.1 0.0 Glul56, Met165, Asp187, GIn192
polyprotein 1ab Arg188, GIn189, GIn192
Replicase 5RE4 -6.0 0.0 Trp218, Asn221, Leu271 Trp218: 1
polyprotein 1a
Protein 7a 1XAK -4.4 0.0 Tyr3, Tyr5, His47, GIn61 0
Protein 9b 2CME -4.4 0.0 Arg68, Ala69, Phe70 0
Receptor binding 6M17 -5.4 0.0 Thr376, Val407, Ala411, O
domain of Val433, Tyr508
membrane protein
Non-structural 6M71 -5.3 0.0 Thr46, Phe49, Val53 0
protein 7 C
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Non-structural
protein 8

Non-structural
protein 12

Non-structural
Protein 6

Non-structural
Protein 10

Protein 3a

Spike glycoprotein

Spike glycoprotein-
Closed state

Spike glycoprotein-
Open state

Membrane protein

Envelope small
membrane protein
Replicase
polyprotein 1ab

Replicase
polyprotein 1a

6M71_
B,D

6M71_
A

Hypoth

etical

model

Hypoth

etical

model

Hypoth

etical

model

1WYY Rotiorinol C

Pubchem ID:
11703984
Source:Chaetorium
cupreum

B6VXX

6VYB

316G

2MM4

1Q2wW

5RE4

HO.

-5.9

-5.4

-9.82

-6.2

-6.3

-0.6

-2.2

-7.0

-6.7

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Leul28, Vall30, Thr141, 0
Tyr149

Pro412, Phe415, Phe440, 0
Phe843,

Asp6, Phe7, Leul5, Leu40,0
lle60

Ile55, Cys74, Tyr76, His83,His83:1
Asp9l, Leull2, Thrll5,

Valll6

Phe56, lle63, Lys66, 0
Tyrl89, Glul191,

Arg4, Lys5, Tyrl26, 5, Lys5,
GIn127, Arg131, Asp289  GIn127, Asp
and Glu290

(A chain)
Glul27 (B
chain)

Arg34, Thr208, Pro209, Phe220: 1
Leu212, Pro217, GIn218,

Phe220

Thr33, Phe59, Asp287 0
Gly0 0
Lys63, Asn64 0

Phe3, Lys5, Arg131,
Trp207, Phe291, lle286,
Asp289

Lys137, Thrl199, Tyr239, Tyr239,
Leu286, Leu287, Glu288, Asp289: 3
Asp289

Trp207: 1
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Protein 7a

Protein 9b

Receptor binding
domain of
membrane protein
Non-structural
protein 7

Non-structural
protein 8

Non-structural
protein 12

Non-structural
protein 6

Non-structural
Protein 10

Protein 3a

Spike glycoprotein

Spike glycoprotein-

Closed state

Spike glycoprotein-

Open state
Membrane protein

1XAK

2CME

6M17

6M71_
C

6M71_
B, D

6M71_
A

Hypoth

etical

model

Hypoth

etical

model

Hypoth

etical

model

Twyy Scutifoliamide A

Chemspider ID:
23311285
SourcePiper

6VXX  scutifolium

6VYB

316G

-5.4

-5.0

-6.1

-6.0

-6.6

-5.6

-6.8

-5.4

-6.6

-0.7

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Tyr3, His47, Args7, Thr59 0

Ser56, Leu65, Glu66, Ser56: 1
Ala67, Arg68, Ala69,

Phe70, Ser72

Cys336, Phe338, Gly339, Ser373:1
Ala363, Asp364, Val367,

Ser371, Ser373, Phe374,

Lys2, Asp5, Thr9, Thr46, O

Phe49, Val53, Met52

Prol33, Aspl134, Tyrl35, Tyrl35:1
Trpl82, Prol78

Argl81, GIn184, Asn213 0

GIn8, Lys38, Lys42, Leud44 Lys42:1

Ile55, His83, Lys96, Vall16 His83:1

Phe28, Val29, Arg68, 0
Ala72, Val9o

Asn910, Ala940, Thr943, 0
Leu944, GIn947, Asn951,
Leull78, Leull81,

Glu1183

Leul18, Val120, Phel35, 0O
Leul4dl, Leu241

Phe823, Asn824, Val826, Asn824:1
Pro863, Pro1057, His1058

Glyo 0
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Envelope small
membrane protein

Replicase
polyprotein 1ab

Replicase
polyprotein la

Protein 7a

Protein 9b

Receptor binding
domain of
membrane protein
Non-structural
protein 7

Non-structural
protein 8

Non-structural
protein 12

Non-structural
Protein 6

Non-structural
Protein 10

Protein 3a

Spike glycoprotein

Spike glycoprotein-
Closed state

2MM4

1Q2wW

5RE4

1XAK

2CME

6M17

6M71_
C

6M71_
B, D

6M71_
A

Hypoth

etical

model

Hypoth

etical

model

Hypoth

etical

model

lwyy Tamaridone

Pubchem ID:
15345466

6V XX SourceTamarix
dioica

-0.8

-6.9

-7.2

-7.3

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Ly63

Arg4, Lys5 and Phe291 (A 1; Lys5 (B

chain), Lys 5 (B chain)

Val212, Arg217, Leu220,
GIn256, 1le259, Asp263

GIn6, Cys8, Val9, Thr12,
Leul6, Lys17

Ala58, Arg68, Ala69,
Phe70, Ser72

GIn493, Tyr495, Gly502,
Tyr505

chain)
0

Val9,
Lysl7: 2

0

GIn493,
Gly502: 2

Asp5, Thr9, Thr46, Phe49, Thro: 1

Glu50, val53

Leul28, Metl129, Prol133,

Thr141, Tyrl49

Asp484, 11e488, GIn573,
Ser578, Ala581

Leuls, llel7, Arg20, Thr21

His83, Leu92, Asnl114,
Thr115, Vall16

Cys130, Trp131, His150,
His204, His227

0

0

Arg20: 1

Valll6: 2

0

Asp931, Asn935, Lys1162, 1; Asn935

Aspl1165, Asn1168,
Lys1172

Ala520, Phe559, Phe562, GIn564,

GIn563, GIn564, Phe565,
Gly566, Arg567

Phe565,
Arg567: 4




370

Spike glycoprotein-
Open state

Membrane protein

Envelope small
membrane protein
Replicase
polyprotein 1ab
Replicase
polyprotein 1a

Protein 7a

Protein 9b

Receptor binding
domain of
membrane protein
Non-structural
protein 7

Non-structural
protein 8

Non-structural
protein 12

Non-structural
Protein 6

Non-structural
Protein 10

Protein 3a

6VYB

316G

2MM4

1Q2W

5RE4

1XAK

2CME

6M17

6M71_
C

6M71_
B, D

6M71_
A

Hypoth
etical
model
Hypoth
etical
model
Hypoth
etical
model

-6.8

-0.8

-5.6

-6.5

-5.7

-6.7

-5.6

-6.7

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Thr732, Thr778, Ser780,
Pro863, His1058

Glyo

Lys63, Asn64

Gly11l, Lys12, Glul4,
Gly15,

Leu87, Lys137, Thr190,
Tyr237, Tyr239, Leu285

Val9, Thrl2, Vall4, Arg65

Arg68, GIn71, Ser72

Thr345, Arg346, Ser349,
Lys441, Lys444, Asn448,
Asn450, Tyr451

Lys2, Val6, Thr9, Phe49,
Met52

Leul28, Val130, Vall31,
Thrl41, Tyr149

Lys47, His133, Asn138,
Lys780

Lys48, Ser50, Leu52,
Asp53, GIn56

Pro37, Asn105, Aspl106,
Phel10, Lys113, Asnl114,
Tyrl26

GIn213, Val255, 11e263,
Thr270

Ser730: 2

Asnb4: 1

Glyl1:1

Tyr237: 1

0

Lys444: 1

Thr9: 1

Leu52: 1

Asn105,
Asnll4: 2

0
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Hyoscyamine ([(1S,5R)-8-methyl-8-azabicyclo [3.2atfan-3-yl] (2S)-3-hydroxy-2-phenyl-
propanoate), an alkaloid derivative and antichegiee derived fromDatura stramonium
(Jimson weed) is known to inhibit receptors in sthand cardiac muscle, the sino-atrial and
atrio-ventricular node for a slow ventricular respe during atrial fibrillation [74,75]. The
molecular docking studies suggested that Hyoscyansimowed good binding potential
towards the spike glycoprotein in the post-fusidosed state, and open state conformations
with the binding energies of -8.14, -6.0, and -kcal/mol, respectively. The interacting
residues present in the binding cavity of postdnsconformation of spike protein were
identified to be Ser924, Thr925, Gly928, Asp932n13I61, ILel164, Asn1168 (Chain A)
and Ser924, Thr925, Gly928, GIn1161, lle1164 (CHJinThe interaction stabilized by two
hydrogen bonds with Asn1168 of Chain(Rig. 4a). It was observed that these residues
located at one of the binding sites as predictedheyCastp and Depth servers. Similarly,
Trpl04, 1lel19, Vall26, 1le128, Tyrl70, Serl72208, and Val227 were identified to be the
major residues in the binding site of the openestatnformation of spike protein, and the
interaction stabilized by a hydrogen bofflg. 4b). The main interacting residues at the
binding site of the closed state conformation wdsmtified to be Leu335, Pro337, Phe338,
Gly339, Asp364, and Val36{Fig. 4¢). Thus, it is clear that the conformations playitalv
role in the binding of the ligand, and maximum ratgions were observed between the post-
fusion conformation of the spike glycoprotein am& tead molecule in comparison with
other conformations. The binding energy of the @aclcomplex of Hyoscyamine and
replicase polyprotein 1la was estimated to be -6al/ikol, and the interacting residues were
Glul56, Metl65, Aspl87, Argl88, GIn189, and GInH@hg with a hydrogen bon@Fig.
4d). Similarly, the lead molecule showed binding egerf-5.4 kcal/ mol towards the RBD
of the membrane protein. The main interacting tessdpresent in the binding cavity were
found to be Thr376, Val407, Ala411, Val433, and 508 (Fig. 4€). Hyoscyamine showed
binding energy of -0.7 kcal/mol (interacting red&ly) towards membrane protgiRig.

4f), and the lead molecule exhibited the binding epefg2.2 kcal/mol towards the envelope
protein. Lys63 and Asn64 were found to be the mataracting residuegFig.4g). The
binding energy of the docked complex of replicaséymroteinla and Hyoscyamine was
estimated to be -6.0 kcal/mol. The main interactiegidues were found to be Trp218,
Asn221 and Leu271, which formed a hydrogen bfid.4h). The binding energies of the
docked complexes of Protein 3a, 7a, and 9b anddigeere estimated to be -5.3, -4.4, and -

4.4 kcal/mol, respectively. The interacting resglud protein 3a included Phe56, lle63,
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Lys66, Tyrl89, and Glul9(Fig. 4i). Similarly, interacting residues of protein 7alutzd
Tyr3, Tyr5, His47, GIn6XFig. 4j), and the residues present in the binding cavitgrofein

9b were found to be Arg68, Ala69, and PhéF(y. 4k). The binding energies of ligand and
nsp7, nsp8, and nspl2 of RdRp were estimated te5i% -5.9, and -5.4 kcal/mol,
respectively. The nsp7 interacted with the leadetwdke via Thr46, Phe49, and Valg3g.

4l). Similarly, the interacting residues present atlinding site of nsp8 were observed to be
Leul28, Vall30, Thr141l, and Tyr1l4Big. 4m), and the interacting residues present in the
binding pocket of nsp12 were found to be Phe4124®P%, Phe440, and Phe8d3g. 4n).
The binding energy associated with the interactietween ligand and non-structural protein
6, and 10 were estimated to be -5.2 and -6.1 kol/raspectively. The interacting residues
present at the binding site were identified to =p@ Phe7, Leul5, Leu40, and lle@dg.
40). Similarly, the interacting residues present i@ binding pocket of non-structural protein
10 were identified to be lle55, Cys74, Tyr76, His@&3p91, Leull2, Thrll5, and Valll6
along with a hydrogen bon¢Fig. 4p). Thus, the interaction modeling of natural lead
Hyoscyamine towards the selected targets of SAR®-Zsuggested that the highest binding
potential observed towards the spike glycoproteirthe post-fusion conformation with a
binding energy of -8.14 kcal/mol, and several di@hg interactions were observed in

comparison with other selected molecular targets.
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Fig. 4. Prediction of the binding potential of Hyoscyamitowards the prioritized molecular
targets of SARS-CoV by molecular docking visualizadMGL tools of AutoDock. The
figure displayed the binding pocket of the ligamedeptor complex. The interacting residues
and the ligands are displayed in stick figures. ifiberacting residues and binding energy are
labeled (a) Binding of the ligand and post-fusiomformation of spike glycoprotein (binding
energy: -8.14 kcal/mol) (b) Binding of the liganddaopen state spike glycoprotein (binding
energy: -6.0 kcal/mol) (c) Binding of the liganddaciosed state spike glycoprotein (binding
energy -5.7 kcal/mol) (d) Binding of the liganddareplicase polyprotein 1lab (binding
energy: -6.1 kcal/mol) (e) Binding of the liganddareceptor binding domain of membrane
protein (binding energy: -5.4 kcal/mol) (f) Bindingf the ligand and membrane protein
(binding energy: -0.7 kcal/mol) (g) Binding of thgand and small envelope protein (binding
energy: -2.2 kcal/mol) (h) Binding of the liganddareplicase polyprotein 1a (binding energy:
-6.0 kcal/mol) (i) Binding of the ligand and prat8a (binding energy: -6.1 kcal/mol) (j)
Binding of the ligand and protein7a (binding energy4 kcal/mol) (k) Binding of the ligand
and protein 9b (binding energy: -4.4 kcal/mol) Binding of the ligand and non-structural
protein7 (binding energy: -5.3 kcal/mol) (m) Bingdiof the ligand and non-structural protein
8 (binding energy: -5.9 kcal/mol) (n) Binding ofetHigand and non-structural proteinl2
(binding energy: -5.4 kcal/mol) (0) Binding of tHgand and non-structural protein 6
(binding energy: -5.2 kcal/mol) (p) Binding of thigand and non-structural protein 10
(binding energy: -6.1 kcal/mol)
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Rotiorinol-C ((9R,9aR)-3-acetyl-9-hydroxy-6-[(1E,35)-7-hydroxy-3,5-dimethylhepta-1,3-
dienyl]-9a-methyl-9H-furo [3,2-g] isochromen-2-onah azaphilone derived from the fungus
Chaetomium cupreum (Dark-walled mold), which is known to exhibit amicrobial activities
[76]. Rotiorinol-C showed the binding potentialtte spike glycoprotein in the post-fusion,
closed state, and open state conformations witthiha@ing energies of -6.5, -6.2, and -6.3
kcal/mol, respectively. The main residues presengast-fusion conformation were included
GIn931, Asn936, Asn942, Valll57, Asn1159, GIn118%n1168, and Lys1172, and the
interaction stabilized by two hydrogen bor{Bigg. 5a). The interacting residues present in the
closed state conformation were observed to be Ar@s4208, Pro209, Leu212, Pro217,
GIn218, and Phe220. The lead molecule interacted Rihe220 by a hydrogen bo(Eig.
5b). Similarly, the major interacting residues presanthe binding site of the open state
conformation of spike glycoprotein were identifieml be Thr33, Phe59, and Asp28&ig.

5¢). Rotiorinol-C showed higher interaction with thespfusion conformation of the spike
glycoprotein when compared to the open and clotdd sonformations. The binding energy
of the docked complex of replicase polyprotein éaall the lead molecules were estimated to
be -9.82 kcal/mol, and the major residues involvethe binding were observed to be Arg4,
Lys5, Tyrl26, GIn127, Arg131, Asp289, and Glu29BeTnteractions were stabilized by five
hydrogen bondgFig. 5d). The interaction of lead and receptor-binding diomaf the
membrane protein showed the binding energy of i&dl/mol, and the major residues
involved in the binding were observed to be Cys36e338, Gly339, Ala363, Asp364,
Val367, Ser371, Ser373, and Phe374. A hydrogen Bomded between the ligand and
Ser373 of the receptor-binding domdlfig. 5€). The docked complexes were demonstrated
the binding energies of -0.6 and -2.2 kcal/mol talsathe membrane prote(fig. 5f) and
envelope proteifFig. 59), respectively. The binding energy of the dockeshglex of ligand
and replicase polyproteinla was estimated to beké&al/mol. The major interacting residues
involved in the interaction were found to be Lys13hr199, Tyr239, Leu286, Leu287,
Glu288, and Asp289. The interactions were stalullibg three hydrogen bondkig. 5h).
The binding energies associated with the interaatifdlead molecule and Protein 3a, 7a, and
9b were estimated to be -6.3, -5.4, and -5.0 kad//mespectively. The major interacting
residues present at the binding site of proteinv8ee identified to be Phe28, Val29, Arg68,
Ala72, and Val9Q(Fig. 5i). The major interacting residues present in theéegmo7a were
identified to be Tyr3, His47, Arg57, Thrg8ig.5j), and the main interacting residues present
in protein 9b were included Ser56, Leu65, Glu6&6Al, Arg68, Ala69, Phe70, and Ser72,
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and the interaction stabilized by a hydrogen b@rd. 5k). The binding energies of the
docked complexes of lead molecules and nsp7, rspBnspl2 of RARp were estimated to
be -5.9, -6.0, and -6.6 kcal/mol, respectively. Thaor residues that interacted with nsp7
were identified to be Lys2, Asp5, Thr9, Thr46, PheMet52, and Val58Fig. 5l). Similarly,

the main residues that interacted with nsp8 werendoto be Prol33, Aspl34, Tyrl35,
Trpl82, and Prol78. The interaction stabilized thy@drogen bond (Tyr135Fig. 5m). The
major interacting residues present at the binditey &f nspl2 were found to be Argl81,
GIn184, and Asn218Fig. 5n). The binding energies associated with the dockedptex of
lead molecules and non-structural proteins 6 andrilDwere estimated to be -5.6 and -6.8
kcal/mol, respectively. The major interacting resigl present in the non-structural protein 6
were observed to be GIn8, Lys38, Lys42, and Leudde interaction stabilized by a
hydrogen bondFig. 50). Similarly, the main interacting residues preserihe non-structural
protein10 were identified to be 1le55, His83, Lys@fAd Vall16. The interaction stabilized by
a hydrogen bondFig. 5p). From the interaction modeling, it is clear thabtiBrinol-C
showed greater binding potential towards the rapkcpolyprotein (binding energy: -9.82
kcal/mol) when compared to the binding energiethefinteraction between the ligand and
other prioritized targets of SARS-CoV-2.
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Fig. 5. Prediction of the binding potential of RotiorinGltowards the prioritized molecular
targets of SARS-CoV by molecular docking visualizadMGL tools of AutoDock. The
figure displayed the binding pocket of the ligamdeptor complex. The interacting residues
and the ligands are displayed in stick figures. iflieracting residues and binding energy are
labeled (a) Binding of the ligand and post-fusiomformation of spike glycoprotein (binding
energy: -6.5 kcal/mol) (b) Binding of the liganddaopen state spike glycoprotein (binding
energy: -6.3 kcal/mol) (c) Binding of the liganddaciosed state spike glycoprotein (binding
energy -6.2 kcal/mol) (d) Binding of the liganddareplicase polyprotein 1lab (binding
energy: -9.8 kcal/mol) (e) Binding of the liganaddareceptor binding domain of membrane
protein (binding energy: -6.1 kcal/mol) (f) Bindingf the ligand and membrane protein
(binding energy: -0.6 kcal/mol) (g) Binding of thgand and small envelope protein (binding
energy: -2.2 kcal/mol) (h) Binding of the liganddareplicase polyprotein 1a (binding energy:
-6.7 kcal/mol) (i) Binding of the ligand and prat8a (binding energy: -6.3 kcal/mol) (j)
Binding of the ligand and protein7a (binding enerdy4 kcal/mol) (k) Binding of the ligand
and protein 9b (binding energy: -5.0 kcal/mol) Binding of the ligand and non-structural
protein7 (binding energy: -5.3 kcal/mol) (m) Bindiof the ligand and non-structural protein
8 (binding energy: -5.9 kcal/mol) (n) Binding ofethigand and non-structural proteinl2
(binding energy: -6.6 kcal/mol) (0) Binding of tHgand and non-structural protein 6
(binding energy: -5.6 kcal/mol) (p) Binding of thgand and non-structural protein 10
(binding energy: -6.8 kcal/mol)

Scutifoliamide-A ((2E, 42)-5-(1, 3-Benzodioxol-53N-isobutyl-2, 4-pentadienamide) is
commonly present iRiper scutifolium (Pepper) [77]. It showed the binding potentiathe
spike glycoprotein in the post-fusion, closed stated open state conformations with the
binding energies of -6.4, -5.4, and -6.6 kcal/mekpectively. The residues present at the
binding cavity of the post-fusion conformation weidentified to be Asn910, Ala940,
Thro43, Leu944, GIn947, Asn951, Leull78, Leull8dd &Iull83 (Fig. 6a). The
interacting residues present in the binding sitthefclosed state conformation were observed
to be Leull8, Vall20, Phel35, Leul4l, and LeyEdd. 6b). Similarly, the main interacting
residues present in the binding cavity of openestainformation were found to be Phe823,
Asn824, Val826, Pro863, Pro1057, and His1058. Titeraction stabilized by a hydrogen
bond(Fig. 6¢). The binding energy of the docked complex of #almolecule and replicase
polyprotein 1ab were identified to be -6.9 kcal/ymarhid the main interacting residues were
identified to be Arg4, Lys5, and Phe291 (A chainys 5 (B chain)(Fig. 6d). The binding
energy of the docked complex of the ligand and téeeptor-binding domain of the
membrane protein was estimated to be -5.9 kcal/it@. major residues that interacted with
the ligand were identified to be GIn493, Tyr495y&2, and Tyr505. The interaction
stabilized by hydrogen bonds with GIn493 and Glyg61y. 6e). The binding energies
associated with the docked complexes of the ligamdl membrane protein, and ligand and
envelope protein were estimated to be {€ig. 6f) and -0.8 kcal/mofFig. 6g), respectively.
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The binding energy associated with the complex led tead molecule and replicase
polyproteinla was identified to be -6.8 kcal/matdathe main interacting residues at the
binding cavity were identified to be Val212, Arg21#&u220, GIn256, le259, and Asp263
(Fig. 6h). The binding energies associated with the dockaadptex of ligand and Protein 3a,
7a and 9b were estimated to be -5.4, -5.6, and kdal/mol, respectively. The main
interacting residues present at the binding sitprotein 3a were identified to be Cys130,
Trpl31, His150, His204, and His227. The interacttabilized by a hydrogen boiiBig. 6i).
Similarly, the major interacting residues presertha binding site of protein 7a were found
to be GIn6, Cys8, Val9, Thrl2, Leul6, and Lys17e Triiteraction stabilized by two hydrogen
bonds(Fig. 6j). The major binding residues present in the pro&&irwere included Ala58,
Arg68, Ala69, Phe70, and Ser{Rig. 6k). The binding energies of the docked complex of
ligand and nsp7, nsp8, and nspl2 were estimatedete5.9, -6.0, and -6.1 kcal/mol,
respectively. The main residues present at theirmndite of nsp7 included Asp5, Thr9,
Thr4d6, Phe49, Glu50, and Val53. The interactiobiszed by a hydrogen bor(@ig. 61). The
residues present at the binding site of nsp8 wewmd to be Leul28, Metl29, Prol33,
Thrl41, and Tyrl49Fig. 6m). The main amino acid residues present at the mgnsite of
nspl2 were identified to be Asp484, 1le488, GIn538r578, and Ala58{Fig. 6n). The
binding energies associated with the docked coreglexf the ligand and non-structural
proteins 6 and 10 were estimated to be -5.5 ar@lk&l/mol, respectively. The interacting
residues present in the non-structural protein @wb€served to be Leul6, llel7, Arg20, and
Thr21, and the interaction stabilized by a hydrogend with Arg2Q(Fig. 60). Similarly, the
major interacting residues present in the non-sirat proteinl0 were included His83,
Leu92, Asnll4, Thrll5, and Valll6. The interacttabilized by two hydrogen bon{sig.
6p). The computational modeling suggested that Sdiatifode-A showed the profound
binding potential to several prioritized targets)iethh showed the highest binding energy to
replicase polyprotein lab (-6.9 kcal/mol) when canegl to the binding energy of the
interaction between Scutifoliamide-A and other sid targets of SARS-CoV-2.
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Fig. 6. Prediction of the binding potential of Scutifohigde-A towards the prioritized
molecular targets of SARS-CoV by molecular dockimigualized in MGL tools of
AutoDock. The figure displayed the binding pockéttloe ligand-receptor complex. The
interacting residues and the ligands are displagestick figures. The interacting residues
and binding energy are labeled (a) Binding of tigarid and post-fusion conformation of
spike glycoprotein (binding energy: -6.4 kcal/m@) Binding of the ligand and open state
spike glycoprotein (binding energy: -6.6 kcal/mg@) Binding of the ligand and closed state
spike glycoprotein (binding energy -5.4 kcal/mdigl) Binding of the ligand and replicase
polyprotein lab (binding energy: -6.9 kcal/mol) (eBinding of the ligand and receptor
binding domain of membrane protein (binding energy9 kcal/mol) (f) Binding of the
ligand and membrane protein (binding energy: -@&l/knol) (g) Binding of the ligand and
small envelope protein (binding energy: -0.8 kcal)nih) Binding of the ligand and replicase
polyprotein 1a (binding energy: -6.8 kcal/mol) @jnding of the ligand and protein3a
(binding energy: -5.4 kcal/mol) (j) Binding of thhgand and protein7a (binding energy: -5.6
kcal/mol) (k) Binding of the ligand and protein $binding energy: -4.4 kcal/mol) (1)
Binding of the ligand and non-structural proteidinling energy: -5.9 kcal/mol) (m)
Binding of the ligand and non-structural proteitb8ding energy: -6.0 kcal/mol) (n) Binding
of the ligand and non-structural protein12 (bindergergy: -6.1 kcal/mol) (o) Binding of the
ligand and non-structural protein 6 (binding enerdy5 kcal/mol) (p) Binding of the ligand
and non-structural protein 10 (binding energy:6 4&cal/mol)

Tamaridone (5,7-dihydroxy-2-(2-hydroxy-4-methoxypiB-6-methoxychromen-4-one), a
flavone present ifamarix dioica (Lal jhau / Ban jhau) showed binding potential &ods the
spike glycoprotein in the post-fusion, closed staied open state conformations with the

binding energies of -7.2, -7.3 and -6.8 kcal/mespectively. The interacting residues present
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in the binding pocket of the post-fusion conforroatiof spike protein were found to be
Asp931, Asn935, Lys1162, Aspll65, Asnll68, and Ly&l(Fig.7a). The interacting
residues at the binding pocket of the closed staee identified to be Ala520, Phe559,
Phe562, GIn563, GIn564, Phe565, Gly566, and Arg3®ié interaction stabilized by four
hydrogen bondg¢Fig. 7b). Similarly, the major residues present in the bigdsite of the
open state conformation were identified to be TBr7hr778, Ser780, His1058 and Pro863.
The interaction stabilized by a hydrogen bdRay. 7c). The binding energy of the docked
complex of the lead molecule and replicase polginotlab was estimated to be -6.3
kcal/mol. The main residues involved in the intdmats were predicted to be Glyll, Lys12,
Glul4, and Glyl5. The interaction stabilized by yalrogen bondFig. 7d). The binding
energy associated with the complex of ligand amep®r-binding domain of the membrane
protein was estimated to be -6.5 kcal/mol, andntlagor interacting residues were identified
to be Thr345, Arg346, Ser349, Lys441, Lys444, Ash4Asn450, and Tyr451. The
interaction stabilized by a hydrogen bof(Eig. 7€). The docked complexes of ligand-
membrane protein and ligand- envelope protein sbdweading energies of -0&ig. 7f) and
-3.1 kcal/mol(Fig. 7g), respectively. The binding energy of the docked dempf the lead
molecule and replicase polyprotein la was estimatede -7.0 kcal/mol. The major
interacting residues present in the binding siteeplicase polyprotein 1a were found to be
Leu87, Lys137, Thrl90, Tyr237, Tyr239, and Leu28%he interaction stabilized by a
hydrogen bondFig. 7h). The binding energies associated with the intemaaf ligand and
protein 3a, 7a, and 9b were estimated to be -6.8, and -5.6 kcal/mol, respectively. The
main interacting residues present in protein3a wagatified to be GIn213, 11e263, Val255,
and Thr270(Fig.7i). Similarly, the major interacting residues presanthe binding site of
protein 7a were included Val9, Thr12, Vall4, and@%(Fig. 7j). The main amino acids that
interacted with protein9b were identified to be 889 GIn71, and Ser7g-ig. 7k). The
binding energies of the docked complexes of nsp@8nand nspl12 of RARp were estimated
to be -5.9, -5.7, and -6.7 kcal/mol, respectivélye major residues at the binding site of nsp7
were found to be Lys2, Val6, Thr9, Phe49, MetS5avathydrogen bond formatiqiig. 71).
Similarly, the main interacting residues presenhsp8 were found to be Leul28, Vall30,
Vall31, Thrl41, and Tyr1l4@ig. 7m). The major interacting residues present in nspéw
found to be Lys47, His133, Asnl138, and Lys{B@. 7n). The binding energies associated
with the ligand and non-structural proteins 6, dfidwere estimated to be -5.7 and -6.7

kcal/mol, respectively. The major interacting resd present in the non-structural protein6
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were observed to be Lys48, Ser50, Leu52, Asp53,&in86. The interaction stabilized by
two hydrogen bondgFig. 70). Similarly, the major interacting amino acids @esin non-
structural protein 10 were identified to be Pro83n105, Asp106, Phel10, Lys113, Asnl14,
and Tyrl26. The interaction stabilized by two hygeo bondgFig.7p). Thus, the interaction
modeling of Tamaridone and fourteen prioritizedyés of SARS-CoV-2 suggested that the
lead showed the highest binding potential to thi&esglycoprotein (binding energy: -7.2
kcal/mol) when compared to the binding energie®@ated with the interaction between
ligands and other selected targets.

Fig. 7. Prediction of the binding potential of Tamaridaoevards the prioritized molecular
targets of SARS-CoV by molecular docking visualizadMGL tools of AutoDock. The
figure displayed the binding pocket of the ligamdeptor complex. The interacting residues
and the ligands are displayed in stick figures. iflieracting residues and binding energy are
labeled (a) Binding of the ligand and post-fusiomformation of spike glycoprotein (binding
energy: -7.2 kcal/mol) (b) Binding of the liganddaopen state spike glycoprotein (binding
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energy: -7.3 kcal/mol) (c) Binding of the liganddaciosed state spike glycoprotein (binding
energy -6.8 kcal/mol) (d) Binding of the liganddareplicase polyprotein 1lab (binding
energy: -6.3 kcal/mol) (e) Binding of the liganadareceptor-binding domain of membrane
protein (binding energy: -6.5 kcal/mol) (f) Bindingf the ligand and membrane protein
(binding energy: -0.8 kcal/mol) (g) Binding of thgand and small envelope protein (binding
energy: -3.1 kcal/mol) (h) Binding of the liganddareplicase polyprotein 1a (binding energy:
-7.0 kcal/mol) (i) Binding of the ligand and prat8a (binding energy: -6.6 kcal/mol) (j)

Binding of the ligand and protein7a (binding enerdy7 kcal/mol) (k) Binding of the ligand

and protein 9b (binding energy: -5.6 kcal/mol) Binding of the ligand and non-structural
protein7 (binding energy: -5.9 kcal/mol) (m) Bindiof the ligand and non-structural protein
8 (binding energy: -6.0 kcal/mol) (n) Binding ofethigand and non-structural proteinl2
(binding energy: -6.7 kcal/mol) (0) Binding of tHgand and non-structural protein 6
(binding energy: -5.6 kcal/mol) (p) Binding of thgand and non-structural protein 10
(binding energy: -6.7 kcal/mol

Similarly, the interaction between two currentlygasted drugs against COVID-19 and their
usual targets were predicted by molecular dockingiss. The binding energies associated
with the interaction between Chloroquine and HygudMoroquine to their normal drug
targets namely glutathione S transferas®lasmodium falciparum and human angiotensin-
converting enzyme 2 (hACEZ2), respectively, weredmted by molecular docking. The
interaction modeling suggested that when Chloragidiocked with glutathione S transferase,
the complex showed binding energy of -3.71 kcal/nitle main interacting residues were
identified to be GIlu90, Leu91, Glu93, Phe94, anp9%(Fig. 8a & b). The number of
interacting residues at the binding pockets was lgsen compared to the interaction of
natural molecules and the selected targets selédtbdn Hydroxychloroquine docked with
human angiotensin-converting enzyme 2 (hACE2) dibeked conformation showed binding
energy of -1.0 kcal/mol. The complex showed that28F interacted with the ligar{&ig. 8c

& d) and no hydrogen bonds were involved in the inteac From the molecular docking
studies, it is clear that the natural lead molexwidbowed better binding to the selected
molecular targets based on binding energy (kcalnmibé number of hydrogen bonds and
other weak interactions, and the number of aminidsamvolved in the binding when

compared to the binding of Chloroquine and Hydrdngoquine and their usual targets.
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Fig. 8. Prediction of the binding of conventional ant@lidrugs towards their usual drug
targets by molecular docking studies (a) Interacid Chloroquine with its usual targets
glutathione S transferase of Plasmodium falcipaiin Binding affinity of Chloroquine
towards glutathione S transferase (binding ener@y? kcal/mol) illustrated the major
residues involved in the interaction with the lidaft) Interaction of Hydroxy-chloroquine
with usual target human angiotensin-converting erey (hACEZ2) (d) Binding affinity of
Hydroxyl-chloroquine towards hACE2 (binding enerdy0 kcal/mol) illustrated the major
residues involved in the interaction with the ligan

3.5. Molecular dynamic simulation studies

Four potential docked complexes with the minimumding energy (kcal/mol), cluster RMS,
and a greater number of stabilizing interactionsavgelected for MD simulation studies. The
best-docked conformations of spike glycoprotein &hebscyamine, replicase polyprotein
lab and Rotiorinol-C, replicase polyprotein 1ab &uditifoliamide A, Spike glycoprotein,
and Tamaridone were simulated at 100 ns using NN&Emble to confirm the dynamics and
stabilities during the binding. Similarly, the deckcomplex of Chloroquine and glutathione-
S-transferase were simulated, and their bindingilgtas were compared with the interaction
stabilities of the docked complexes of natural lesalecules and selected targets.

The trajectories obtained during the MD simulatodrine best-docked pose of Hyoscyamine
and the post-fusion conformation of the spike ghrotein complex are shown Kig. 9. The
MD simulation studies suggested that the RMSD vali¢ghe protein showed a deviation
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from 8 to 16 A atl00ns, which indicated that thevere substantial changes in the
conformation of the target protein during the siatioin periodFig. 9a). The variation in the
RMSD probably due to the binding of Hyoscyaminehwitie protein, which indicated better
interaction and stability when compared to the m@nThe protein RMSF deviated from 2.0-
14.0A and showed that more than 60% of the resigossessed >10A. The fluctuations in
the protein with the C- and N-terminals are depidteFig. 9b. The ligand RMSF ranged
from 4.0-6.0A, indicated that the fluctuations Ireir entropic role, and the interactions with
the target during the binding are showrfFig. 9c. The protein-ligand interactions throughout
the simulation time showed prominent water bridgegirogen bonds, and hydrophobic
interactions [Fig. 9d). The molecular interactions that occurred durirgrerthan 10% of the
simulation period are illustrated Fig. 9e. The simulation studies revealed that the ligand
binds to the protein with hydrophobic interactionthwllel164 of chain B and a polar
interaction with GIn1161 of chain A. The interacisobetween the ligand and the protein are
shown inFig. 9f. The trajectories of total contacts between tigand and target such as
hydrogen bonds, ionic bonds, water bridges, anddpytbbic interactions were found to be
constant throughout the simulation. It was foundt theveral residues interacted with the
ligand throughout the trajectory frame in which ese¥ residues belonged to chain A and
chain B, which indicated binding stabilities duritige simulation. The conformational
changes of protein and ligand that occurred dutimg MD simulation are shown in
Supplementary Materials Fig. S1. Thus, the MD satiah studies suggested that the
stabilities of the interaction between Hyoscyamamel spike glycoprotein of SARS-CoV-2
were better when compared to the stability of tbeked complex of chloroquine and its
usual target(Fig. 13). Thus, the present study suggested that Hyoscgagmn act as a
potential lead molecule against the spike glycapnoof SARS-CoV-2.
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Fig. 9. The binding and stability of the docked complek ratural lead molecule
Hyoscyamine and spike glycoprotein of SARS-CoV-Zevstudied by molecular dynamic
simulation at 100 ns. The trajectories obtainednduthe MD simulation is shown in figure
(a) Protein-ligand RMSD: Protein RMSD (A) is shoam the y-axis, and simulation time is
given on the x-axis (b) Plot of the protein RMSRI®F (A) is given in the y-axis and atom
index is showed in the x-axis (c) Plot of ligand BM RMSF (A) is shown in y-axis and
atom index is given in the x-axis (d) The protegahd contact is shown in the form of a
histogram. The blue, grey, pink, and green regiarthe histogram represent water bridges,
hydrophobic interactions, ionic bonds, and hydrogends respectively (e) The interactions
between Hyoscyamine and post-fusion conformatiorthef spike glycoprotein observed
during MD simulation (f) The protein-ligand contacthown in the form of timeline
representation. The top panel shows the total numbepecific contacts between receptor
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and ligand, and the bottom panel shows the amimd @sidues of the target, which is
interacted with the ligand.

The MD simulation trajectories of Rotiorinol-C arttle replicase polyprotein lab are
depicted inFig. 10. The simulation studies suggested that the tgygeein showed RMS
deviation from 1.8 to 2.7 A during the simulatioh 0 ns(Fig.10a). This variation in
RMSD probably due to the binding of Rotiorinol-Ctte protein target. The protein RMSF
deviated from 0.6 to 4.8 A (the majority of theidees deviated from 1.2 to 2.8 A, and 40%
of the residues deviated at 3.6 A) indicated thetélations in the protein structure during the
simulation periodFig. 10b). Similarly, ligand RMSF observed to be fluctuatextween 0.5

— 2.0 A due to the variation in entropy caused l®y receptor-ligand interactiqiFig. 10c).
The protein-ligand interaction throughout the siatian is shown irFig. 10c, which depicted
that hydrogen and hydrophobic interactions playegbnroles in the binding. The interaction
that occurred during more than 10% of the simufatime is shown irFig. 10d. The ligand
interacted to the protein with Phe3 of chain B,celestatic negative interactions with
Glu288, Asp289, Glu290 of chain A and Glu288 ofinhg, electrostatic interactions with
Arg4, Argl31, Lys137 of chain A and Arg4, Lys5 dfain B, polar interactions with GIn127
of both the chains. The interactions between tnll and the protein are showrFig. 10f.
The trajectory forces such as hydrogen bonds, ibaras, water bridges, and hydrophobic
interactions during the simulation were evidente Tiiteraction contacts were observed to be
constant up to 80ns with a minor increase, andrakaenino acids interacted with the ligand
throughout the trajectory frame. Arg4, GIn127 oéichA and Lys5, GIn127 of chain B were
showed constant interaction with the ligand thraugtihe simulation. The structural changes
associated with the protein and ligand during tH2 $fimulation are shown in Supplementary
Materials Fig. S2. Thus, the MD simulation suggedigat the stability of the interaction
between Rotiorinol-C and replicase polyprotein ledre greater when compared to the
interaction of chloroquine and its usual targetug;hthis study revealed that Rotiorinol-C can

act as one of the potential lead molecules towaaplicase polyprotein 1ab of SARS-CoV-2.
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Fig. 10. The binding and stability of the docked compléxatural lead molecule Rotiorinol-
C and replicase polyprotein lab of SARS-CoV-2 sddy molecular dynamic simulation at
100 ns. The trajectories obtained during the MDusation is shown in figure (a) Protein-
ligand RMSD: Protein RMSD (A) is shown on the yspand simulation time is given on the
x-axis (b) Plot of the protein RMSF: RMSF (A) isven in the y-axis and atom index is
showed in the x-axis (c) Plot of ligand RMSF: RM&F is shown in y-axis and atom index
is given in the x-axis (d) The protein-ligand cantes shown in the form of a histogram. The
blue, grey, pink, and green regions in the histagrapresent water bridges, hydrophobic
interactions, ionic bonds, and hydrogen bonds wsmdy (e) The interactions between
Hyoscyamine and post-fusion conformation of thkemlycoprotein observed during MD
simulation (f) The protein-ligand contacts showrthe form of timeline representation. The
top panel shows the total number of specific cdst@etween receptor and ligand, and the
bottom panel shows the amino acid residues ofatget, which is interacted with the ligand.

The simulation trajectories of the interaction betw Scutifoliamide-A and replicase
polyprotein lab of SARS-CoV-2 are shownFig. 11. The RMS trajectories suggested that
the protein showed a substantial deviation fromt6.85.0 A at100 ns, which indicated the
conformational changes in the target pro{&iry. 11a). The variation in RMSD of the protein
was probably due to the interaction of Scutifolide’A and the target. The RMSF of the
protein was found to be 4.0-28.0A, in which morant@0% of the residues showed >20A
(Fig. 11b). The ligand RMSF ranged between10.0-25.0A inéitathat the fluctuations
corresponding to their variations in entropy dughi® interaction with the targéfig. 11c).
The protein-ligand contacts throughout the simatatare represented ihig. 11d. Water
bridges, hydrogen bonds, and hydrophobic interastiovere observed as the major

stabilizing forces. The interactions observed dyrihe MD simulation revealed that the
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ligand binds with the protein by a polar bond ahI27 (chain A) and positive electrostatic
interactions at Arg4 (chain A) and Lys5 (both chairand B) (Fig. 11€). The interaction
between the ligand and the protein is showhkio 11f. The simulation trajectories showed
that there were stabilizing interactions such asirtiyen bonds, water bridges, and
hydrophobic interactions. It was clear that seveesidues involved in the interaction in
which eight residues belonged to chain A and thes&lues belonged to chain B. Lys5 (chain
B), Arg4, Lys5, and GIn127 (chain A) played a majole in the interaction with the ligand.
The protein and ligand conformational changes dutire MD simulation studies are shown
in Supplementary MateriaFig. S3. The MD simulation studies suggested that the
Scutifoliamide-A-replicase polyprotein 1ab compkhowed stability during the simulation,
however, there were deviations observed during Miuktion. Further, in comparison with
the binding of the control and its targets, the t&aliamide-A-replicase polyprotein lab
complex showed better interaction. Thus, Scutifoide-A can be considered to be one of

the probable molecules against replicase polyprdtab of SARS-CoV-2.
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Fig. 11. The binding and stability of the docked complek matural lead molecule

Scutifoliamide-A and replicase polyprotein 1lab &RS-CoV-2 were studied by molecular
dynamic simulation at 100 ns. The trajectories ioleth during the MD simulation is shown
in figure (a) Protein-ligand RMSD: Protein RMSD (&)shown on the y-axis, and simulation
time is given on the x-axis (b) Plot of the protBMSF: RMSF (A) is given in the y-axis and
atom index is showed in the x-axis (c) Plot of igaRMSF: RMSF (A) is shown in y-axis
and atom index is given in the x-axis (d) The gretggand contact is shown in the form of a
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histogram. The blue, grey, pink, and green regiarthe histogram represent water bridges,
hydrophobic interactions, ionic bonds, and hydrobends respectively (e) The interactions
between Hyoscyamine and post-fusion conformatiorthef spike glycoprotein observed
during MD simulation (f) The protein-ligand contacshown in the form of timeline
representation. The top panel shows the total numbepecific contacts between receptor
and ligand, and the bottom panel shows the amind @sidues of the target, which is
interacted with the ligand.

The simulation trajectories of Tamaridone and tpé&es glycoprotein in its post-fusion
conformation are shown iRig. 12. The MD simulation studies suggested that theegmot
showed a deviation from 8.0 to 15A in the RMSD eslat 100n$Fig. 12a). This variation
was probably due to the interaction of Tamaridom& alycoprotein that showed
conformational changes. The protein RMSF deviatedhf3.0 to 16.0A(Fig. 12b). The
ligand RMSF showed a fluctuation between 7.5 — #).due to the changes in the entropy
caused by protein-ligand interactig¢hig. 12c). The protein-ligand interactions throughout
the simulation are shown Fig. 12d. The forces that stabilized the interactions betwtne
receptor and ligand were found to be water bridggdrogen, and hydrophobic interactions.
The molecular interactions that occurred more th@¢b of the MD simulation are shown in
Fig. 12e. Tamaridone interacted with the protein by hydapb interactions at Vall1170
(chain A) and Tyr1187 (chain B), and polar intei@ts at Thr923 (chain A). The contacts
between the ligand and protein throughout the satran are shown irFig. 12f. The
trajectories of total contact such as hydrogen bpnaater bridges, and hydrophobic
interactions between the protein and the ligandnduthe simulation were evident, and
several residues were involved in the interactioth ihe ligand throughout the trajectory
frame. The interacting residues of chain A werenidied to be 11€916, Ser919, Aspl165,
Vall1170, and the residues that make contact witinclB were observed to be Asp932,
Asn935, and Tyrll187. The structural features of phetein and ligand during the MD
simulation are shown in Supplementary Material F&t. The MD simulation studies
suggested that the docked complexes of Tamaridete@ike glycoprotein of SARS-CoV-2
showed stability throughout the simulation, and tead molecule demonstrated better
binding and dynamics when compared to the bindin@hdoroquine to its usual targetsig.
13). Thus, the present study prioritized that Tamar&@oan also be used as a potential lead
molecule towards spike glycoprotein of SARS-CoV-2.
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Fig. 12. The binding and stability of the docked complek matural lead molecule
Tamaridone and spike glycoprotein of SARS-CoV-2 evetudied by molecular dynamic
simulation at 100 ns. The trajectories obtainednduthe MD simulation is shown in figure
(a) Protein-ligand RMSD: Protein RMSD (A) is showm the y-axis, and simulation time is
given on the x-axis (b) Plot of the protein RMSRISF (A) is given in the y-axis and atom
index is showed in the x-axis (c) Plot of ligand BM RMSF (A) is shown in y-axis and
atom index is given in the x-axis (d) The protegahd contact is shown in the form of a
histogram. The blue, grey, pink, and green regiarthe histogram represent water bridges,
hydrophobic interactions, ionic bonds, and hydrobends respectively (e) The interactions
between Hyoscyamine and post-fusion conformatiorthef spike glycoprotein observed
during MD simulation (f) The protein-ligand contacshown in the form of timeline
representation. The top panel shows the total numbepecific contacts between receptor
and ligand, and the bottom panel shows the amimd @sidues of the target, which is
interacted with the ligand.

The trajectories of simulation studies of the dackemplex of Chloroquine and glutathione-
S-transferase complex are showrkig. 13. The simulation results suggested that the RMSD

values of the protein showed a deviation from ©.8.2 A at 100ns indicated that there were

40



865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881

fewer or no conformational changes during the satioh periodFig. 13a). The variation in
the RMSD of the protein was probably due to thedisig with Chloroquine. The protein
RMSF deviated from 0.8-2.3AFig. 13b). Ligand RMSF deviated from 8.5-6.0A, which
indicated the fluctuations corresponding to theitr@py in the binding(Fig. 13c). The
interactions that stabilized the docked complexenelentified to be water bridges, ionic
bonds, hydrogen bonds, and hydrophobic interactiangch are shown irFig. 13d. The
molecular interactions that occurred during >10%hef MD simulation are depicted Fg.
13e. The analysis revealed that the ligand binds ¢opttotein with hydrophobic interactions
with Phe94 and Tyr95 and electrostatic interactioth Lys141. The interactions between
ligand and the protein are depictedHiy. 13f. The major forces that stabilized the binding
between the ligand and receptor during the simanatvere identified to be hydrogen bonds,
ionic bonds, water bridges, and hydrophobic intésas. The number of residues involved in
the interaction with the ligand was less in comgaami with the interaction of the selected
natural molecules and targets. It was observed Rha®4 showed predominant interaction
during the first 50ns, and Tyr95 showed maximunerattion during the next 50ns of the
simulation. The conformational changes of the ad#on between glutathione-S-transferase

and chloroquine during the MD simulation are shaw8upplementary materidtjg. S5.
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Fig. 13. The binding and stability of the docked compldxconventional antiviral drug
Chloroquine and Glutathione-S-transferase studiedhblecular dynamic simulation at 100
ns. The trajectories obtained during the MD simafais shown in figure (a) Protein-ligand
RMSD: Protein RMSD (A) is shown on the y-axis, aimulation time is given on the x-axis
(b) Plot of the protein RMSF: RMSF (A) is giventime y-axis and atom index is showed in
the x-axis (c) Plot of ligand RMSF: RMSF (A) is shoin y-axis and atom index is given in
the x-axis (d) The protein-ligand contact is shawthe form of a histogram. The blue, grey,
pink, and green regions in the histogram represater bridges, hydrophobic interactions,
ionic bonds, and hydrogen bonds respectively (&) iteractions between Hyoscyamine and
post-fusion conformation of the spike glycoproteimserved during MD simulation (f) The
protein-ligand contacts shown in the form of timelrepresentation. The top panel shows the
total number of specific contacts between receatat ligand, and the bottom panel shows
the amino acid residues of the target, which ieradted with the ligand.

3.6. Binding potential of natural lead calculatgd\bM-PBSA
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The binding potential of the complexes of natuesld molecules and the prioritized targets
were confirmed by the energy calculations by MM-RB&pproaches. Gromacs force field
was used to calculate the binding affinities of thelecular targets and ligand complexes.
The interaction energy of the Chloroquine and gsal target glutathione-S-transferase was
estimated to be -33.12 kcal/mol. The binding erergobf the docked complex of
Hyoscyamine and spike glycoprotein, Rotiorinol-C dameplicase polyprotein lab,
Scutifoliamide-A and replicase polyprotein, and Baitlone and spike glycoprotein were
estimated to be -48. 25, -38. 40, -45. 97 and 739&cal/mol, respectively. Thus, the energy
calculations by MMPBSA showed that the interactddriour natural lead molecules towards
the prioritized targets of SARS-CoV-2 demonstrabetter binding interaction compared to
the binding of Chloroquine and Glutathione-S-transse.

From the molecular docking, MD simulation, and @yecalculation studies, it is clear that
the four potential natural lead molecules demotetiraetter binding energies, stabilities, and
dynamics towards the prioritized drug targets ofR&SACoV-2 compared to the binding of
Chloroquine and glutathione-S-transferase. Thus, gresent study revealed that natural
molecules and the prioritized targets can be usqubtential candidates for the development

of therapeutic agents against COVID-19.

Recent studies emphasized that the scope of comgided molecular design towards the
lead development and identification of moleculagéss of COVID-19. Studies suggested
that natural lead compounds screened against tigetséaof SARS-CoV-2 such as spike
glycoprotein (S), non-structural proteins (nsp),emvelope protein (E), membrane protein
(M) provided novel insights for drug repurposingoegach against SARS-CoV-2 [78]. The
interaction studies between SARS-CoV spike protema cell-surface receptor (GRP78)
suggested that the binding favorable occurred baiwbe regions 480-488 of the spike
protein and GRP78 [79]. Mpro was identified to bgodential drug target by Jin et al (2020)
suggested a mechanism-based inhibitor, N3, by alirsereening [80]. Beclabuvir showed
significant binding towards Mpro with a binding egg of -10.4 kcal/mol and was used to
screen novel lead molecules by virtual screenirgs @rug is presently being suggested for
clinical trials [81]. Recent studies showed tha¢ thhytochemicals fronPsorothamnus

arborescens, Myrica cerifera, and Hyptis atrorubens showed binding potential towards

Chymotrypsin like protease (CL-pro) [82]. SARS-Ca¢p6 has been shown to activate
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autophagy, inducing vesicles, and is known to adewith nsp2, nsp8, nsp9, and accessory
protein 9b [83]. nsp6 is considered to be one efgbtential targets to suppress the virulent
genes of the pathogen. Envelope (E) proteins wegerted to form ion channels, which is
mainly associated with pathogenesis, and the inbibof these channels provided insights
for drug discovery. A recent study suggested thataéhinal, Macaflavanone-E, and
Vibsanol-B were reported to be potential inhibitak envelope protein [84]. Similarly,
another study showed that several viral peptidese weodeled by computational virtual
screening for vaccine development [85]. The curstatly predicted the binding potential of
four natural lead molecules, namely HyoscyaminetidRool-C, Scutifoliamide-A, and
Tamaridone towards selected molecular targets o¥I0€19, and the hypothesis probably
provide profound insight for the development ofrfpeutic agents against putative targets of
SARS-CoV-2.

The present study provides insight into the molkacaoiechanism of the binding potential of
natural phytochemical towards fourteen moleculaigats of SARS-CoV-2 for future
investigation. Since there are no standard drugdadle for the treatment of COVID-19 to
compare our studies, the interaction models of @igleine and Hydroxychloroquine and
their usual targets were used as the comparativeatpand, therefore, this prediction could
have a variation when it implements at the expemntaldevel. Further, the study modeled the
binding potential of four lead molecules towards frioritized targets, and due to the time
and resource constraints, the molecular dynamiosilation, and energy calculations were
performed only for the best-docked complexes thaived minimum binding energies and
maximum stabilizing interactions. The molecular ayrics and simulation studies between
selected natural compounds and other targets an k@ modeled to obtain significant
breakthroughs for the development of potentialdger@gnd lead molecules. Thus, the present
study provides an ample foundation for future itigegion and developing natural lead

molecules against multiple targets of SARS-CoV-2.

4. Conclusion

At present, COVID-19 is one of the most criticabpa health concerns with high mortality
and morbidity rate worldwide. There are limited rdqgeutic agents available to treat the
disease. Thus, there is a high emergency to igeptifential therapeutic strategies to tackle

COVID-19. Computer-aided virtual screening is orfettee promising approaches which
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reduce the time and cost required to develop newlidate drugs. This approach can be used
to screen lead molecules with druggish and pharkiaetic features that can be transformed
into experimental levels to develop the therapeiniervention. The natural molecules are
known to have inhibitory potential towards sevesighl targets. The present study aimed to
screen potential natural lead molecules towardgtiphellprospective molecular targets of
SARS-CoV-2. Based on the functional and virulencke,rfourteen molecular targets of
SARS-CoV-2 were identified, and eleven of them weteeved from the Protein Data Bank,
and three proteins that lack the 3D structures,ewawmputationally predicted. By an
extensive literature survey and database seancbtyriwo natural compounds were selected.
The drug likeliness, pharmacokinetic and toxicitgperties of selected lead molecules were
predicted by various computational biology toolsasBd on the virtual screening, four
potential lead molecules were screened, and thdirfgnpotentials of these lead molecules
towards fourteen targets were modeled by moleaddaking. The stabilities of the four best-
docked complexes were confirmed by molecular dynaimulation and energy calculation
studies. The present study suggested that thedadrmolecules were qualified for the drug
likeliness, pharmacokinetics, and toxicity featyrasd demonstrated profound binding with
most of the selected targets. Notably, Hyoscyamamel Tamaridone towards spike
glycoprotein and Rotiorinol-C and Scutifoliamidet8wards replicase polyprotein lab of
SARS-CoV -2 were showed better and significant inigdcompared to the binding of
Chloroquine and glutathione S transferase. Thus, pifesent study suggested that these
natural lead molecules can be used as potentid healecules against the prospective
molecular targets of SARS-CoV-2, and the computatigrediction probably provides a
substantial breakthrough in the drug discovery Impeto develop future therapeutic agents
against COVID-19 and the prediction can be tramséat into the experiential level.
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Figurelegends

Fig.1. Computational modeling and model validation obtBin3a (a) Theoretical model of
the target protein modeled using C-I-Tasser, (bgoSdary structure prediction of the
theoretical model by STRIDE (c) Ramachandran péseasment of the modeled residues of
the target protein obtained by ProCheck (d) Stetemmical validation of the theoretical
model in terms of z-score obtained from ProSA (e¢ Tesidues qualifying the 3D-1D score
predicted by Verify 3D (f) The quality factor ofdlhmodel obtained by the output plot of error
function predicted by ERRAT.

Fig.2. Computational modeling and model validation aftBin6 (a) Theoretical model of the
target protein modeled using C-I-Tasser, (b) Seapnsdtructure prediction of the theoretical
model by STRIDE (c) Ramachandran plot assessmetiteofnodeled residues of the target
protein obtained by ProCheck (d) Stereo-chemicéidaton of the theoretical model in
terms of z-score obtained from ProSA (e) The ressdyualifying the 3D-1D score predicted
by Verify 3D (f) The quality factor of the model taned by the output plot of error function
predicted by ERRAT.

Fig.3. Computational modeling and model validation o6tBin10 (a) Theoretical model of
the target protein modeled using C-I-Tasser, (bgo8dary structure prediction of the
theoretical model by STRIDE (c) Ramachandran péseasment of the modeled residues of
the target protein obtained by ProCheck (d) Stetemmical validation of the theoretical
model in terms of z-score obtained from ProSA (e¢ Tesidues qualifying the 3D-1D score
predicted by Verify 3D (f) The quality factor ofdlhmodel obtained by the output plot of error
function predicted by ERRAT

Fig. 4. Prediction of the binding potential of Hyoscyamitowards the prioritized molecular
targets of SARS-CoV by molecular docking visualizadMGL tools of AutoDock. The
figure displayed the binding pocket of the ligamedeptor complex. The interacting residues
and the ligands are displayed in stick figures. iflieracting residues and binding energy are
labeled (a) Binding of the ligand and post-fusiomformation of spike glycoprotein (binding
energy: -8.14 kcal/mol) (b) Binding of the liganddaopen state spike glycoprotein (binding
energy: -6.0 kcal/mol) (c) Binding of the liganddaciosed state spike glycoprotein (binding
energy -5.7 kcal/mol) (d) Binding of the liganddareplicase polyprotein 1lab (binding
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energy: -6.1 kcal/mol) (e) Binding of the liganddareceptor binding domain of membrane
protein (binding energy: -5.4 kcal/mol) (f) Bindingf the ligand and membrane protein
(binding energy: -0.7 kcal/mol) (g) Binding of thgand and small envelope protein (binding
energy: -2.2 kcal/mol) (h) Binding of the liganddareplicase polyprotein 1a (binding energy:
-6.0 kcal/mol) (i) Binding of the ligand and prat8a (binding energy: -6.1 kcal/mol) (j)
Binding of the ligand and protein7a (binding energy4 kcal/mol) (k) Binding of the ligand
and protein 9b (binding energy: -4.4 kcal/mol) Binding of the ligand and non-structural
protein7 (binding energy: -5.3 kcal/mol) (m) Bingdiof the ligand and non-structural protein
8 (binding energy: -5.9 kcal/mol) (n) Binding ofetHigand and non-structural proteinl2
(binding energy: -5.4 kcal/mol) (0) Binding of tHgand and non-structural protein 6
(binding energy: -5.2 kcal/mol) (p) Binding of thgand and non-structural protein 10
(binding energy: -6.1 kcal/mol)

Fig. 5. Prediction of the binding potential of RotiorirGltowards the prioritized molecular
targets of SARS-CoV by molecular docking visualizadMGL tools of AutoDock. The
figure displayed the binding pocket of the ligamdeptor complex. The interacting residues
and the ligands are displayed in stick figures. iflieracting residues and binding energy are
labeled (a) Binding of the ligand and post-fusiomformation of spike glycoprotein (binding
energy: -6.5 kcal/mol) (b) Binding of the liganddaapen state spike glycoprotein (binding
energy: -6.3 kcal/mol) (c) Binding of the liganddaciosed state spike glycoprotein (binding
energy -6.2 kcal/mol) (d) Binding of the liganddareplicase polyprotein 1lab (binding
energy: -9.8 kcal/mol) (e) Binding of the liganddareceptor binding domain of membrane
protein (binding energy: -6.1 kcal/mol) (f) Bindingf the ligand and membrane protein
(binding energy: -0.6 kcal/mol) (g) Binding of thgand and small envelope protein (binding
energy: -2.2 kcal/mol) (h) Binding of the liganddareplicase polyprotein 1a (binding energy:
-6.7 kcal/mol) (i) Binding of the ligand and prat8a (binding energy: -6.3 kcal/mol) (j)
Binding of the ligand and protein7a (binding enerdy4 kcal/mol) (k) Binding of the ligand
and protein 9b (binding energy: -5.0 kcal/mol) Binding of the ligand and non-structural
protein7 (binding energy: -5.3 kcal/mol) (m) Bindiof the ligand and non-structural protein
8 (binding energy: -5.9 kcal/mol) (n) Binding ofetHigand and non-structural proteinl2
(binding energy: -6.6 kcal/mol) (o) Binding of tHgand and non-structural protein 6
(binding energy: -5.6 kcal/mol) (p) Binding of thgand and non-structural protein 10
(binding energy: -6.8 kcal/mol)
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Fig. 6. Prediction of the binding potential of Scutifohiagde-A towards the prioritized
molecular targets of SARS-CoV by molecular dockiagualized in MGL tools of
AutoDock. The figure displayed the binding pockéttloe ligand-receptor complex. The
interacting residues and the ligands are displagestick figures. The interacting residues
and binding energy are labeled (a) Binding of tigarid and post-fusion conformation of
spike glycoprotein (binding energy: -6.4 kcal/m@) Binding of the ligand and open state
spike glycoprotein (binding energy: -6.6 kcal/m(@) Binding of the ligand and closed state
spike glycoprotein (binding energy -5.4 kcal/mdigl) Binding of the ligand and replicase
polyprotein lab (binding energy: -6.9 kcal/mol) (eBinding of the ligand and receptor
binding domain of membrane protein (binding energy9 kcal/mol) (f) Binding of the
ligand and membrane protein (binding energy: -@&l/knol) (g) Binding of the ligand and
small envelope protein (binding energy: -0.8 kcal)nih) Binding of the ligand and replicase
polyprotein 1a (binding energy: -6.8 kcal/mol) @jnding of the ligand and protein3a
(binding energy: -5.4 kcal/mol) (j) Binding of thigand and protein7a (binding energy: -5.6
kcal/mol) (k) Binding of the ligand and protein $binding energy: -4.4 kcal/mol) (1)
Binding of the ligand and non-structural proteidinfling energy: -5.9 kcal/mol) (m)
Binding of the ligand and non-structural proteitb8ding energy: -6.0 kcal/mol) (n) Binding
of the ligand and non-structural protein12 (bindewgergy: -6.1 kcal/mol) (o) Binding of the
ligand and non-structural protein 6 (binding enerdy5 kcal/mol) (p) Binding of the ligand
and non-structural protein 10 (binding energy:6 4&cal/mol)

Fig. 7. Prediction of the binding potential of Tamariddoevards the prioritized molecular
targets of SARS-CoV by molecular docking visualizadMGL tools of AutoDock. The
figure displayed the binding pocket of the ligamedeptor complex. The interacting residues
and the ligands are displayed in stick figures. iflieracting residues and binding energy are
labeled (a) Binding of the ligand and post-fusiomformation of spike glycoprotein (binding
energy: -7.2 kcal/mol) (b) Binding of the liganddaopen state spike glycoprotein (binding
energy: -7.3 kcal/mol) (c) Binding of the liganddaciosed state spike glycoprotein (binding
energy -6.8 kcal/mol) (d) Binding of the liganddareplicase polyprotein 1lab (binding
energy: -6.3 kcal/mol) (e) Binding of the liganadareceptor-binding domain of membrane
protein (binding energy: -6.5 kcal/mol) (f) Bindingf the ligand and membrane protein
(binding energy: -0.8 kcal/mol) (g) Binding of thgand and small envelope protein (binding
energy: -3.1 kcal/mol) (h) Binding of the liganddareplicase polyprotein 1la (binding energy:
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-7.0 kcal/mol) (i) Binding of the ligand and prat8a (binding energy: -6.6 kcal/mol) (j)
Binding of the ligand and protein7a (binding enerdy7 kcal/mol) (k) Binding of the ligand
and protein 9b (binding energy: -5.6 kcal/mol) Binding of the ligand and non-structural
protein7 (binding energy: -5.9 kcal/mol) (m) Bindiof the ligand and non-structural protein
8 (binding energy: -6.0 kcal/mol) (n) Binding ofetHigand and non-structural proteinl2
(binding energy: -6.7 kcal/mol) (0) Binding of tHgand and non-structural protein 6
(binding energy: -5.6 kcal/mol) (p) Binding of thgand and non-structural protein 10
(binding energy: -6.7 kcal/mol

Fig. 8. Prediction of the binding of conventional ant@lidrugs towards their usual drug
targets by molecular docking studies (a) Interaciwd Chloroquine with its usual targets
glutathione S transferase of Plasmodium falciparimn Binding affinity of Chloroquine

towards glutathione S transferase (binding ener8y? kcal/mol) illustrated the major
residues involved in the interaction with the lidaft) Interaction of Hydroxy-chloroquine
with usual target human angiotensin-converting evey (hACE?2) (d) Binding affinity of

Hydroxyl-chloroquine towards hACE2 (binding enerdyd kcal/mol) illustrated the major

residues involved in the interaction with the ligan

Fig. 9. The binding and stability of the docked complek matural lead molecule
Hyoscyamine and spike glycoprotein of SARS-CoV-Zevstudied by molecular dynamic
simulation at 100 ns. The trajectories obtainednduthe MD simulation is shown in figure
(a) Protein-ligand RMSD: Protein RMSD (A) is shoam the y-axis, and simulation time is
given on the x-axis (b) Plot of the protein RMSRI®F (A) is given in the y-axis and atom
index is showed in the x-axis (c) Plot of ligand BM RMSF (A) is shown in y-axis and
atom index is given in the x-axis (d) The protegahd contact is shown in the form of a
histogram. The blue, grey, pink, and green regiarthe histogram represent water bridges,
hydrophobic interactions, ionic bonds, and hydrogends respectively (e) The interactions
between Hyoscyamine and post-fusion conformatiorthef spike glycoprotein observed
during MD simulation (f) The protein-ligand contacshown in the form of timeline
representation. The top panel shows the total nummbepecific contacts between receptor
and ligand, and the bottom panel shows the amimd @sidues of the target, which is
interacted with the ligand.
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Fig. 10. The binding and stability of the docked compléxatural lead molecule Rotiorinol-
C and replicase polyprotein 1lab of SARS-CoV-2 €ddiy molecular dynamic simulation at
100 ns. The trajectories obtained during the MDusation is shown in figure (a) Protein-
ligand RMSD: Protein RMSD (A) is shown on the yspand simulation time is given on the
x-axis (b) Plot of the protein RMSF: RMSF (A) isven in the y-axis and atom index is
showed in the x-axis (c) Plot of ligand RMSF: RM& is shown in y-axis and atom index
is given in the x-axis (d) The protein-ligand cantes shown in the form of a histogram. The
blue, grey, pink, and green regions in the histagrapresent water bridges, hydrophobic
interactions, ionic bonds, and hydrogen bonds wsmdy (e) The interactions between
Hyoscyamine and post-fusion conformation of thekemlycoprotein observed during MD
simulation (f) The protein-ligand contacts showrthie form of timeline representation. The
top panel shows the total number of specific cdst@etween receptor and ligand, and the

bottom panel shows the amino acid residues ofatget, which is interacted with the ligand.

Fig. 11. The binding and stability of the docked complek matural lead molecule
Scutifoliamide-A and replicase polyprotein lab &RS-CoV-2 were studied by molecular
dynamic simulation at 100 ns. The trajectories ioleth during the MD simulation is shown
in figure (a) Protein-ligand RMSD: Protein RMSD (&)shown on the y-axis, and simulation
time is given on the x-axis (b) Plot of the protBMSF: RMSF (A) is given in the y-axis and
atom index is showed in the x-axis (c) Plot of tigegRMSF: RMSF (A) is shown in y-axis
and atom index is given in the x-axis (d) The gretggand contact is shown in the form of a
histogram. The blue, grey, pink, and green regiarthe histogram represent water bridges,
hydrophobic interactions, ionic bonds, and hydrogends respectively (e) The interactions
between Hyoscyamine and post-fusion conformatiorthef spike glycoprotein observed
during MD simulation (f) The protein-ligand contacshown in the form of timeline
representation. The top panel shows the total nummbepecific contacts between receptor
and ligand, and the bottom panel shows the amimd @sidues of the target, which is
interacted with the ligand.

Fig. 12. The binding and stability of the docked complek matural lead molecule
Tamaridone and spike glycoprotein of SARS-CoV-2 evetudied by molecular dynamic
simulation at 100 ns. The trajectories obtainednduthe MD simulation is shown in figure

(a) Protein-ligand RMSD: Protein RMSD (A) is shoam the y-axis, and simulation time is
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given on the x-axis (b) Plot of the protein RMSRISF (A) is given in the y-axis and atom
index is showed in the x-axis (c) Plot of ligand BM RMSF (A) is shown in y-axis and
atom index is given in the x-axis (d) The protegahd contact is shown in the form of a
histogram. The blue, grey, pink, and green regiarthe histogram represent water bridges,
hydrophobic interactions, ionic bonds, and hydrobends respectively (e) The interactions
between Hyoscyamine and post-fusion conformatiorthef spike glycoprotein observed
during MD simulation (f) The protein-ligand contacthown in the form of timeline
representation. The top panel shows the total nummbepecific contacts between receptor
and ligand, and the bottom panel shows the amind @sidues of the target, which is

interacted with the ligand.

Fig. 13. The binding and stability of the docked compldxconventional antiviral drug
Chloroquine and Glutathione-S-transferase studiedhblecular dynamic simulation at 100
ns. The trajectories obtained during the MD simafais shown in figure (a) Protein-ligand
RMSD: Protein RMSD (A) is shown on the y-axis, aimulation time is given on the x-axis
(b) Plot of the protein RMSF: RMSF (A) is giventime y-axis and atom index is showed in
the x-axis (c) Plot of ligand RMSF: RMSF (A) is sftoin y-axis and atom index is given in
the x-axis (d) The protein-ligand contact is shawthe form of a histogram. The blue, grey,
pink, and green regions in the histogram represater bridges, hydrophobic interactions,
ionic bonds, and hydrogen bonds respectively (&) iliteractions between Hyoscyamine and
post-fusion conformation of the spike glycoproteimserved during MD simulation (f) The
protein-ligand contacts shown in the form of timelrepresentation. The top panel shows the
total number of specific contacts between receptwt ligand, and the bottom panel shows
the amino acid residues of the target, which isradted with the ligand.
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Tablelegends
Table 1. The structural description of eleven probablegdtargets (with known 3D

structures) that are involved in the virulence pathogenesis of SARS-CoV-2

Table 2. The computational validation description of 3lmble drug targets of SARS-CoV-
2 causing COVID-19 that are involved in the pathwgs mechanism of coronavirus

modeled by ab initio approach using the C-| tassever.
Table 3. The binding potential of selected natural leadetules towards the probable drug

targets of human SARS-CoV-2 predicted by molecdlaecking studies by AutoDock and
AutoDock Vina

61



1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504

Supplementary materials

Supplementary figures

Fig. S1. The MD simulation analysis of the post-fusion foomation of the spike
glycoprotein (a) The secondary structural conforomabf the proteins specifying the amino
acid residues observed during the MD simulation The conformational changes of
secondary structural elements (SSE) of each ofdsidues overtime during MD simulation
(c) The stability of SSE observed throughout thauation at 100 ns. (d) MD simulation
analysis of the ligand Hyoscyamine. The 2D repregem of the ligand (e) The 2D
representation with the color-coded rotatable baff)d3he major ligand features observed
during the MD simulation of 100 ns such as ligand3D, the radius of gyration (rGyr),
intramolecular hydrogen bonds (intraHB), moleculsurface area (MolSA), solvent
accessible surface area (SASA) and polar surfaea @PSA) monitored throughout the
simulation (g) The torsion profiles (dial plot abdr plot) of the ligand for the rotatable bond

is shown in various colors.

Fig. S2. The MD simulation analysis of Replicase polypmtdab (a) The secondary
structural conformation of the proteins specifyihg amino acid residues observed during
the MD simulation (b) The conformational changes@&ftondary structural elements (SSE) of
each of the residues overtime during MD simulat{oh The stability of SSE observed
throughout the simulation at 100 ns. (d) MD simiolatanalysis of the ligand Rotiorinol-C.
The 2D representation of the ligand (e) The 2Des@ntation with the color-coded rotatable
bonds (f) The major ligand features observed dutirgMD simulation of 100 ns such as
ligand RMSD, the radius of gyration (rGyr), intralecular hydrogen bonds (intraHB),
molecular surface area (MolSA), solvent accesssbidace area (SASA) and polar surface
area (PSA) monitored throughout the simulationTgg torsion profiles (dial plot and bar

plot) of the ligand for the rotatable bond is shawwarious colors.

Fig. S3. The MD simulation analysis of the post-fusion foomation of the spike

glycoprotein (a) The secondary structural conforomabf the proteins specifying the amino
acid residues observed during the MD simulation The conformational changes of
secondary structural elements (SSE) of each ofaki€ues overtime during MD simulation
(c) The stability of SSE observed throughout thauation at 100 ns. (d) MD simulation
analysis of the ligand Scutifoliamide-A. The 2D megentation of the ligand (e) The 2D
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representation with the color-coded rotatable baff)d3he major ligand features observed
during the MD simulation of 100 ns such as ligand3D, the radius of gyration (rGyr),

intramolecular hydrogen bonds (intraHB), moleculsurface area (MolSA), solvent
accessible surface area (SASA) and polar surfaea @?SA) monitored throughout the
simulation (g) The torsion profiles (dial plot abdr plot) of the ligand for the rotatable bond

is shown in various colors.

Fig. $4. The MD simulation analysis of the spike glycopint(a) The secondary structural
conformation of the proteins specifying the amimidaresidues observed during the MD
simulation (b) The conformational changes of seaopdtructural elements (SSE) of each of
the residues overtime during MD simulation (c) Btability of SSE observed throughout the
simulation at 100 ns. (d) MD simulation analysis tbe ligand Tamaridone. The 2D
representation of the ligand (e) The 2D represematith the color-coded rotatable bonds
() The major ligand features observed during the BMmulation of 100 ns such as ligand
RMSD, the radius of gyration (rGyr), intramoleculardrogen bonds (intraHB), molecular
surface area (MolSA), solvent accessible surfaea @88ASA) and polar surface area (PSA)
monitored throughout the simulation (g) The torspofiles (dial plot and bar plot) of the

ligand for the rotatable bond is shown in varioakrs.

Fig. S5. The MD simulation analysis of glutathione-S-tf@nase (a) The secondary
structural conformation of the proteins specifyihg amino acid residues observed during
the MD simulation (b) The conformational changes@&tondary structural elements (SSE) of
each of the residues overtime during MD simulat{oh The stability of SSE observed
throughout the simulation at 100 ns. (d) MD simolatanalysis of the antiviral drug
Chloroquine. The 2D representation of the ligandTlee 2D representation with the color-
coded rotatable bonds (f) The major ligand featueserved during the MD simulation of
100 ns such as ligand RMSD, the radius of gyraft@yr), intramolecular hydrogen bonds
(intraHB), molecular surface area (MolSA), solvantessible surface area (SASA) and polar
surface area (PSA) monitored throughout the sinmratg) The torsion profiles (dial plot

and bar plot) of the ligand for the rotatable banghown in various colors.
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Supplementary Tables

Table S1. Computational virtual screening of selected radtlgad molecules by literature
survey and database search based on the drughégslifeatures predicted by PreADMET
and SwissADME

Table S2. The prediction of ADME features of the naturaddemolecules, which qualified

the drug likeliness features via various statisticendels available in PreADMET and

SwissADME.

Table S3. The prediction of toxicity features of the natuesmd molecules that qualified the
ADME features via various statistical models aua#an PreADMET and SwissADME.
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Tables

Table 1. The structural description of eleven probable dlargets (with known 3D structures) that are invdlve the virulence and pathogenesis of SARS-

CoV-2
PDB Name of the protein ResolutioR-Value Free  R-Value Work Experimental method Seeoynstructure References
ID n
1IWYY Post-fusion hairpin conformation of the A, B 2.2 A 0.249 0.210 X-ray diffraction 66% helica Duquerroy et al.,
spike glycoprotein 2005
6VYB SARS-CoV-2 spike ectodomain structuré\, B, C 3.2 A Aggregation Reconstructio Electron Microscopy  16% helical, 25%  Walls et al., 2020
(open state) state: Particle n method: beta sheet
Single particle
6VXX  Structure of the SARS-CoV-2 spike 2.8A Aggregation Reconstructio Electron Microscopy  16% helical, 25%  Walls et al., 2020
glycoprotein (closed state) state: Particle n method: beta sheet
Single particle
1Q2W  X-Ray Crystal Structure of the SARS A, B 1.86 A 0.249 0.194 X-ray diffraction 24% helic28% Bonanno et al.,
Coronavirus Main Protease beta sheet 2003
5RE4 Crystal Structure of SARS-CoV-2 main A 1.88A 0.266 0.199 X-ray diffraction 26% helicaB% Fearon et al., to
protease in complex with 21129283193 beta sheet be published
316G Newly identified epitope Mn2 from 2.201A  0.246 0.205 X-ray diffraction 26% helical, 39% Liu et al., 2010
SARS-CoV M protein complexed beta sheet
withHLA-A*0201
2MM4  Structure of a Conserved Golgi - Conformers  Conformers NMR 65% helical Li et al., 2014
Complex-targeting Signal in Coronavirus Calculated: Submitted: 15
Envelope Proteins 200
1XAK  Structure of the sars-coronavirus orf7a A 1.8A 0.275 0.223 X-ray diffraction 48% beta sheet Nelson et al.,
accessory protein 2005
2CME  The crystal structure of SARS 2.8A 0.289 0.266 X-ray diffraction 3% helical,%beta Meier et al., 2006
coronavirus ORF-9b protein sheet
6M17  The 2019-nCoV RBD/ACE2-BOAT1 2.9A Aggregation Reconstructio Electron Microscopy 3% helical, 23% betaYan et al., 2020
complex state: Particle n method: sheet
Single particle
6M71  SARS-Cov-2 RNA-dependent RNA A, B.C, 29A Aggregation  Reconstructio Electron Microscopy  47% helical, 17%  Gao et al., 2020
polymerase in complex with cofactors state: Particle n method: beta sheet

Single particle




Table 2. The computational validation description of 3 pble drug targets of SARS-CoV-2 causing COVID-18atthre involved
mechanism of coronavirus modeled by ab initio apphousing the C-I tasser server

in the pathogenesis

UniProt  Organism Entry names Protein Gene  Function Length ProSA ERRA WHATI  Verify3D Anolea ProCheck
ID names (z- T F (residues (e/kt) Favoured Allowe Outlier
score) (overall Ramacha having region d region
quality ndran (Z- averaged region
factor) score) 3D-1D score
>=0.2)
P59632  Human SARSAP3A_CVHSA Protein3a 3a induces 274 -3.33 39.62 -5.763 50.82% 359 69% 35.8% 5.2%
coronavirus apoptosis
(SARS-CoV)
POC6U8 Human SARS R1A CVHSA  Non- Nspl0 essential 139 -4.88 30.71 -6.042 63.64% 871 68.8% 27.9% 3.2%
coronavirus structural for viral
(SARS-CoV) protein 10 mRNA cap
methylatio
n
P59634 Human SARS NS6_CVHSA  Non- Nsp6 induction 63 -5.67 86.84 0.783 64.65% -528 89.3% 9.1% 1.6%
coronavirus structural of
(SARS-CoV) protein 6 autophagos
omes




Table 3. The binding potential of selected natural lead malles towards the probable drug targets of humaRSE&oV-2 predicted by molecular docking

studies by AutoDock and AutoDock Vina

Protein name PDB Ligand names Ligand structure Binding RMSD Interacting residues Hydrogen
ID affinity A bonds
(Kcal/maol)
Spike glycoprotein  1WYY  Hyoscyamine -8.14 0.0 Ser924, Thr925, Gly928, Asnll168: 2
Pubchem ID: 154417 Asp932, GInl1161, ILel164,
SourceDatura Asnl1168 (Chain A),
2 Ser924, Thr925, Gly928,
" GIn1161, lle1164 (Chain
Y B)
Spike glycoprotein- 6VXX -5.7 0.0 Leu335, Pro337, Phe338, 0
Closed state Gly339, Asp364, Val367
Spike glycoprotein- 6VYB -6.0 0.0 Trpl04, lle119, Vall26, Serl72:1
Open state lle128, Tyrl70, Serl72,
lle203, Val227

Membrane protein 316G -0.7 0.0 Glyo 0
Envelope small 2MM4 2.2 0.0 Lys63, Asn64 0
membrane protein
Replicase 1Q2W -6.1 0.0 Glul56, Metl165, Aspl187, GIn192
polyprotein 1ab Arg188,GIn189, GIn192
Replicase 5RE4 -6.0 0.0 Trp218, Asn221, Leu271 Trp218: 1
polyprotein la
Protein 7a 1XAK -4.4 0.0 Tyr3, Tyr5, His47, GIn61 0
Protein 9b 2CME -4.4 0.0 Arg68, Ala69, Phe70 0
Receptor binding  6M17 -54 0.0 Thr376, Val407, Ala411l, O
domain of Val433, Tyr508
membrane protein
Non-structural 6M71 -5.3 0.0 Thr46, Phe49, Val53 0
protein 7 C
Non-structural 6M71 -5.9 0.0 Leul28, Vall30, Thr141l, O
protein 8 B,D Tyrl49




Non-structural
protein 12

Non-structural
Protein 6

Non-structural
Protein 10

Protein 3a

Spike glycoprotein

Spike glycoprotein-
Closed state

Spike glycoprotein-
Open state

Membrane protein

Envelope small
membrane protein

Replicase
polyprotein 1ab

Replicase
polyprotein 1la

Protein 7a

Protein 9b

6M71_
A

Hypoth
etical
model
Hypoth
etical
model
Hypoth
etical
model
IWYY Rotiorinol C
Pubchem ID:
11703984
SourceChaetorium
cupreum

6VXX

6VYB

316G

2MM4

1Q2W

5RE4

1XAK

2CME

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Pro412, Phe415,Phe440,
Phe843,

0

Asp6, Phe7, Leul5, Leu40,0

1le60

lle55, Cys74, Tyr76, His83,His83:1

Asp9l, Leull?2, Thrl15,
Valll6

Phe56, lle63,
Lys66,Tyr189, Glul91l,

Arg4, Lys5, Tyrl26,
GIn127, Arg131, Asp289
and Glu290

Arg34, Thr208, Pro209,
Leu212, Pro217, GIn218,
Phe220

Thr33, Pheb9, Asp287

Glyo

Lys63, Asn64

Phe3, Lys5, Arg131,
Trp207, Phe291, 11286,
Asp289

Lys137, Thr199, Tyr239,
Leu286,Leu287, Glu288,
Asp289
Tyr3, His47, Arg57, Thr59

Ser56, Leu65, Glu66,
Ala67, Arg68, Ala69,
Phe70, Ser72

5, Lys5,
GIn127, Asp
289, Glu290
(A chain)
Glul27 (B
chain)
Phe220: 1

Trp207: 1

Tyr239,
Asp289: 3

0

Ser56: 1




Receptor binding
domain of
membrane protein

Non-structural
protein 7

Non-structural
protein 8

Non-structural
protein 12

Non-structural
protein 6

Non-structural
Protein 10

Protein 3a

Spike glycoprotein

Spike glycoprotein-
Closed state

Spike glycoprotein-
Open state

Membrane protein

Envelope small
membrane protein

Replicase
polyprotein 1lab

Replicase
polyprotein la

6M17

6M71_
c

6M71_
B,D

6M71_
A

Hypoth
etical
model
Hypoth
etical
model
Hypoth
etical
model
lwyy Scutifoliamide A
Chemspider ID:

23311285
SourcePiper
6VXX  scutifolium HN
6VYB Y
316G
2MM4
1Q2w
5RE4

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Cys336, Phe338, Gly339, Ser373:1
Ala363, Asp364,

Val367,Ser371, Ser373,

Phe374,

Lys2, Asp5, Thr9, Thrd6, O

Phe49, Val53, Met52

Prol33, Asp134, Tyrl35, Tyrl35:1
Trpl82, Prol78
Argl81, GIn184, Asn213 0

GIn8, Lys38, Lys42, Leud44d  Lys42:1

lle55, His83, Lys96,Valllé His83:1

Phe28, Val29, Arg68, 0
Ala72, Val9o0
Asn910, Ala940, 0

Thr943,Leu944, GIn947,
Asn951,Leull78,Leull8l,
Glu1183

Leulls8, Val120, Phel135, 0
Leuldl, Leu241

Phe823, Asn824,Val826, Asn824:1
Pro863,Pro1057,His1058

Glyo 0

Ly63 0

Arg4, Lys5 and Phe291 (A 1; Lys5 (B
chain), Lys 5 (B chain) chain)

Val212, Arg217, Leu220, O
GIn256, 11e259, Asp263




Protein 7a 1XAK

Protein 9b 2CME

Receptor binding  6M17

domain of
membrane protein
Non-structural 6M71
protein 7 C
Non-structural 6M71_
protein 8 B, D
Non-structural 6M71
protein 12 A
Non-structural Hypoth
Protein 6 etical
model
Non-structural Hypoth
Protein 10 etical
model
Protein 3a Hypoth
etical
model
Spike glycoprotein ~ 1wyy Tamaridone
Pubchem ID:
15345466

Spike glycoprotein- 6VXX  SourceTamarix

Closed state dioica

Spike glycoprotein- 6VYB
Open state

Membrane protein 316G

Envelope small 2MM4
membrane protein
Replicase 1Q2wW

polyprotein 1ab

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

GIn6, Cys8,val9, Thr12, Val9,
Leul6, Lys17 Lysl7: 2

Ala58, Arg68, Ala69, 0
Phe70, Ser72

GIn493, Tyr495, Gly502, GIn493,
Tyr505 Gly502: 2

Asp5, Thr9, Thr46, Phe49, Thr9: 1
Glu50, val53

Leul28, Met129, Pro133, O
Thrl41, Tyr149

Asp484, 1le488, GIn573, 0
Ser578, Ala581

Leul6, llel7, Arg20, Thr21  Arg20: 1

His83, Leu92, Asnl114, Vallle6: 2
Thr115,Vall16

Cys130, Trp131, His150, O
His204, His227

Asp931, Asn935, Lys1162, 1; Asn935
Aspl165, Asn1168,

Lys1172

Ala520, Phe559, Phe562, GIn564,
GIn563, GIn564, Phe565, Phe565,
Gly566, Arg567 Arg567: 4
Thr732, Thr778, Ser780, Ser730: 2
Pro863, His1058

Glyo 0

Lys63, Asn64 Asn64: 1
Glyl1, Lys12, Glul4, Glyll: 1
Gly15,




Replicase
polyprotein la

Protein 7a

Protein 9b

Receptor binding
domain of
membrane protein
Non-structural
protein 7

Non-structural
protein 8

Non-structural
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Highlights

Aimed to study the binding potential of natural lead molecules to SARS-CoV-2 targets
Four lead molecules showed the binding potential to the selected targets of S SARS-
CoV-2

Hyoscyamine and Tamaridone showed the profound binding potential to spike
glycoprotein

Rotiorinol-C and Scutifoliamide-A showed significant binding to the main protease of
SARS-CoV-2

Natural |eads showed better binding than currently suggested antiviral drugs



Conflict of interest statement

The authors declare that they have no competing interests.



	Binder1.pdf
	gr1
	gr2
	gr3
	gr4
	gr5
	gr6
	gr7
	gr8
	gr9
	gr10
	gr11
	gr12
	gr13


