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ABSTRACT

A new strain of coronavirus (CoV) has been identified as SARS-CoV-2, which is responsible for the recent
COVID-19 pandemic. Currently, there is no approved vaccine or drug available to combat the pandemic.
COVID-19 main protease (MP™) is a key CoV enzyme, which plays an important role in triggering viral rep-
lication and transcription, turns it into an attractive target. Therefore, we aim to screen natural products
library to find out potential COVID-19 MP™ inhibitors. Plant-based natural compounds from Sigma-Aldrich
plant profiler chemical library have been screened through virtual molecular docking and molecular
dynamics simulation to identify potential inhibitors of COVID MP™. Our virtual molecular docking results
have shown that there are twenty-eight natural compounds with a greater binding affinity toward the
COVID-19 MP™ inhibition site as compared to the co-crystal native ligand Inhibitor N3 (-7.9 kcal/mol). Also,
molecular dynamics simulation results have confirmed that Peonidin 3-O-glucoside, Kaempferol 3-O-
B-rutinoside,  4-(3,4-Dihydroxyphenyl)-7-methoxy-5-[(6-O--D-xylopyranosyl-B-D-glucopyranosyl)oxy]-2H-1-
benzopyran-2-one, Quercetin-3-D-xyloside, and Quercetin 3-O-a-L-arabinopyranoside (selected based on
the docking score) possess a significant amount of dynamic properties such as stability, flexibility and
binding energy. Our In silco results suggests that all the above mention natural compounds have the
potential to be developed as a COVID-19 MP™ inhibitor. But before that, it must go through under the
proper preclinical and clinical trials for further scientific validation.
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Introduction

Last year, in December 2019 rapidly spreading viral Pneumonia
cases were found in the city of Wuhan (China) (Wu et al.,, 2020;
Zhou et al, 2020). Later on, a new strain of coronavirus was
identified responsible for the outbreak, named SARS-CoV-2
(Gorbalenya et al.,, 2020), because the RNA genome of this new
virus is 82% identical to the SARS coronavirus (SARS-CoV) and
both the viruses belong to clade b of the genus
Betacoronavirus (Wu et al., 2020; Zhou et al., 2020). On February
11, 2020, the World Health Organization (WHO) officially named
the disease COVID-19 (coronavirus disease 2019). As human to
human transmission of this virus headed to exponential growth
globally. The World Health Organization (WHO) declared the
outbreak a pandemic on 11" March 2020. According to the
current situation report (WHO) on Aug 14”‘, 2020 there are
20,730,456 cumulative confirmed cases globally with a 3.62%
death rate (World Health Organisation (WHO), 2020).

Currently, there is no available therapy to treat COVID-19.
Therefore, drugs are needed which can inhibit the SARS-CoV-
2. One of the best drug targets to combat the coronaviruses
is the main protease (MP™) (Anand et al., 2003) (Figure 1). As
MP™ plays a pivotal role in the translation of polyproteins

from viral RNA. The functional polypeptides are release from
two overlapping polyproteins, ppla and pplab through an
expanded proteolytic process, majorly by the MP™, It oper-
ates at no less than 11 cleavage sites on the large polypro-
tein 1ab (replicase 1ab, ~790kDa); the recognition sequence
at most sites is Leu-GIn |(Ser, Ala, Gly) (| marks the cleavage
site) (Zhang et al., 2020). Therefore, blocking the activity of
this enzyme would inhibit viral replication and transcription.
Also, no proteases with a similar cleavage specificity are
known to be found in human, therefore inhibitors are more
likely to be non-toxic (Zhang et al, 2020). Regarding that,
target-based screening of bioactive compounds could be an
option to identify potential MP™ inhibitor for SARS-CoV-2.
For this purpose, computation (In silico) methods like virtual
molecular docking and molecular dynamic simulation could
be utilized efficiently. Later, screened potential compounds
can be validated through In vitro/In vivo experiments. Thus,
we can speed up the process of drug discovery and develop-
ment. As plant-based natural compounds have a large range
of structural diversity, we have tried to screen (In silico) nat-
ural compounds from Sigma-Aldrich plant profiler chemical
library against the target (COVID-19 MP™), and found a nat-
ural compound Rutin as a hit from garlic (Allium sativum)
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Figure 1. Schematic diagram of SARS-CoV-2 life-cycle.

with a basic structure of anthocyanin. Later on, we have tried
to find structurally similar natural compounds to Rutin and
also screened (In silico) them against the target.

Materials and methods
Target preparation

The 3D crystal structure of COVID-19 main protease (MP) has
been obtained from RCBS Protein Data Bank (PDB) (https://
www.rcsb.org/) using PDB ID: 6LU7 (Jin et al., 2020). The crystal
structure has two chains: A and C. Chain A of the macromol-
ecule has been selected as the target receptor. The native
co-crystal ligand present in the crystal structure is n-[(5-meth-
ylisoxazol-3-yl)carbonyllalanyl-I-valyl-n~1~-((1r,22)-4-(benzyloxy)-
4-oxo-1-{[(3r)-2-oxopyrrolidin-3-yl] methyl}but-2-enyl)-I-leucina-
mide (Inhibitor N3). Then, the selected target receptor has
been prepared (add hydrogen and charge: AMBER ff14SB) for
docking using Dock Prep tool of UCSF Chimera software.

Inhibition site selection

COVID-19 main protease (MP™®) 3D crystal structure (PDB ID:
6LU7) is a complex structure with an inhibitor N3. In
Discovery Studio Visualizer 2017 R2, it has been observed
that this protease crystal structure has five cavities site and
the Inhibitor N3 is bound to the protease at site 1 (Figure
S9). Therefore, we have selected site 1 as an inhibition site (X
= —13.670, Y=14.677, Z=73.814).

i_ i Viral RNA

Main protease inhibition
X X strategyto block viral
growth

Ligand selection

Initially, we have screened various natural compounds pre-
sent in Sigma-Aldrich plant profiler chemical library (https://
www.sigmaaldrich.com/life-science/nutrition-research/learning-
center/plant-profiler.html). Performing virtual molecular dock-
ing, we found that Rutin from garlic (Allium sativum) pos-
sesses a higher binding affinity than native co-crystal ligand
inhibitor N3 toward COVID-19 main protease. After that, struc-
turally similar compounds of rutin has been searched using
SwissSimilarity (http://www.swisssimilarity.ch/) web tool (Zoete
et al., 2016). From here, 40 compounds have been success-
fully docked to COVID-19 (MP™) inhibition site (Table 1).

Ligand preparation

All the ligands have been obtained from PubChem chemical
library in SDF format. Later on, it have been converted into
mol2 file format for docking purposes using Discovery Studio
Visualizer 2017 R2. Before docking, all the ligands (mol2 for-
mat) have been prepared (add hydrogen and charge:
Gasteiger) using Dock Prep tool of UCSF Chimera software.

Virtual molecular docking

Virtual molecular docking and analysis have been performed
according to the previously described method (Majumder
et al.,, 2019). All the small molecules have been docked at


https://www.rcsb.org/
https://www.rcsb.org/
https://www.sigmaaldrich.com/life-science/nutrition-research/learning-center/plant-profiler.html
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Table 1. Virtual molecular docking score.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 3

Binding Energy

Sl. No. Rank Ligand PubChem CID (kcal/mol)
1. 1. Peonidin 3-0-glucoside 443654 —94
2. 2. Kaempferol 3-O- -rutinoside 25201364 —-9.3
3. 3. Rutin 5280805 —9.2
4 4-(3,4-Dihydroxyphenyl)-7-methoxy-5-[(6-O--D-xylopyranosyl- 329824875
B-D-glucopyranosyl)oxyl- 2H-1-benzopyran-2-one
5. 4. Quercetin-3-D-xyloside 5320863 —9.1
6. 5. Quercetin 3-0-a-L-arabinopyranoside 329766687 -9.0
7. 6. Kaempferol 3-rutinoside 4’-glucoside 329824889 -89
8. Apigenin 7-O-neohesperidoside 24891380
9. 7. Quercetin 3-0-(6"-0-malonyl)-B-D-glucoside 329751366 —8.8
10. Idaein 44256700
1. Callistephin 44256621
12. 8 Malvin 441765 —8.7
13. 9 Luteolin 7-rutinoside 44258082 —8.6
14. 10. Cyanin 441688 —85
15. Apiin 5280746
16. Mearnsitrin 6918652
17. Hispidulin 7-glucuronide 44258434
18. 5-Glucopyranosyloxy-3',4’,7-trihydroxyneoflavone 14134093
19. 1 Kaempferol 7-O-neohesperidoside 5483905 —84
20 12 Rhamnetin 3-sophoroside 71341751 —83
21. 5-Hydroxy-3-(4-methoxyphenyl)-4-oxo-4H-chromen-7-yl 6-O- 97952641
(6-deoxyhexopyranosyl)hexopyranoside
22. Kaempferol 3-0-D-galactoside 5488283
23. Baicalin 64982
24. 13 Myricetin 3-O-B-D-Galactopyranoside 329824902 —8.2
25. Wogonoside 3084961
26. 14 2"-O-alpha-L-Rhamnopyranosyl-isovitexin 329824876 —8.2
27. 15 Hesperidin methylchalcone 6436550 —8.0
28. Undulatoside A 5321494
29. 16 Inhihitor N3 (Native co-crystal Ligand) - -7.9
30. 17. Isoprunetin 7-O-glucoside 189922 -77
31. 18. Ononin 442813 —7.6
32 Daidzin 107971
33. 19 Hispidulin 4’-glucoside 44258466 -75
34. 4-Methylumbelliferyl B-D-cellobioside 126287
35. 20. Sissotrin 5280781 —74
36. 3-0-Methylquercetin 5280681
37. 21. 3,7,2' 4 5'-pentamethoxyflavone 45933946 —7.2
38. 22. Rhamnazin 5320945 —7.1
39. 4’ 5,7-Trihydroxy-3,6-dimethoxyflavone 5352032
40. 23. Isokaempferide 5280862 -7.0
41. 3-hydroxy-7,3',4',5'-tetramethoxyflavone 21721930

COVID-19 MP™ inhibition site by Autodock vina (Trott &
Olson, 2009) using UCSF Chimera gui.

Molecular dynamics simulation

Explicit solvent molecular dynamics (MD) simulations have
been executed for the further investigation of virtual molecu-
lar docking results. GROMACS v.2019.4 package has been
used to run 100ns MD simulation of protease-ligand com-
plexes according to the previously described method (Das
et al, 2020; Panda et al, 2020). GROMOS96 43a1l in single
point charge (SPC) water models (Berendsen et al., 1995) and
PRODRG server (van Aalten et al., 1996) have been used to
generate force field and parameter files for protease and
ligands. The receptor-ligand complexes have been to be
placed in a periodic cubic solvated box (x=9.631, y =9.631,
z=9.631) with at least 10A distance from the edge of the
box. Periodic boundary conditions have been employed
using the particle mesh Ewald (PME) method for long-range
electrostatics interactions. All the receptor-ligand complex
systems have been neutralized by adding 4NA™ counter
ions. Prior to the running of real dynamics, energy

minimization and equilibration of all systems has been exe-
cuted through following three steps: (i) Energy minimization
of all systems containing ions, solvent, receptor, and ligand
has been executed through using the steepest descent mini-
mization algorithm with 5000 steps to achieve stable system
with maximum force < 1000k) mol~'nm™". (ii) Position
restrains have been applied to receptor and ligand of the
each systems for 100 ns throughout heating (300K) utilizing
NVT (No. of atoms, Volume, Temperature) ensemble with
leap-frog integrator, a time step of 2 fs and LINCS holonomic
constraints. (iii) NPT (No. of atoms, Pressure, Temperature)
ensemble has been applied at a constant pressure (1 bar)
and temperature (300K) for 100 ps using a time step of 2 fs
for NPT equilibration phase. After the energy minimization
and equilibration of all systems, MD production run has
been executed without any restrain for 100 ns with a time
step of 2 fs, and after every 10ps coordinates of the struc-
ture have been saved. After the completion of 100ns MD
simulation, the trajectories have been used for various
dynamics analysis such as root mean square deviation
(RMSD), root mean square fluctuation (RMSF), radius of gyr-
ation (Rg), number of hydrogen bonds, Gibbs free landscape
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Figure 2. Superimpose interaction of co-crystal (Green) and redocked (Red) native ligand: Inhibitor N3 at inhibition site of COVID-19 main protease.

and secondary structural analysis by different inbuilt scripts
of GROMACS. Also, the MM-PBSA binding free energy of
receptor-ligand complexes have been calculated by utilizing
the Molecular Mechanics/Poisson-Boltzmann Surface Area
(MM/PBSA) method which utilized the MD simulation trajec-
tories and is one of the best-used methods in this kind of
analysis (Kumari et al., 2014).

Results
Virtual molecular docking

Initially, native co-crystal ligand: Inhibitor N3 of the COVID-19
main protease (MP'®) complex (crystal structure) has been
redocked to legitimize the virtual molecular docking protocol
for its accuracy. The root mean square deviation (RMSD)
value between the co-crystal and redocked native ligand:
Inhibitor N3 pose is 1.094A. The RMSD value within 2A is
considered as a successful docking protocol (Rao et al,
2007). It has been observed that the interaction of co-crystal
and redocked native ligand: Inhibitor N3 with COVID-19 MP™
inhibition site residues are mostly identical (Figure 2). After
that, forty natural compounds have been screened as a
potential inhibitor (Table 1). Redocking of native co-crystal
ligand: Inhibitor N3 shows that it has a high amount of bind-
ing affinity (-7.9 kcal/mol) toward inhibition site. Therefore,
we have analysed the interaction of those small molecules
which have lesser binding energy that means higher binding
affinity toward inhibition site as compared to native co-crys-
tal ligand: Inhibitor N3. We have found twenty-eight small
molecules that possess higher binding affinity as compared

to native co-crystal ligand: Inhibitor N3 (Figure S1-S8). Also,
these twenty-eight small molecules and native co-crystal lig-
and: Inhibitor N3 interactions with inhibition site amino resi-
dues of COVID-19 (MP™) have been depicted in Table 2.

Molecular dynamic simulation

For the further investigation of virtual molecular docking
results, top six docked ligand (binding energy < —9.0kcal/
mol) complex (COVID-19 MR - ligand) and crystal protease
complex with the Inhibitor N3 (COVID-19 MPR°, PDB ID:
6LU7), have been run for 100 ns molecular dynamics simula-
tion. From that MD simulation trajectory, we have analysed
root mean square deviation (RMSD), root mean square fluctu-
ation (RMSF), radius of gyration (Rg), number of hydrogen
bond, Gibbs free energy landscape and secondary structural
to check receptor-ligand conformational properties such as
stability, and flexibility. Besides that, the binding energy of
receptor-ligand complexes throughout the whole MD simula-
tion has also calculated using MMPBSA methods.

RMSD analysis

Root mean square deviation (RMSD) value is an indicator of
the stability of the receptor-ligand complex. Here, the RMSD
values of all six docked COVID-19 MP™-ligand complexes
(ligands docked at inhibition site) have been compared with
COVID-19 MP™-Inhibitor N3 complex (crystal structure)
(Figure 3a). It is visible that RMSD of COVID-19 MP™ com-
plexes docked with Peonidin 3-O-glucoside (0.303 nm),
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receptor amino acid residues
His41, Met165, GIn189

Hydrophobic interaction with

H-Bond interaction with
receptor amino
acid residues
Phe140, Leu141, Gly143,
Ser144, Cys145,
His163, Glu166

Binding Energy
(kcal/mol)

Source
et al,, 2016)

Dryopteris fragrans (Peng

Structure

Compounds
(Formula)
Undulatoside A
(C16H1809)

Table 2. Continued.

Rank

Thr25, Thr26, His41, Leu141,
Met165, Pro168

Phe140, Gly143, Cys145,
His163, His164, Glu166,
GIn189, Thr190

-7.9

et al., 2020)

Synthetic construct (Jin

Inhihitor N3 (Native co-crystal Ligand)

16.

Identical amino acid residues interaction of COVID-19 main protease with native co-crystal ligand: Inhibitor N3 and other ligands at inhibition site are highlighted in bold front.

*
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Quercetin-3-D-xyloside (0.363 nm), 4-(3,4-Dihydroxyphenyl)-7-
methoxy-5-[(6-O-B-D-xylopyranosyl-B8-D-glucopyranosyl)oxy]-2H-
1-benzopyran-2-one (0.434 nm), Quercetin 3-O-a-L-arabinopyra-
noside (0436nm), and Kaempferol 3-O-B8 -rutinoside
(0.586 nm) respectively are significantly stable as compared to
the native co-crystal ligand Inhibitor N3 (0.617 nm). It indi-
cates that all of these bioactive molecules have formed sta-
ble complexes with COVID-19 MP™., We have found that
RMSD value of Rutin (0.822nm) is higher when it binds
with COVID-19 MP™ as compared to the native co-crystal
ligand Inhibitor N3. It suggests that COVID-19 MP™-Rutin
complex is slightly less stable.

RMSF analysis

Root mean square fluctuation (RMSF) is an indicator of amino
acid residual mobility. The high RMSF values of amino acid
residues indicate a large degree of mobility and instability in
the receptor. On the other hand, the low RMSF values of
amino acid residues define stable and rigid receptor. The
RMSF values of all docked complexes have been calculated
and depicted in Figure 3b. The overall average RMSF values
of COVID-19 MP™ amino acid residues has been calculated
for  4-(3,4-Dihydroxyphenyl)-7-methoxy-5-[(6-O-B-D-xylopyrano-
syl-B-D-glucopyranosyl)oxyl-2H-1-benzopyran-2-one, Kaempferol
3-O-B-rutinoside, Quercetin-3-D-xyloside, Peonidin 3-O-gluco-
side, Quercetin 3-O-a-L-arabinopyranoside, Rutin, Kaempferol 3-
O-B —rutinoside, and native ligand Inhibitor N3 are 0.118, 0.134,
0.141, 0.149, 0.151, 0.157, and 0.190nm respectively. Here, it
can be observed that overall average RMSF values of receptor
amino acid residues are lower when it binds with the bioactive
natural compounds respectively as compared to the native lig-
and Inhibitor N3. It suggests that COVID-19 MP™ has formed
stable and rigid complexes with bioactive natural compounds.

Radius of gyration (Rg) analysis

Rg is the indicator of compactness, stability, and folding of
structure. We have calculated the Rg based on the intrinsic
dynamics of protease-ligand complexes (Figure 3c). All the
complexes have a steady average Rg of ~2.10nm over the
100 ns MD simulation. Such results indicate that majority of
ligands have formed compact and stable complexes with
COVID-19 MR as compared to the native co-crystal ligand
Inhibitor N3.

Hydrogen bond (H-bond) analysis

The number of Hydrogen bonds (H-bond), which are the
main stabilizing interaction factor between two molecules,
have been calculated to investigate the nature of H-bond at
the inhibition site of COVID-19 MP™, The H-bonds have been
recorded throughout the 100ns of the receptor-ligand MD
simulations (Figure 3d). Consequently, it has been observed
that native co-crystal ligand Inhibitor N3 has formed an aver-
age of 1.06H-bonds, while other docked ligands such as
Kaempferol 3-O-b-rutinoside, Quercetin-3-D-xyloside, Peonidin
3-O-glucoside, 4-(3,4-Dihydroxyphenyl)-7-methoxy-5-[(6-O-3-D-
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Figure 3. (a) RMSD anala/5|s for the COVID-19 MPR° ligand complexes. (b) RMSF analysis for the COVID-19 MPR° -ligand complexes. (c) Radius of gyration (Rg) ana-
lysis for the COVID-19 M*™° -ligand complexes. (d) Estimation of the hydrogen bond number during the 50 ns MD simulations of COVID-19 MP™-ligand complexes.
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Figure 4. The Gibbs free energy landscape plot of COVID-19 MPRO complexes with (a) Inhibitor N3, (b) Peonidin 3-O-glucoside, (c) Kaempferol 3-O-f-rutinoside, (d)
Rutin, (e) 4-(3,4-Dihydroxyphenyl)-7-methoxy-5-[(6-O-B-D-xylopyranosyl-B8-D-glucopyranosyl)oxy]-2H-1-benzopyran-2-one, (f) Quercetin-3-D-xyloside, (g) Quercetin
3-0-0-L-arabinopyranoside.

xylopyranosyl--D-glucopyranosyl)oxyl-2H-1-benzopyran-2-one,  indicate that docked ligands have formed a higher number of
Quercetin 3-O- o-L-arabinopyranoside, and Rutin have pro- stable H-bonds as compared to the native co-crystal ligand:
duced an average of 7.18, 6.16, 5.67, 497, 487, and 4.17H- Inhibitor N3 at inhibition site of COVID-19 MP™ during the
bonds respectively at COVID MP™ inhibition site. Such results whole MD simulation.
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Figure 5. (a) Gibbs free energy calculation (MMPBSA) of receptor-ligand complexes. (b) The quantification of the individual amino acid residues of receptor to the

total binding energies toward ligands.

Table 3. Van der Waals, electrostatic, polar solvation, SASA and binding energy

for the docked compounds into MP™ inhibition site.

Van der Waal

Electrostattic

Polar solvation SASA energy Binding energy

Compounds energy (kJ/mol) energy (kJ/mol) energy (kJ/mol) (kJ/mol) (kJ/mol)

Kaempferol 3-O-f -rutinoside —304.878 +/— 23.757 —220.815 +/— 49.635 205.931 +/— 32.348  —23.451 +/— 1.898 —343.212 +/— 33.998
Peonidin 3-O-glucoside —231.392 +/— 22967 —202.404 +/— 48521 178379 +/— 26368 —19.206 +/— 1.292 —274.623 +/— 27.613
Quercetin-3-D-xyloside —217.810 +/— 21.114  —199.746 +/— 43.194 167.472 +/— 17.962 —18.099 +/— 1.164 —268.184 +/— 31.135
4-(3,4-Dihydroxyphenyl)-7- —228.732 +/— 34957 —216.638 +/— 68.161  205.946 +/— 37.868 —20.545 +/— 2.841 —259.970 +/— 46377

methoxy-5-[(6-0-B-D-xylopyran

Quercetin 3-O-a-L-arabinopyranoside  —218.131 +/— 16.581 —160.942 +/— 42.139  166.954 +/— 23.152 —17.536 +/— 1.080  —229.655 +/— 27.400
Inhibitor N3 —271.825 +/— 27.798 —41.168 +/— 20.409 110.185 +/— 21.426  —21.293 +/— 2.040 —224.101 +/— 28.124
Rutin —178.043 +/— 26.061 —136.565 +/— 55.091 168.270 +/— 40.575 —17.961 +/— 2.093 —164.299 +/— 38.698
Free energy landscape have shown a noticeable single large global energy minima

Gibbs free energy landscape (FEL) plot for COVID-19 MPR-
ligand complexes have been generated by calculating the
first two principal components (PC1 and PC2) as reaction
coordinates, using GROMACS inbuilt scripts (g_covar,
g_anaeig, and g_sham). The primary function of g_sham is
to plot Gibbs free energy landscapes by Bolzmann inverting
multi-dimensional histograms using PC1 and PC2 as input.
The FEL can depict the global minima energy conformation
of a structure (receptor-ligand complex). If the receptor-
lignad interaction is very weak or unstable, it can achieve
multiple minimum energy clusters; whereas a strong and sta-
ble interaction can bring almost a single conformation clus-
ter in the potential energy distribution. All the contour 2D
and 3D plots of receptor-ligand complexes during 100 ns
MD simulation have been depicted in Figure 4. Each recep-
tor-ligand complex has shown a distinct pattern for FEL. Dark
violet/blue spots reflect the energy minima and energetically
favoured structural conformation and red/yellow spots indi-
cate the unfavourable structural confirmation. The shallow
and narrow energy basin indicates the low stability of struc-
tural conformation. It can be observed from the Figure 4
that the COVID-19 main protease (MP™) complexes with
Peonidin  3-O-glucoside,  Rutin,  4-(3,4-Dihydroxyphenyl)-7-
methoxy-5-[(6-O-3-D-xylopyranosyl-3-D-glucopyranosyl)oxy]-2H-
1-benzopyran-2-one, and Quercetin-3-D-xyloside respectively,

basin related to its conformational state. It suggests a strong
and stable conformation of the receptor-ligand complex.
On other hand, the COVID-19 main protease (MP™) com-
plexes with native ligand Inhibitor N3, Kaempferol 3-O-
-rutinoside, and Quercetin 3-O-a-L-arabinopyranoside
respectively, have shown split of the basin into two relative
energy minima which indicates the conformational insabil-
ity of receptor-ligand complex. It is important to mention
that though natural compounds like Kaempferol 3-O-B
—rutinoside, and Quercetin 3-O-a-L-arabinopyranoside have
formed energetically less stable structural conformation
with receptor MP™, as FEL shows two energy minima
region (Figure 4c and 4g) but two regions are not entirely
separated by energy barrier region like crystal structure of
COVID-19 MP™-Inhibitor N3 complex (Figure 4a). It suggests
these two natural compounds have formed more strong,
stable, and energetically favourable structural conformation
when they bind with COVID-19 MP™ as compared to native
ligand Inhibitor N3.

MMY/PBSA binding free energy calculations

To calculate a more accurate binding free energy between
COVID-19 main protease (COVID-19 MP™) and selected
ligands at receptor inhibition site, the MM/PBSA based
method has been used. Here, the binding free energy
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Figure 5. The snapshot of COVID-19 MP™ complexes with (a) Native co-crystal ligand: Inhibitor N3, (b) Peonidin 3-O-glucoside, (c) Kaempferol 3-O-B -rutinoside,
(d) Rutin, (e) 4-(3,4-Dihydroxyphenyl)-7-methoxy-5-[(6-O-B-D-xylopyranosyl-B-D-glucopyranosyl)oxy]-2H-1-benzopyran-2-one Robinin, (f) Quercetin -3-D-xyloside,
(g) Quercetin 3-0-a-L-arabinopyranoside, (h) over the 10 ns interval of the 50 ns MD simulation trajectory.

defines the total of non-bonded interaction energies (van
der Wall, electrostatic, polar solvation, and SASA energy)
between receptor and ligand throughout the whole MD
simulation (100ns). Lower binding free energy indicates a
better binding between receptor and ligand. We have esti-
mated binding free energy of docked ligands from 100ns
MD simulation trajectories and it suggests that Kaempferol 3-
O-B-rutinoside (-343.212 +/- 33.998 kJ/mol), Peonidin 3-O-gluco-
side (274623 +/- 27.613kJ/mol), Quercetin-3-D-xyloside

(-268.184 +/- 31.135 kJ/mol), 4-(3,4-Dihydroxyphenyl)-7-methoxy-
5-[(6-O-B-D-xylopyran  (-259.970 +/- 46.377kJ/mol), and
Quercetin 3-O-o-L-arabinopyranoside (-229.655 +/- 27.4kJ/mol)
have a higher binding affinity towards receptor (COVID-19 MP)
inhibition site as compared to co-crystal ligand inhibitor N3
(-224.101 +/- 28.124kJ/mol) (Figure 5a and Table 3). We have
found that Rutin (-164.299 +/- 38.698 kJ/mol) has a lower bind-
ing affinity towards COVID-19 MP™ inhibition site as compared
to co-crystal ligand inhibitor N3. It may be due to the higher
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(9), Quercetin 3-0O-a-L-arabinopyranoside.

[(6-O-B-D-xylopyranosyl-B-D - glucopyranosyl) oxy] -2H-1-benzopyran-2-one Quercetin-3-D-xyloside, (f) Quercetin-3-D-xyloside,
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Table 4. The overall percentage of secondary structure elements in COVID-19 MP"-ligand complexes.

Structure (A-Helix + B-Sheet +

Compound B-Bridge + Turn)% Coil%  B-Sheet% B-Bride% Bend% Tunr%  A-Helix% 5-Helix%  3-Helix%
Inhibitor N3 54 30 24 1 14 7 22 1 0
Peonidin 3-O-glucoside 59 26 26 2 12 9 23 0 2
Kaempferol 3-O-f -rutinoside 59 28 26 1 12 9 23 0 2
Rutin 60 27 25 1 12 9 24 0 2
4-(3,4-Dihydroxyphenyl)- 59 28 25 1 11 9 24 0 2
7-methoxy-5-[(6-O-B-D-xylopyran
Quercetin-3-D-xyloside 60 27 26 2 12 8 25 0 1
Quercetin 3-O-a-L-arabinopyranoside 56 28 25 2 13 8 22 1 2

RMSD value of Rutin at the receptor binding/inhibition site as
compared to other ligands.

Later on, we have analyzed the binding contribution energy
of each amino acid residue of the receptor (COVID-19 MP™) in
the binding of ligands at the inhibition site (Figure 5b). There
are several amino acid residues (THR-24, HIS-41, MET-49, TYR-
54, CYS-145, GLU-166, ASP-187, and GLN-189), which have
shown favorable contribution energy when they bind with nat-
ural ligands as compared to native ligand Inhibitor N3. We
have found that amino acid residue GLU-166 has involved in
highest contribution energy during the receptor-ligand binding.
It has been reported that amino acid residue GLU-166 involves
in the construction of a biologically active main protease (MP™)
dimer form (Anand et al, 2003). It suggests bioactive natural
ligands like Kaempferol 3-O-f3 —rutinoside, Peonidin 3-O-gluco-
side, Quercetin-3-D-xyloside, etc. could effectively bind to
COVID-19 MP™ amino acid residue GLU-166 and inhibit the
dimerization process of COVID-19 MP™, It could lead to higher
efficacy in the inhibition of the COVID-19 MP™,

Secondary structural analysis during simulation

An extensive study has been done to understand the structural
evolution of the COVID-19 MP™-ligand during the 100 ns simu-
lation. Moreover, how the ligand is sticking to the inhibition
site of COVID-19 MP™ is a crucial point to understand the stabil-
ity of the ligands. Five snapshots of the COVID-19 MP™-ligand
complexes have been taken at every 25ns interval (25ns, 50 ns,
75ns, and 100ns). It is observed that the secondary structure
elements (helix and beta-sheets) remained conserved through-
out the simulation process (Figure 5), which highlights the sta-
bility and reliability of COVID-19 MP™ after binding to the
ligands. The N-terminal and the C-terminal coils are observed
to be fluctuating a bit, but structurally, no significant changes
have been seen. It has been also observed that the ligands are
constantly attached to the inhibition site without any structural
modification, which implies that the ligands are highly stable.

The Secondary structural analysis with gmx_do_dssp has
shown no significant level of overall conformational change
in ligand-bound COVID-19 MP™ complexes as compared to
the crystal structure of COVID-19 M"*° in complex with an
inhibitor N3 (Figure 6 and Table 4).

Discussion

Our In silico studies reveals that natural compounds like
Rutin and its structurally similar compounds with a basic
structure of anthocyanin (Peonidin 3-O-glucoside, Kaempferol

3-O-b-rutinoside, Quercetin- 3-D-xyloside, Quercetin 3-O-o-L-
arabinopyranoside, etc.) may inhibit the COVID-19 main pro-
tease (MP™), which is essential to block the replication and
growth of the novel coronavirus (SARS-CoV-2). Our virtual
molecular docking score suggests that the top twenty-eight
compounds (Table 1) have a higher amount of binding affin-
ity toward inhibition site of COVID-19 MP™ as compared to
the native co-crystal ligand: Inhibitor N3. Furthermore,
molecular dynamic simulation studies of the top six com-
pounds which have a very high amount of binding affinity
(binding energy < —9kcal/mol from docking score) toward
inhibition site reveal that compounds like Kaempferol 3-O-b-
rutinoside, Peonidin 3-O-glucoside, Quercetin-3-D-xyloside, 4-
(3,4-Dihydroxyphenyl)-7-methoxy-5-[(6-O-3-D-xylopyranosyl-3-D-
glucopyranosyl)oxyl-2H-1-benzopyran-2-one, and Quercetin 3-
O-a-L-arabinopyranoside have a highly favorable conform-
ational stability, flexibility, and binding energy when they have
docked into the inhibition site of COVID-19 MP™ compared to
the crystal structure of COVID-19 MR in complex with an
Inhibitor N3.

Overall, our In silico results indicate that the above-men-
tioned compounds may have the potential to be developed
as an anti-COVID-19 main protease drug to combat the novel
coronavirus but before that, it must go through under the
proper preclinical and clinical trials for further scien-
tific validation.
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