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Abstract

SARS-CoV-2 (COVID-19) disease is a new strain of coronavirus (2019-nCoV) which has
spread all over the globe in a very short time becoming pandemic. Till date, there is no
particular drug or therapy that can be used for the treatment of COVID-19 infection. This novel
2019-nCoV 1s a potential drug target in our recent study. In the present study, we have
performed the in-silico study of SARS-CoV-2 structure with different herbal compounds of
medicinal importance. We selected four viral key proteins of SARS-CoV-2 structure i.e ACE-
2 Receptor, Main Protease (Mpro), APO Form, Cryo- electron microscopy structure for the
Molecular docking followed by the molecular dynamic simulation. Using this simple in silico
approach based on the molecular docking and MD simulation of protein and phytochemicals,
we have identified potential lead candidates for the development of low cost nutraceuticals,
which can be used against SARS-CoV-2 virus. Our analysis suggested that phytochemicals
obtained from Phyllanthus emblica and Azadirachta indica have the highest potential to bind
with ACE2 receptor or main protease of SARS-CoV-2, inhibiting the protease enzymatic
activity. The lead compounds of herbal origin were docked and simulated on viral key proteins
of SARS-CoV-2 structure to evaluate the binding affinity of these phytochemicals along with
the type of interaction and its stability in terms of RMSD and Ramachandran plot. Further,
these results were also verified by drug likeness properties by using SwissADME software.
Overall, our results suggest that out of 14 herbal compounds, Nimbolide and Withaferin-A has
great potential to be developed as low-cost nutraceuticals against SARS-CoV-2 virus, which is
the need of hour. Though our results seem very promising, it needs to be validated by doing

invitro and in-vivo studies accompanied by clinical trials in proper set up.
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1. Introduction

Coronavirus Disease (SARS-Cov-2) is a highly infectious disease caused by newly discovered
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), that is responsible for
respiratory illness effecting different parts of the respiratory system especially the lungs."?
This novel Corona virus was first identified and reported in December 2019, with the very first
infection case for human in Wuhan City located at Hubei, China.? The novel coronaviruses are
family of viruses comprises of enveloped RNA viruses.* > It is a zoonotic disease, which can
be transmitted from animal to people causing the respiratory illness.” The World Health
Organization (WHO) declared this disease as a pandemic on 11" March 2020 and SARS-CoV-
2 as the deadliest virus. According the WHO report on 24" June, 2020, it infected 91,29,146
people globally and death toll rate reached 4,73,797. In such extreme health crisis, this virus is
spreading at a much faster rate and scale than any previous coronavirus epidemics, which
causes 5.18 % death rate of infected individual at present.® As the antigen is novel for a human
host, public health is being seriously challenged. The spike protein on the surface of the novel
corona virus particle plays an important role in the binding of the drug or inhibiting the protease
enzymatic activity for targeting the active sites of 2019-nCoV.” Therefore, we can say that the
world is in dire need for the fast development of drug, which is not yet available.” In the recent
times, computational aided drug design methods have shown great importance as these
techniques are expected to be faster and cost efficient.® In early stages of drug discovery in-
silico methods aid in minimizing the risk of time and cost.” Therefore, computational aided
drug design is one of the most popular and reliable technique for the development and
assessment of the theoretical findings for drug discovery. Now days, phytochemicals are
considered to be one of the key source of antiviral drug molecules.!® Therefore, it is of global
interest to identify and exploit naturally occurring phytochemicals or herbal compounds with

lesser side effects, for the development of low cost nutraceuticals to control the SARS-CoV-2



viral infections.!! In the present work, active target (Mpro, ACE2, spike protein etc.) of novel
corona virus protein were screened with different Asian and FEuropean originated
phytochemicals isolated from Amla (Phyllanthus emblica), Elderberry (Sambucus), Moringa
(Moringa oleifera), Neem (Azadirachta indica), Tulsi (Ocimum tenuiflorum), Liquorice
(Glycyrrhiza glabra), Ashwagandha (Withania somnifera) using molecular docking tools and
molecular dynamic simulation. Molecular docking studies are based on the scoring algorithm,
which calculates the binding energy (AG) between the ligands and the protein. The Binding
energy predicts the strength of association or binding affinity between two molecules. Using
these docking results, we performed Molecular dynamic simulation study for understanding
the motions and structural behaviour of corona virus with high binding affinity phytochemicals
at an atomic scale via theoretical principles. Our study includes 15 specific phytochemicals of
herbal origin and four different structural motifs of SARS-CoV-2 virus for qualitative analysis
along with the validation and comparison study. The list of various phytochemicals and
different structural motifs of SARS-CoV-2 is given in Table 1&2. 3D structure of original
SARS-CoV-2 (2019-nCoV) A: PDB (6LZG, ACE2 Receptor); B: PDB (5RH4, Mpro
Structure). C: PDB (6M2Q, APO Structure); D: PDB (6Z43, Cryo EM Structure) is shown in
Figure 1.

Tablel: List of Phytochemicals

Herb Phytochemicals/active ingredient
Chebulagic Acid
Amla .
Pedunculagin
Flavylium
Elderberry Cyanidin-3-glucoside
Cyanidin-3-sambubioside
Moringa Chlorogenic acid
Azadirachtin
Neem - -
Nimbolide
Apicen
Tulsi plg'emn ;
Oleanolic Acid
Glabridin
Liquorice Glycyrrhizin
Liquiritigenin
Fennel Trans-anethole

Ashwagandha Withaferin-A




Table2: List of SARS-CoV-2 Structures

Type of structure Resolution Description

Mpro Structure (SRH4) 1.34 A PanDDA analysis group deposition SARS-
CoV-2 main protease fragment screen Crystal
Structure of SARS-CoV-2 main protease in
complex with Z1530425063 (Mpro-x2659).

ACE2 Receptor (6L.ZG) 2.50 A Structure of novel coronavirus spike receptor-
binding domain complexed with its receptor
ACE2.

APO Structure (6M2Q) 1.70 A SARS-CoV-2 3CL protease (3CL pro) APO

structure (space group C21).
Cryo EM Structure (6Z43) 330 A | Cryo-EM Structure of SARS-CoV-2 Spike:
H11-D4 Nanobody Complex.

(C) PDB: 6M2Q

(D) PDB: 6743

Figure 1: 3D structure of original SARS-CoV-2 (2019-nCoV) A: PDB (6LZG, ACE2
Receptor); B: PDB (SRH4, Mpro Structure). C: PDB (6M2Q, APO Structure); D: PDB(6Z43,
Cryo EM Structure).Each color represents specific amino acid residues. Like bright red
indicates ASP,GLU; yellow indicates CYS,MET; blue indicates LYS,ARG; orange represents
SER,THR; mid blue indicates PHE,TYR; cyan indicates ASN,GLN ; light grey represents



GLY; green indicates LEU,VAL,ILE ;dark grey indicates ALA ; pink indicates TRP; pale blue
represents HIS; flesh color indicates PRO amino acids.

The angiotensin- converting enzyme-2 (ACE?2) receptor is a prominent receptor on the surface
of many cells.!? Using the spike-like protein on its surface, the SARS-CoV-2 virus binds to
ACE?2 — like a key being inserted into a lock — prior to entry and infection of cells.'* '* Hence,
ACE?2 acts as a cellular doorway — a receptor for the virus that causes transmission of COVID-
19.15-16 While the virulence of this novel corona virus is due to the presence of main protease,
which is primarily responsible for virus replication.!” 18 Therefore, we have focused on the
main protease and ACE2 receptor as the target protein to identify the best inhibitory drug
molecule of herbal origin by using in silico computational methods like molecular docking and
simulations. Along with these two structures, we also focused on APO and Cryo EM Structure
of SARS-Cov-2 for the comparative study between all the motifs. Further, these results were
also validated by investigating their pharmacokinetics and bioavailability using SwissADME
to create BOILED-Egg model based on gastrointestinal absorption and brain access.!® This
model can be applied in a variety of settings, starting from the filtering of lead compounds at
the early steps of drug discovery, to the evaluation of drug candidates for development. The
aim of present study is to screen various herbal compounds based on their inhibitory activity
against receptor and main protease of SARS-Cov-2 virus by means of computational studies
towards development of low-cost nutraceutical with less side effects. The rationale behind
selecting these herbal plants was that they are already known for their immune boosting or
antiviral property.'% 2% 2! Though our results seem very promising, it needs to be validated by

doing invitro and in-vivo studies accompanied by clinical trials in proper set up.

2. Materials and methods
2.1 Molecular docking process

Molecular docking studies were carried out using the Auto Dock Vina software for the
investigation and analysis of the molecular interaction between different phytocompounds and
SARS-Cov-2 virus.?? The crystal structures of SARS-CoV-2 (PDB code: SRH4, 6L.ZG, 6M2Q,
6743) were obtained from the Protein Data Bank (www.pdb.org). For docking analysis, the
studied ligands were sketched using pymol interface. The water molecules and metals were
stripped out from the proteins pdb files .The polar hydrogen atoms were added to the amino
acid residues. Missing side chains and residues were fixed and protein energies were minimized

using the Amber10 force field. In addition, gasteiger charges were assigned to all atoms of the



protein. The resulted structures were used for docking analysis in Autodock programs. The
phytochemicals were extracted from the PubChem database in the SDF format and were
converted to PDB format using PyMOL. Then the protein in PDBQT format was used as an
input for the AUTOGRID program. Docking calculations were carried out using the
Lamarckian genetic algorithm (LGA), and all parameters were the same for each docking.?
The grid box conformation is given in Table 3. The exhaustiveness was set 24 for each docking

calculation.?*

Table 3: Molecular Docking grid box specification.

Centre Size
X Y Z X Y Z
Mpro 11.822 0.702 4.799 74 89 106
Structure
(5RH4)
ACE2 -26.283 18.290 -13.899 80 74 92
Receptor
(6LZG)
APO 37.109 -12.751 49.702 98 78 94
Structure
(6M2Q)
Cryo EM 218.126 218.609 210.753 112 110 124
Structure
(6Z43)

These output files were stored in PDBQT files, each having nine poses. Different poses were
analyzed in the AutoDock tool and pymol. The pose with the highest binding energy or affinity
was selected for further molecular dynamics simulation analysis by using the GROMACS

software.
2.2 Pharmacokinetics and bioavailability investigation by SwissADME web tool

The Lipinski rule of five signifies the drug ability of the compound. This was calculated using
SwissADME: a free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules.?’> The molecular weight, number of hydrogen bond
donor and acceptor, number of Lipinski violations, number of rotatable bonds all were

calculated and represented as BOILED EGG construction.
2.3 MD SIMULATION

The Ligand-ACE2-RBD complex and Ligand_Mpro complex were obtained after the
molecular docking studies. The simulation systems for ACE2-RBD complex and Ligand_Mpro



complex were prepared using the GROMACS software.?® MD simulation was performed with
CHARMM36 force field using the NAMD package.?’” The protein complex with selected
phytochemicals was solvated with TIP3P water molecules in 10%10%¥10 A box. The systems
were neutralized by adding counter ions and periodic boundary conditions were applied. The
Particle Mesh Ewald method?® was used to calculate the long-range electrostatic interactions
while the SHAKE algorithm was used to constrain the hydrogen bonds.? NPT and NVT
ensemble was used with periodic boundary conditions. Pressure was fixed at 1 atm, while the
temperature was set at 300 K. The particle-mesh Ewald method was used to evaluate the
Coulomb interactions. 2 fs of time step was used in all MD simulations. Initially, water was
equilibrated for 200 ps at 300 K after fixing the protein and energy minimization of 1000 steps.
1000 steps of energy minimization of the whole system were performed, and further
equilibration for 400 ps at 310 K after releasing the protein was done. Simulation run was
performed of 25 ns. The trajectory data were saved at every 1 ps to analyze the change in the
dynamics of ACE2-RBD, Mpro structural binding interface using the VMD. The root mean
square deviation, Ramachandran plot and snapshots at every 5 ns were calculated for all the
sixteen simulated systems (1. ACE2-Chebulagic Acid, 2. ACE2-Pedunculagin, 3. ACE2-
Azadirachtin, 4. ACE2- Nimbolide, 5. Mpro-Chebulagic Acid, 6. Mpro-Pedunculagin, 7.
Mpro-Azadirachtin, 8. Mpro- Nimbolide, 9. APO-Chebulagic Acid, 10. APO-Pedunculagin,
11. APO-Azadirachtin, 12. APO- Nimbolide, 13. CryoEM-Chebulagic Acid, 14. CryoEM-
Pedunculagin, 15. CryoEM-Azadirachtin, 16. CryoEM- Nimbolide ) to predict the reasons

attributable to their stability. The graphs were plotted using the origin and VMD software.

3. Result and Discussion
3.1 Molecular Docking

The molecular docking studies with various phytochemicals highlighting the different binding
and pocket sites for the 2019-nCoV are depicted in Table 4,5 & 6. Each phytochemical show
9 conformation of binding pockets for targeting sites. Each conformation has different binding
affinity with respect to the rmsd value of lower base and upper base. Docking study results for
the binding of these phytochemicals are shown in Figure 2. The SARS-CoV-2 structure has
different active binding or targeting sites for each different phytochemical. These active target
sites can be used for targeted drug delivery to inhibit the protease enzymatic activity. The
detailed description of active binding or targeting sites for each phytochemical are shown in

Table 4,5 & 6.



Table 4: Highest Docking scores of different 15 phytochemicals with active site residues of

ACE2 6LZG structure

Herb

Phytochemicals/
active
ingredient

ACE2

Amino Acid
Residues

Binding
Domain

Types of
Interaction

Amla

Chebulagic Acid

-18.4

TYR-196(3.1),
GLN-102(3.1,3.4),
GLN-
98(2.8,2.9,3.4),
LSY-562(2.8),
ASN-
210(2.6,3.2,3.4),
ASP-206(2.4),
ALA-396(2.2)

ACE2

H- bond, n-
7T, 7T- cation

Pedunculagin

-17.5

GLN-102(3.2),
GLN-
98(2.8,2.9,3.1),
ASN-
210(2.7,3.0,3.4),
TYR-196 (2.5)

ACE2

H- bond, &-
T, TT- cation

Elderberry

Flavylium

-9.5

MET-366 (2.8,2.9),
PHE-438(2.2),
GLU-430 (2.7,2.9),
LYS-541(3.3),
THR-434(3.0),
ASN-290 (2.8,2.9)

ACE2

H- bond

Cyanidin-3-
glucoside

-10.2

GLU-564 (2.4,2.7),
TRP-566(3.1), ASP-
206(2.8), GLN-98
(3.2,3.2), ASN-
210(3.0)

- cation,

ACE2 H- bond

Cyanidin-3-
sambubioside

ARG-403 (2.8,3.1),
TYR-505(2.8, 2.9),
ARG-393 (3.0),
LYS-417(3.2),
GLN-

409(2.9,3.1,3.2),
ARG-408
(3.3,3.0,3.1,3.2)

ACE2,
RBD

(B6, B5)

H- bond, 7-
T, - cation

Moringa

Chlorogenic acid

GLN-102(2.9),
TYR-196(2.8),

ARG-
514(3.22.8,3.0),

509(2.3,2.1), SER-

TRP-203(3.0), ASP-

511(3.3,3.2,2.8,3.0)

H- bond, n-

ACE2 .
T, - cation




GLU-37(2.7), GLY-

ACE2,
Azadirachtin | 124 | #26G4), TYR- | “pppy” | H-bond, 7-
505(3.3), PHE- | el i
Neem 497(3.6) ;
THR434, LYS-541,
Nimbolide | -167 | GLN-429, THR- | ACE2 | n- cation
414, ILE-291

ILE-291(2.9,3.1),

THR-4142.1) | ACB2 | H-bond

Apigenin -9.3

Tulsi
Oleanolic Acid | 9.6 | ‘poih | ACE2 | H-bond
Glabridin | -9.7 Asiiggg(féjf)’ acgy | M-bond.®

ASP-367(2.4),
Liquorice Glycyrrhizin -15.3 1]\44;"81“14;216((32?),, ACE2 H- bond

ASP-292(2.1)

ILE-291(3.1), MET-
Liquiritigenin -8.9 366(2.9), GLU- ACE2 H- bond
430(2.8,3.0)
HIS-540(2.3,2.2),

Fennel trans-anethole -6.9 GLU-430(3.0), ACE2 H- bond

ASN-290(2.7,2.9)
THR-371(3.3), ILE-
291(3.0)

Ashwagandha | Withaferin-A -9.3 ACE2 H- bond

Table 5: Highest Docking scores of different 15 phytochemicals with active site residues of
Mpro Structure (SRH4)

Nu?raceutlcals Amino Acid Binding | Types of

Herb active Mpro . . .
. . Residues Domain | Interaction

ingredient
GLU290(2.9), LYS-
5(2.7,2.5,2.5,2.6),
. GLN-127(2.9,3.0), .

Chebu.laglc 14.6 PHE-8(3.2.3.7). Domain- | H- bondz -
Acid II T, T- cation

CYS-128(2.0), ASN-
151(2.9,3.2), PHE-
Amla 112(2.1)
ASN-238(2.6), ASP-
197(2.8), LYS-
137(2.8,2.9), THR- | Domain- | H- bond, &t-

Pedunculagin | -14.2

199(3.3), LEU- I cation
287(2.6), ASP-
289(3.2)
GLN-192(3.0,3.2), Domain-
Elderberry Flavylium -6.8 ASN-142(3.2), H- bond

L

MET-165(2.9),




Domain-
I

SER-144(3.3), GLY-

Cyanidin-3- 138 (2.4), GLU- DOTam_
gylucosi de 9.1 166(3.1), HIS- Dom’ain— H- bond
41(3.3), ASN- I
142(2.8,3.0)
GLN-192(2.8),
THR-190(3.3,2.5), | Domain-
Cyanidin-3- 76 HIS-41(3.2), LEU- I, H- bond, =-
sambubioside ’ 141(2.5) PHE- Domain- b
140(1.9), II
LYS-137(2.9),
ARG-131(3.5,2.9), | Domain-
. Chlorogenic TYR-239(2.8), 1I, H- bond, -
Moringa acid 74 THR- Domain- | =, 7t- cation
199(3.3,3.1,3.0), 111
LEU-271(2.7),
GLY- Domain-
) ) I, H- bond, -
Azadirachtin -11.5 143(3.0,3.3,3.4) Domain- cation
Neem THR-26(3.1) I
GLN-110(2.5), Domain-
Nimbolide -12.3 | SER158(3.0), THR- I H- bond
111(2.8)
SER-144(3.0), HIS- | Domain-
Apicenin 82 163(3.1), GLU- 1, H- bond, ©t-
p1g ' 166(3.1), THR- | Domain- i
Tulsi PR Dorgain-
GLU-166(2.1,3.0), I H- bond. 7~
Oleanolic Acid | -9.5 | THR-24(3.3), THR- Dom’ain- T ca tion
25 (3.0,2.8) I ’
ALA-191(2.1), DOTam' e bond. .
Glabridin -8.9 THR-190(3.4), Dom’ain- a
ASN-142(3.2) I T
GLN-192(2.8), Domain-
Liquorice .. THR-190(2.4), 1,
Glycyrrhizin | -13.3 THR-45(2.5), GLY- | Domain- H- bond
143(2.7) 1T
THR-1903.3), | PO
Liquiritigenin -7.5 | GLN-192(2.8), HIS- >, H- bond
Domain-
41(3.1)
11
Fennel trans-anethole | -6.1 GLN-127(3.0) Domain- | H- bond

II




Ashwagandha

Withaferin-A

-8.3

THR-24(1.9,2.6)
THR-26(2.9,3.2),
GLN-189(2.5)

Domain-

Domain-
I

L H- bond

Table 6: Highest Docking scores of different 15 phytochemicals with active site residues of

APO Structure (6M2Q) Cryo EM Structure (6Z43)

Cryo
Herb Phytochemic | APO Amino Acid -EM Amino Acid
als / active | form Residues Stru Residues
ingredient cture
THR-
LEU-287(2.9,3.1), 376(2%’{2;_3’2'9)’
Chebulagic |5, | THRAGI). | 205 | 48002324.25),
Acid ASP-17(2.4),
ARG-131(3.3.3.3) THR-385(3.2,3.5),
T TYR-369(2.4), SLR-
Amla 383 (2.8)
LEU-167(2.8), PHE-377 (2.4), SER-
MET-49(2.9),
SER-46(2.8,3.2) 383(3.2), TYR-
Pedunculagin | -14.3 OO | -17.7 ) 369(2.8,2.3) (2.8),
THR-26(3.0,3.3),
ALA-475(2.2,2.8),
HIS-41(3.2,3.3), TYR421(2.8)
CYS-145(2.6) )
. LEU-287(3.0), GLU-661, PRO-853,
Flavylium -6.9 ASP-289(2.9) -10.4 SER-698
PHE-140(2.5),
GLY-143(3.2),
Cyanidin3- | oo | PRy 16a0ar | 1Ls | LYS-529, ASN-544,
glucoside HIS-41(3.2), THR-523, ASN-388
GLU-166(2.7),
Elderberry HIS-163(2.9)
LY5-5(3.1) GLU- ALA-348(2.52.7)
290(2.1), ARG-
131(3.0). ASP- ARG-509(2.8,2.5)
Cyanidin-3- 2.0 729 (2' 6), TRP 0.1 PRO-426(2.9,2.5),
sambubioside | e ) e SER-469(2.0), CYS-
207(3.1), LEU-
432(2.5), THR-
282(2.0,2.2), 430(2.3.2.5)
SER-284(3.0) T
THR. THR-333(2.7), PRO-
Moringa | CMIOMOENC | 74 1 199202.933), | 9.5 | 20722 THE
acid ARG-131(2.9) 338(2.0,2.8), SER-
' 349(2.5)
GLY-
Neem Azadirachtin | -11.4 | 143(3.0,3.3,3.4) | -13.3 3 zrgiﬂ;_}?leG
THR-26(3.1) e ]




1039 (2.9,3.5), GLU-
725 (2.5)
L HIS-41(2.4), LYS-1038 (2.9),
Nimbolide | -1251 5 N 1103.0) | 1*7 | TRP-886 3.1)
HIS-164(2.2,2.0), ASN-481(2.1), ILE-
LEU-167(2.5) 468(2.5),
Apigenin | -8.2 =)k 1 .99 | PHE456(2.1), LYS-
ALA-129(2.3),
LEU-141(3.0) 528(1.9,2.3), VAL-
Tulsi 102(2.8,3.0)
GLY-109(2.9), PHE-168(2.7), ALA-
Oleanolic GLN- 520(2.9), SER-514
Aoid 93 110(3.1,3.3), | -10.1 | (3.2), LEU-229
THR-292(2.2), (2.2,2.3), SER-
ASN-203(2.5) 514(2.4,2.6)
ASN-214(2.4), LEE%(S;S"QI’{?)?P
Glabridin | 7.7 | ASN-203(28), | -112 | &\ e
GLY-283(2.9,3.2) 32903.1)
GLU-324(2.2.2.4),
THR-198(2.7), LYS-41(1.9), VAL-
Liquorice . PRO-132(3.0,3.2), 227(2.7), ASP-
¥ Glyeyrhizin 1 -12.7 1 51 \C107¢2.0), | 22| 198(2.6), PHE-
LEU-287(1.9) 541(3.1,3.3), ASN-
388(2.1)
L§§S717(£(§g )1’) GLY-447(3.1), LEU-
Liquiritigenin | -7.4 07 -10.9 44(2.4), TYR-
PHE-181(2.4), 4530.1)
TYR-161(3.3) '
ASN-203(2.5), LYS-528(2.9), ASN-
Fennel trans-anethole | -6.1 PHE-291(2.8), -7.1 540(3.2), VAL-
GLU-290(2.3,2.2) 327(3.0)
THRc'}nggfzm’ GLY-55(2.6), ASP-
Ashwagandha | Withaferin-A | -8.4 -10.9 467(2.8), GLY-
109(2.4,2.2), >325.3)
ASP-289(2.9) '

The phytochemicals compounds Chebulagic Acid, Pedunculagin of Amla (Phyllanthus
emblica) and Azadirachtin, Nimbolide of Neem exhibited highest binding energies for the
SARS-CoV-2 virus structure. These phytochemicals like Chebulagic Acid (-20.8 to -14.6
kcal/mol ), Pedunculagin (-17.7 to -14.2 kcal/mol ), Azadirachtin (-13.3 to -11.3 kcal/mol ) and
Nimbolide (-16.7 to -12.2 kcal/mol ) (see Fig 2,3) could become potential candidates for
targeting or inhibiting the protease enzyme of the SARS-CoV-2 viruses. The binding energy
values against Mpro and ACE2 receptor for these compounds are also good in comparison to

other phytochemicals.



Fig:2 Docked structure of (A) Chebulagic Acid (B) Pedunculagin (C) Azadirachtin (D)
Nimbolide with Structure of novel coronavirus spike receptor-binding domain complexed with

its receptor ACE2.

Additionally, We also analyzed the type of interaction between the phytochemicals and amino
acid residues within active site of SARS-CoV-2 virus structure. In ACE2 motif, Chebulagic
acid is forming n- cation and H-bond interaction with ASN-210. The benzene ring shows n-
interaction with GLN-102, GLN-98., while TYR-196 and LYS-562 formed the H bond
interaction with the ACE 2 receptor of SARS-CoV-2 virus. This vast number of interactions
gives the complex its stability with the —18.4 kcal/mol binding energy. Pedunculagin, the active
ingredient of Amla (Phyllanthus emblica) formed H-bond, n-n, and n- cation interaction with
GLN-102, TYR-196; GLN-98; and ASN-210 in ACE2 domain respectively. Azadirachtin and
Nimbolide the other phytochemical compound of Neem (Azadirachta indica) also showed
higher binding affinity towards the SARS-CoV-2 structure with H- bond and m- cation

interaction with corona virus structure.



Fig:3 Docked structure of (A) Chebulagic Acid (B) Pedunculagin (C) Azadirachtin (D)

Nimbolide with SARS-CoV-2 main protease Mpro Structure of novel coronavirus.

The details of types of interactions are given in Table 4, 5 for Mpro and ACE2 receptor. Many
phytochemical compounds show hydrophobic contacts towards the SARS-CoV-2 structure
with n-mt, and 7t- cation interactions. Docking studies with Mpro protease also exhibit similar
types of interaction with different phytochemicals e.g Chebulagic acid formed H-bond with the
O-H group to the GLU-290, PHE-8,PHE-112, CYS-128, while due to the presence of phenol
ring in the structure it also formed the n-m, and m- cation interactions with the LYS-5, GLN-
127 and ASN-151 respectively. The details of the bond length and interaction type with the
binding domain is described in the Table 4, 5 of docking results of ACE2 and Mpro structure.



3.2 MD SIMULATION

Molecular dynamics simulation studies were performed using the GROMACS software.
Molecular Dynamics (MD) simulation is an attractive approach to explore the real-time
dynamics and conformational stability of a protein upon binding of a ligand. Simulation studies
of 25 ns for the highest docking affinity of phytochemical based docked structure were carried
out. The Root Mean Square Deviation (RMSD) from the initial crystal structure, protein-ligand
binding contacts in terms of hydrogen bonding and electrostatic interactions were also

estimated to get an insight into the overall stability of the system.

Table 7: RMSD values of simulated ligand- protein docked complex

RMSD (A)
Herb Phytoghemlc? Is/ Sns 10 ns 15 ns 20 ns 25 ns
active ingredient
ACE2 211 | 347 | 5.11 633 | 655
M pro 159 | 260 | 480 | 640 | 7.84
Chebulagic Acid | Cryo-EM | o5 | 595 | 750 | 704 | 806
Structure
Ann] APOform | 1.80 | 466 | 598 | 624 | 6.69
mia ACE2 032 | 216 | 327 | 452 | 5.00
M pro 199 | 370 | 474 | 557 | 6.64
Pedunculagin | Cryo-EM 1 5 30 | g5 | 729 | 842 | 9.10
Structure
APOform | 2.05 | 326 | 455 | 537 | 568
ACE2 094 | 356 | 570 | 699 | 7.8
M pro 24 | 569 | 610 | 727 | 7.70
. . Cryo-EM
Azadirachtin 1.55 5.76 7.27 9.62 13.51
Structure
N APOform | 2.03 | 496 | 592 | 677 | 7.04
cem ACE2 160 | 281 | 442 | 567 | 6.12
M pro 123 | 300 | 506 | 7.10 | 7.48
Nimbolide | Cryo-EM 13 51| 554 | 660 | 818 | 11.03
Structure
APOform | 022 | 274 | 406 | 527 | 596

Our results from MD simulation shows that the ACE2-complex and APO form complex have
least RMSD value indicating higher stability in terms of electrostatic interactions and overall
stability of the simulated structure. The Root Mean Square Deviation (RMSD) conveys the
information of overall stability of the protein-ligand complex in terms of deviation from the
initial structure. As depicted in Table 7 all the fifteen systems were significantly stable with

variable deviation. All the systems have projected RMSD around 6-9 A except Azadirachtin



and Nimbolide for Cryo-Em Structure, which shows the RMSD up to 11-13 A. Upon
calculating the average deviation, Chebulagic Acid presented an average RMSD of 7.28 A with
slight increase fluctuation in Ca backbone around 20000ps and was stabilized in the remaining
simulation. Similarly, in the case of Pedunculagin the analysis of RMSD of Ca backbone has
prompted an average RMSD of 6.60 A. For Azadirachtin bound complex, the average RMSD
was found to be 8.88 A with the overall RMSD of around 9-10 A suggesting its stability. An
increasing fluctuation was observed in the starting and upto 15000ps and stable thereafter
throughout simulation. In case of Nimbolide bound complex to target protein, the average
RMSD of around 7.64 A was observed. The Nimbolide bound complex shows the least
fluctuation throughout the simulation process among the fifteen selected systems. However,
RMSD was significantly stable throughout the simulation with negligible fluctuation as
compared to other systems inferring the formation of most stable ligand bounded protein
complex of simulated system followed by a stable RMSD values. The data indicates that all

the systems showed stable internal motion. SEE Fig.4,5
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Figure 4: Root mean square deviation graph for ACE2 receptor docked phytochemical.
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Figure 5: Root mean square deviation graph for Mpro (main protease) docked with
phytochemical.

Further, Ramachandran plot was plotted in 2D to analyze the changes in the coordinates of the
simulated system. We analyzed and confirmed the changes in the conformational structure of
all ligand-protein complexes for the energetically activated coordinates region for the backbone
dihedral angles y against ¢ of the amino acid residues. (Fig6, 7) Validation of simulated system
using Ramachandran plot were performed with the PROCHECK server™.(Fig:8) It revealed
that simulated Chebulagic Acid with ACE2 receptor has 89.9% (594) residues of COVID-19
protease were in the most favoured regions[A,B,L], followed by 8.9% (59) in additional
allowed regions [a,b,1,p], 0.5% (3) in generously allowed region[~a,~b,~l,~p] and 0.8%(5) in
the disallowed regions. Overall, G factor for the predicted structure was - 0.05 (Table-8). The
G-factor provides a measure of the normalcy of stereo-chemical property of a protein model.
Values below - 0.5 shows unusual stereo-chemical property while values below - 1.0 show a
highly unusual property. Since G value obtained for the predicted model in the present study
is not less than - 0.5, it is suggestive of satisfactory quality check for the presence of any closely
related homologue of SARS-CoV-2.%° This background data further prompted us to continue

our hunt for potential phytochemical candidate for its inhibitory activity against receptor and



main protease of the SARS-CoV-2 virus as the target of foremost importance. Complete result

of Ramachandran plot is tabulated in Table no.8
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Figure 6: Ramachandran Plot for ACE2 (main protease) docked with phytochemical.
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Figure 7: Ramachandran Plot for Mpro (main protease) docked with phytochemical.
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Figure 8: Validation of simulated system using Ramachandran plot performed with the

PROCHECK server




Phytochemicals/ Most Favoured Additional Allowed Generously Disallowed G-Factor
active ingredient Regions[A,B,L] Regions[a,b,L,p], Allowed Region Regions
ACE2 89.9% 8.9 0.5 0.8 -0.05
M pro 88.6 10.1 0.7 0.6 -0.11
Chebulagic Acid Cryo-EM 336 15.2 05 0.7 029
Structure
APO form 88.3 10.8 0.4 0.5 -0.18
ACE2 87.6 11.3 0.6 0.5 -0.09
Ped o M pro 87.9 11.2 0.4 0.5 -0.17
edunculagin i
s Cryo-EM 85.6 13.1 0.7 0.6 2020
Structure
APO form 88.3 10.5 0.4 0.8 -0.19
ACE2 89.4 9.6 04 0.6 -0.14
M pro 88.9 10.1 0.7 0.3 -0.07
Azadirachtin Cryo-EM 842 14.5 0.9 0.4 025
Structure
APO form 88.6 9.9 0.8 0.7 -0.15
ACE2 89.9 9.4 0.5 0.3 -0.16
Nimbolid M pro 89.9 9.0 0.5 0.4 -0.08
imbolide _
Cryo-EM 87.6 11.4 0.3 0.7 022
Structure
APO form 89.7 9.1 0.8 0.4 -0.14

Table 8: Validation report of Ramachandran Pot based on PROCHECK server for Most Favoured Regions[A,B,L], Additional Allowed
Regions[a,b,l,p], Generously Allowed Region Disallowed Regions and G-Factors.
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Figure 9: Snapshot of SARS-CoV-2 of ACE2 receptor simulated system with phytochemicals
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Figure 10: Snapshot of SARS-CoV-2 of Mpro main protease simulated system with

phytochemicals




Moreover, in addition to the Ramachandran and rmsd values, the trajectories of amino acid
residues in the designated domain sites of ACE2 receptor and Mpro such as (TYR-196, GLN-
102, ASN-210, GLN-98,LYS-541, ASP-367, MET-366, GLU-430, ILE-291,HIS-41, ASN-
142, THR-190, GLN-192) play a vital role in the binding of phytochemical/active ingredient.
The visual structural analysis of Molecular dynamic simulation of 25 ns trajectories proposed
that all the computational docked complexes engaged in significant binding interactions with
the hotspot residues of the targeted SARS-CoV-2 protein structure (Figure 3A). While
analysing the simulated condition, it was observed that Chebulagic Acid exhibits strong and
stable significant interactions with the active site residues of all form of SARS-Cov-2 structure
(ACE2, Mpro, APO, Cryo-Em). Similarly, Nimbolide showed less fluctuated root mean square
deviation and highly strong interaction with main protease and ACE2 receptor in terms of H
bond and m-cation interaction. These interactions are probably responsible for the strong
affinity of screened phytochemicals causing the inhibition of the main protease and ACE2
receptor. All the interactions of ligand-receptor were highly conserved during the course of
simulation with high occupancies and accommodating the ligand to be held at the binding
pocket firmly. For detailed analysis, we have also taken the snapshot of each simulated system

at every Sns interval upto 25 ns. (Fig 9, 10).

Looking at these results it seems that there are multiple potential phytochemicals that can act
as lead compounds for the development of low-cost nutraceutical against SARS-CoV-2 virus.
Therefore, we further stringent our criteria for screening of lead compounds by subjecting them
to pharmacokinetics and bioavailability investigation by using SwissSADME tool. This tool
allowed us to create BOILED-Egg model predicting gastrointestinal absorption and brain
access of these phytochemicals, which is very important for drug discovery process.
Interestingly after putting all these phytochemicals to pharmacokinetics and bioavailability
investigation to create BOILED-Egg model, the number of eligible lead candidates reduced to
3 i.e Apigenin, Nimbolide and Withaferin A. Out of these three herbal compounds, Apigenin
can be excluded because of its inability to get effluated from the central nervous system.
Withaferin-A can also be excluded since its docking score was not very high compared to
others. Finally, only Nimbolide was left with good binding affinity towards both ACE2
receptor and main protease of SARS-CoV-2 as well as excellent pharmacokinetics and
bioavailability as per Lipinski rule of 5 (Fig-11) (See detailed Table ESI-Tablel), fulfilling the
criteria of lead compound that can easily be developed as low cost nutraceutical against SARS-

CoV-2 which can be easily taken via oral route because of its high gastrointestinal absorption.
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Figure 11: Combined Boiled egg representation (created by using Swiss ADME) of fifteen phytochemicals of herbal origin depicting their
pharmacokinetic behaviour and bioavailability based on their gastrointestinal absorption and brain access capability.



In the BOILED-Egg predictive model (Figure 11) white region indicates the physicochemical
space of molecules with highest probability of being absorbed by the gastrointestinal route
whereas the yellow region (yolk) depicts the physicochemical space of molecules with highest
probability to permeate the brain. Red dots represent the molecule predicted not to be effluated
from the central nervous system by p-glycoprotein and vice versa for blue dots.

4. Conclusion

We performed molecular docking studies followed by the molecular dynamic simulation to
evaluate and compare their energy scores and binding affinity, structural mechanism with
SARS-CoV-2 main protease, ACE2 receptor, APO, Cryo-EM structure. Our in-silico study
provides fruitful insight about the possible role of structural flexibility and efficacy during
interactions between different SARS-CoV-2 motifs and the phytochemicals. We also report the
preliminary molecular docking in silico studies with several phytochemicals, which have
shown promising anti-SARS-CoV-2 activity. For the treatment of any viral disease, the
receptor and protease of virus are considered as the most primary and favourable target.
Therefore, we focused our study towards four different SARS-CoV-2 motifs to cover a range
of targets. Our in-silico experiment based on molecular docking and molecular dynamic
simulation approach, we investigated 15 different types of phytochemicals derived from plants
of Asian and European origin, towards their potential application for the development of low
cost nutraceuticals against SARS-CoV-2 virus, with less side effects. Our studies give an
insight into the possible binding sites, the pocket(s) of ligand- protein interaction, best
conformer, its orientation and interactions with the respective targets. Based on their binding
affinity, we found that some phytochemicals like Chebulagic Acid, Pedunculagin,
Azadirachtin, and Nimbolide compounds may act as potential inhibitors of SARS-CoV-2
ACE2 receptor and main protease by showing promising interactions and most stable ligand
bounded protein complex with the novel corona virus. Further we also screened these four
phytochemicals for pharmacokinetics and bioavailability by using SwissADME. Taken
together our results based on molecular docking, simulation, pharmacokinetics and
bioavailability determination due to gastrointestinal absorption and brain access suggest that
there is only one herbal compound that fits all the criteria i.e Nimbolide showing great potential
for the development of low-cost nutraceuticals against corona virus. Some previous study
reports that structural stability of the SARS-CoV-2 Mpro protein with respect to flexible loop
mutations indicated that the virus’ mutability will further pose a challenge for the development
of of small-molecule inhibitors.?! As per these results our lead compound i.e Nimbolide is not
a very small molecule and is also known for its antiviral and immune boosting property. Further
it showed a greater potential to bind ACE2 as well as inhibit the Mpro enzymatic activity of
SARS-CoV-2 with high binding affinity, stability under simulated condition and excellent
pharmacokinetics resulting in enhanced bioavailability in the gastrointestinal tract. This study
strongly recommends the significance and importance of phytochemicals of herbal origin for
controlling SARS-CoV-2 virus by inhibiting the receptor and protease enzymatic activity.
These phytochemical compounds have higher potential to inhibit the SARS-CoV-2 spike
protein and the main protease of the virus, which showed stronger binding affinity including
the stable complexation with ACE2 receptor and Mpro than remdesivir drug, which has been
previously reported a good inhibitor for SARS-CoV-2 in vitro®2. Our computational study lays
the groundwork for computer-aided development of nutraceutical against SARS-CoV-2 with



less side effects in quick time, which is the need of hour. Although our results seem very
promising, but it needs to be further validated by both in vitro and in vivo studies accompanied
by clinical trials in proper setup.
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