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SARS-CoV-2, a rapidly spreading new strain of human coronavirus, has affected almost all the countries around
the world. The lack of specific drugs against SARS-CoV-2 is a significant hurdle towards the successful treatment
of COVID-19. Thus, there is an urgent need to boost up research for the development of effective therapeutics
against COVID-19. In the current study, we investigated the efficacy of 81 medicinal plant-based bioactive
compounds against SARS-CoV-2 MP™ by using various in silico techniques. The interaction affinities of poly-
phenolic compounds towards SARS-CoV-2 MP™ was assessed via intramolecular (by Quantum Mechanic),

intermolecular (by Molecular Docking), and spatial (by Molecular Dynamic) simulations. Our obtained result
demonstrate that Hesperidin, rutin, diosmin, and apiin are most effective compounds agents against SARS-CoV-2
Mpro as compared to Nelfinavir (positive control). This study will hopefully pave a way for advanced experi-
mental research to evaluate the in vitro and in vivo efficacy of these compounds for the treatment of COVID-19.

1. Introduction

An acute respiratory disorder caused by 2019-novel coronavirus
[2019-nCoV, now known as SARS-CoV-2 (severe acute respiratory syn-
drome coronavirus-2)] has emerged as a serious public health issue at
the end of 2019 [1]. During the 21st century, COVID-19 marked the
history with the third large-scale coronavirus epidemic into the human
population after SARS-CoV in 2002 in china [2] and Middle East res-
piratory syndrome coronavirus (MERS-CoV) in the Middle East region in
2012 [3]. The potentially fatal virus has affected millions of humans
around the world and this pandemic is still steadily spreading [4]. Re-
searchers have developed vaccines for COVID-19, however, research
suggests that developed vaccines will not completely enough to fight
against COVID-19 due to high mutation rate of SARS CoV2 [5]. The
recommended HIV protease inhibitors (Nelfinavir, Lopinavir, and
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Ritonavir), antibody cocktail, and other virus-fighting drugs have very
limited potential to cure COVID-19 [5,6]. Thus, there is an urgent need
to develop therapeutics for COVID-19.

The structure of SARS CoV-2 has been identified as p-coronavirus, a
non-segmented enveloped positive-sense RNA virus, with ~30 kb
genome [7,8]. SARS CoV-2 causes severe respiratory tract infection and
utilizes angiotensin-converting enzyme 2 (ACE2) receptors to infect
human cells [9]. The crystallized form of SARS CoV-2 virus main pro-
tease (MP™) was demonstrated by a Chinese researcher Liu et al. [10],
which is a potential drug target for the inhibition of SARS CoV-2 repli-
cation [11]. The MP™ is an essential protein required for the proteolytic
cleavage of viral polypeptide [12] to release functional proteins such as
endoribonuclease, exoribonuclease, and RNA polymerase [13]. The
functional significance of MP™ in the SARS CoV-2 life cycle [15], as well
as the absence of its close homologs in humans, identify MP™ as an
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attractive target for antiviral drug discovery [14].

The growing evidence has established the worth of polyphenols as
cheaper and safer drug candidates for drug discovery against various
human diseases [16,17]. In silico based screening has proven to be an
excellent tool to meet the challenges of drug discovery [18,19]. Addi-
tionally, Molecular Dynamics Simulation (MDS) is extremely useful in
drug design against different viruses, where protein dynamics are
assessed in the nano to picosecond time interval [20-26]. Molecular
dynamic theory is based on the spatial conformation of molecular in-
teractions from their active sides by intermolecular interactions like
weak van der Waals interactions, London forces or hydrogen bonding,
etc [27,28]. So, MD simulations are performed to obtain information
about docked agents to the real (in vitro) experimental results. Many
computational approaches have been developed to predict the absorp-
tion, distribution, metabolism, and excretion (ADME) properties of drug
candidates from their physicochemical properties by comparing them
with compounds. These methods, which reduce costs and save time,
have now become an integral part of drug research and development
studies [29].

In the current study, we have investigated the potential of 81 poly-
phenolic compounds against SARS CoV-2 Mpro by molecular docking
via frontier molecular orbital theory by Material Studio 7.0 (MS),
ADMET, and molecular dynamics by NAMD assessments. All small
molecules used for docking studies were obtained from https://p
ubchem.ncbi.nlm.nih.gov/as SDF form and in the 3D Conformer. QM
assessment of molecules was performed to elaborate the molecular
docking studies. The best-fitted geometry of the molecules, highest
occupied molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO), and other intermolecular parameters were calculated
by MS using density functional theory (DFT). The investigated molecules
were evaluated for their metabolic activities and pharmacokinetic
parameter in the cell membrane, blood-brain barrier, etc. by ADMET
online platform. Our obtained results indicate that hesperidin, diosmin,
rutin, and apiin are best four potent inhibitors against SARS CoV-2 MP™,
These compounds were further tested against the SARS CoV-2 MP™ at
different dynamics states by NAMD using CHARMM 36 forcefield in 100
ns MDS run to prove their biological activities in computer simulation
conditions.

2. Materials and methods
2.1. Molecular docking studies

2.1.1. Target protein model preparation

The docking of the compounds inside SARS-CoV-2 MP™ was per-
formed using Molegro Virtual Docker (MVD) and AutoDock Vina soft-
ware [30,31]. The crystal structure of SARS-CoV-2 MP™ was retrieved
from the protein data bank website (http://www.rcsb.org/pdb) (PDB ID:
6LU7 and 6Y84: Resolution 2.16 A and 1.39 10\, respectively) [32,33].
Proteins were imported to Molegro Virtual Docker and prepared for
docking. Water molecules at crystal structure were removed, protein
structure errors were checked. The structure errors of amino acid resi-
dues were checked, repaired, optimized with the neighborhood residues.

2.1.2. Small molecules preparation

Small molecules or ligands used in docking studies were obtained
from https://pubchem.ncbi.nlm.nih.gov/as SDF form and in the 3D
Conformer [34]. They were prepared with Molegro Virtual Docker
(MVD) for molecular docking.

2.1.3. Molecular docking

The selected cavity of SARS-CoV-2 MP™ was the binding site of
natural inhibitor N3. The cavity is centered at (—10.85, 15.32, 68.39)
with 15 A radius. AutoDock Vina box size (20 x 20 x 20 7\) was centered
at the active site residues around (—10.85, 15.32, 68.39) A. Ten docking
trials were performed in both software, and the compounds with best
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binding affinity were selected for further evaluation. Nelfinavir was
utilized as a positive control. Nelfinavir is a viral protease inhibitor used
for the treatment of the human immunodeficiency virus (HIV), which
has been previously reported as a SARS CoV-2 MP™ inhibitor [35].
Possible docking modes between compounds and the COVID-19 virus
MP™ were analyzed using the Discovery Studio 2020 Client and PyMOL
software [36].

2.2. Molecular dynamic simulation

The best resolution of SARS-CoV-2 MP™ (PDB ID: 6Y84) was sub-
jected to 100 ns MDS after the minimization and equilibration steps.
Firstly, the protein is solvated using the TIP3P water model then ionized
with NaCl [37]. NAMD was used for the minimization via using the
CHARMM 36 force field [20,38,39]. After minimizing the whole system,
temperature was slowly adjusted to 310 K to resemble the physiological
temperature of the human body (37 °C). A small NPT MDS run was
performed to adjust the system volume, followed by the production run
at the NVT ensemble for 100 ns. VMD software was utilized in the
analysis of the data [40].

2.3. Frontier molecular orbital modeling

The modeling of HOMO, LUMO orbitals of the most effective small
molecules and target protein are calculated by density functional theory
(DFT) on Material Studio 7.0 Code embedded in the Material Studio
package (Accelrys, SanDiego, CA) [41] by using DMol® module [42-44].

2.4. ADMET assessment

The ADMET properties of selected compounds were analyzed by
using the http://biosig.unimelb.edu.au/pkesm/prediction website. The
molecular structures of the natural compounds were uploaded using
isomeric SMILES into webtool. Important results were retrieved from
website for analysis [45].

3. Results and discussion
3.1. Molecular docking studies

Coronaviruses have a long history of infecting humans and animals
and causing respiratory, digestive, liver, and central nervous system
diseases [46]. A novel newly emerged virus, SARS-CoV-2, is presenting
significant threats to human health nowadays. Currently, no specific
clinical therapeutics are available for the treatment of
SARS-CoV-2-mediated respiratory infections [47]. Thus, the need of the
hour is to identify and characterize novel drug candidates to overcome
the health losses caused by SARS-CoV-2. In this context, natural prod-
ucts have gained importance as potent antiviral agents during recent
years [48,49]. Several computational studies suggest the significance of
phytochemicals and nutraceuticals in drug development against
SARS-CoV-2 [22,50-54]. Considering the immediate need for thera-
peutics against COVID-19 and services of natural products in drug dis-
covery [55], we have screened flavonoids against a novel drug target,
SARS-CoV-2 MP™, for the identification of natural scaffolds for drug
development against COVID-19.

The binding energies obtained after docking of the compounds into
SARS-CoV-2 MP™ (PDB ID: 6LU7) are presented in Table 1. According to
the in silico results, 24 of the compounds have a better affinity against
COVID-19 virus MP™ than Nelfinavir (Fig. 1). Hesperidin exhibited the
highest affinity to the active site of SARS-CoV-2 MP™ followed by rutin,
diosmin, and apiin respectively (Fig. 1).

The amino acid residues that contribute to interactions between the
reference ligand and hit compounds are demonstrated in Table 2. Glu
189, Glu 166, and Met165 are the main residues contributing for in-
teractions between target proteins and ligands.


https://pubchem.ncbi.nlm.nih.gov/
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Table 1
Results of the docking of some phenolic compounds on the crystal structure of COVID-19 main protease.
Ligands MolDock HBond Ligands MolDock HBond
PubChem Name Score PubChem Name Score
CID CID
N3 (Reference ligand) -162.17 -8.19 5280343 Quercetin -122.99 -13.97
64143 Nelfinavir (Positive control) —147.38 —6.87 5280551 Xenognosin B -119.14 —7.85
10621 Hesperidin —178.59 —20.26 5280373 Biochanin a —118.80 —-9.65
5280805 Rutin -176.27 —21.24 5280863 Kaempferol —-118.63 —14.28
5281613 Diosmin -174.13 —27.26 3764 Isoformononetin —117.02 -7.10
5280746 Apiin -171.01 -10.19 31425 Vat Yellow 2 —116.61 —-1.86
6441419 Diacetylcurcumin —169.26 —9.57 5280378 Formononetin —115.58 -7.39
101502236 3,3'-m-Phenylenebis[1-(2-hydroxy-4-methoxyphenyl)-2-propene- —168.14 -7.74 439533 (+)-Taxifolin —115.47 -12.37
1-one]
101526067 Beta, Beta’-(4-Methoxy-1,3-Phenylene)Bis(2'-Hydroxy-4',6'- —164.87 —6.68 5280445 Luteolin —114.90 -10.76
Dimethoxyacrylophenone)
46702071 (E)-1-[2,6-dihydroxy-3-[(E)-3-(4-hydroxyphenyl)prop-2-enoyl]-4- -162.53 —13.65 5281670 Morin —-114.74 —14.28
methoxyphenyl]-3-(4-hydroxyphenyl)prop-2-en-1-one
44259442 Myricetin -161.72 -16.62 97214 Eupatorin -113.99 —-12.52
5281544 Oleuropein —160.69 —26.89 188323 Cirsimaritin —113.98 —5.63
3035266 Flavone23 —159.64 -2.21 5281612 Diosmetin —113.51 —8.07
442428 Naringin —158.82 -8.59 445154 Resveratrol —113.09 —-5.76
442439 Neohesperidin —158.33 -16.12 5281628 Hispidulin —112.01 —7.60
969516 Curcumin —157.92 —10.50 54685921 Hispidin —110.03 —11.94
185617 Scutellarin —157.90 —14.20 5281708 Daidzein —109.72 —7.58
114627 Neoeriocitrin —157.58 —18.62 5281616 Galangin —109.69 —-10.31
Daidzein —157.41 —7.08 5281697 Scutellarein —108.52 —14.50
6419835 (—)-Catechin gallate —156.13 -16.87 5280443 Apigenin —108.11 -11.77
44259136 Quercetin 3-p-D-glucoside —156.08 -17.24 68077 Tangeritin -107.75 —2.09
64982 Baicalin —153.60 —12.10 5281894 7-Hydroxyflavone —106.62 —5.58
168849 Pectolinarin —152.42 -9.01 932 Naringenin —106.38 -12.13
5281718 Polydatin —151.85 -13.86 5281607 Chrysin —105.48 -5.74
5282151 Vitexin 2-o-rhamnoside —150.02 -17.63 72276 (—)-epicatechin —103.49 —11.21
71602340 Balsacone A —149.70 —14.08 72281 Hesperitin —102.36 —8.96
5469424 Scutellaric Acid —102.01 -2.17 5281703 Wogonin —98.56 -8.71
46781931 Quercetin 3-p-galactoside —148.42 -11.77 637775 Sinapinic acid —98.54 —2.49
5315472 Bisdemethoxycurcumin —144.47 —8.52 11349 3-Hydroxyflavone —97.65 -3.33
73447 Uvaretin —140.06 —5.08 5281605 Baicalein —95.74 —-11.12
23640558 Curcumin Pyrazole —139.95 -8.77 68112 5-Hydroxyflavone -95.71 —2.45
56842347 Oleuropein aglycone —138.79 —-14.31 72279 6-Hydroxyflavone —94.09 —3.46
151670 Isouvaretin —-133.17 —9.08 5281855 Ellagic acid —93.64 —13.37
11652416 Oleocanthal —132.88 —-15.19 10680 Flavone —91.48 0.00
5320945 Rhamnazin -132.22 —11.87 445858 ferulic —87.97 —4.89
18684078 Oleacein -130.73 -11.41 10742 syringic acid —86.68 —5.44
4303567 Acacetin Diacetate —130.16 —12.80 689043 Caffeic acid —85.71 —6.71
638278 Isoliquiritigenin —128.09 —10.42 114850 Oxymatrine —84.27 —0.56
31553 Silibinin —127.04 —18.58 637542 p-Coumaric acid —80.83 —4.11
65084 (+)-gallocatechin —126.55 —17.54 8468 Vanillic —78.61 —4.56
162464 Cirsilineol —126.48 -11.81 54670067 L-Ascorbic acid -77.10 —15.98
5281377 Genistin —126.28 -12.71 8742 Shikimic acid —76.85 —6.74
5281614 Fisetin —123.53 —-13.67 370 Gallic acid —75.87 —10.65
124052 Glabridin —123.00 —5.16 1491 3,4-Dihydroxybenzoic —72.59 —4.00

acid

Hesperidin exhibited the highest binding energy at the active site of
SARS-CoV-2. 2D and 3D interaction diagrams are provided in Fig. 2.
Hesperidin formed hydrogen bond interactions with Thr 26, Glu 166,
Arg 188, GIn 189, Met 49, Asp 187, His 163, Leu 141, and Ser 144
residues. B ring of flavonoid structure formed Pi-Sulfur interacts with
Cys 145. Further about 10 amino acids contributed to the stabilization of
the molecule in the active site via van der Waals interactions.

The obtained results showed that His 41, Cys 145, Phe 140, Glu 166,
Gln 192, Thr 190, and His 164 are critical residues for the hydrogen
bonding interactions at the binding site of rutin to protease protein
(Fig. 3). Hydrophobic interactions such as Pi-Pi T-shaped, Amide-Pi
Stacked, and Pi-Alkyl were responsible for interactions between target
protein and ligands. Cys 145 interacted with both phenyl rings and a
heterocyclic ring to form pi-sulfur interaction.

The interacting amino acids for diosmin and apiin are presented in
Figs. 4 and 5.

SARS main protease enzymes have a protease Cys-His dyad created
by Cys145 and His41 residues. The reported protease inhibitors interact
with Cys145 [56]. Diosmin, Apiin, and Rutin form a hydrogen bond with

this catalytic amino acid, while Hesperidin interacts via pi-sulfur
interaction. Table 1 demonstrates that these natural compounds form
strong interactions with His41l. 2D interaction models showed that
Hesperidin and Apiin forms van der Waals interaction with His41 and
Diosmin and rutin form hydrogen bond interactions.

3.2. Quantum mechanic studies

3.2.1. General chemical reactivities by HOMO-LUMO estimation

Global Reactivity Descriptors based on the HOMO and LUMO energy
differences are very important indicators to determine the reactive af-
finity of molecules against nucleophilic electrophilic and radicalic at-
tacks. All descriptors or indexes were calculated by well-known
equations (Egs. (1)-(5)) according to the literature [57,58].

n = 1/2 (ELumo — Enomo) (Eq.1)
S=121 (Eq.2)
= p2/2 (Eq.3)
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Fig. 1. MolDock docking experiment (A) MolDock scores calculated for the best 24 natural polyphenols and Nilfinavir against the SARS-CoV-2 MP™. (B) Summary of
the in silico based screening of natural product library and identification of potential natural inhibitors of SARS-CoV-2 MP™.

Table 2

The ten amino acid residues at the active cavity interacting with the reference inhibitor and ligands.
Hesperidin Rutin Diosmin Apiin N3
Residue D Total Residue ID Total Residue D Total Residue D Total Residue D Total
Glu 166 —37.06 Gln 189 —31.49 Glu 166 —28.64 Gln 189 —24.03 Glu 166 —28.623
Gln 189 —20.72 Met 165 —21.92 Met 165 —27.68 Met 165 —18.34 Gln 189 —26.6855
Met 165 —-19.9 Glu 166 —-17.37 Gln 189 —20.89 His 41 —15.55 Met 165 —21.0185
Asn 142 —16.47 Asn 142 —17.08 His 164 —-14.33 Ser 144 —13.43 Asn 142 —14.016
Cys 145 -14.9 His 41 —14.81 Arg 188 —13.65 Glu 166 —11.42 His 41 —13.3386
His 41 —12.35 Arg 188 —14.45 Asp 187 —13.42 Cys 145 —10.96 Thr 190 —12.4393
Ser 144 —-12.24 Thr 26 —-11.25 Gln 192 -10.91 Met 49 —10.96 Pro 168 —11.4904
Gln 192 -11.93 Asp 187 -10.21 Asn 142 —10.91 Asn 142 —10.76 His 164 —11.258
Arg 188 -11.37 Gly 143 -9.154 Leu 167 -10.31 Gln 192 —10.59 Gly 143 —10.6192
Thr 190 -9.416 Cys 145 -9.015 His 41 —9.586 Gly 143 -9.827 Leu 141 —9.58516

o]
Interactions Hesperidin
[ vander waals I Unfevorable Donor-Donor
4 - Conventional Hydrogen Bond |:| Pi-Sulfur
D Carbon Hydrogen Bond E] Alkyl
Fig. 2. Interactions of hesperidin and COVID-19 virus MP™.
X = — 1/2 (ELumo + Enomo) (Eq.5)

p=—x=1/2 (ELumo + Eromo) (Eq.4) The global electrophilicity (o) chemical potential (p), global hard-

ness (1), global softness (S), electronegativity (y) were calculated from
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Fig. 4. Interactions of apiin and COVID-19 virus MP™.

Fig. 5. Interactions of diosmin and COVID-19 virus M

the simulation results are presented in Table 3. The frontier orbital
representations are shown in Fig. 6 for hesperidin, rutin, diosmin, apiin,
and positive control nelfinavir. According to docking results, the
following fitting rank among the polyphenols is determined: hesperidin
> rutin > diosmin > apiin. The comparison of HOMO and LUMO energy

i
ER (MED R MET
Qg W A43
A188 VAL
A42
Apiin Z
Interactions
[ vander waals I Unfavorable Donor-Donor
- Conventional Hydrogen Bond D Pi-Sulfur
[ carbon Hydrogen Bond [ peakt

pro

values of polyphenols with nelfinavir, showed that the energy level of
nelfinavir is lower than the polyphenols significantly for each of the
frontier orbitals. Whereas, the bandgap value of nelfinavir is nearly
equal to the polyphenolic compounds. Best-docked polyphenolic com-
pound’s eV values are approximately equal to each other and are in the
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Table 3

Physical characteristics of computed for polyphenols (eV).

NELFINAVIR HESPERIDIN RUTIN DIOSMIN APIIN
Total DFT-D energy (Ha) —2107.65 —2213.32 —2248.04 —2212.14 —2058.34
Df binding energy (eV) —390.767 —364.522 —350.602 —359.267 —325.608
Enomo (V) —4.542 —5.020 —5.361 —5.470 —5.398
Erumo (eV) —1.600 —2.519 —2.196 —2.600 —2.429
Band gap (Exomo — Lumo) (€V) —2.942 ~2.501 ~3.165 ~2.870 ~2.969
AE(ELymo-Homo) (eV) 2.942 2.501 3.165 2.870 2.969
Electronegativity (y) (eV) 3.071 3.770 3.779 4.035 3.914
Chemical potential (p) (eV) —3.071 -3.770 —3.779 —4.035 —3.914
Global hardness () (eV) 1.471 1.251 1.583 1.435 1.485
Global softness (S) (eV-1) 0.736 0.625 0.791 0.718 0.742
Global electrophilicity index (@) (eV) 4.716 7.105 7.139 8.141 7.658
GROUND STATE (HOMO) EXCITED STATE (LUMO)

Fig. 6. 3D plots frontier orbital energies using DFT method for hesperidin, rutin, diosmin, apiin, and nelfinavir compounds.

~
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Eyomo = -5.020 eV
E umo =-2.519 eV
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Epomo = -5.470 eV
ELUMO =-2.600 eV
AEyomo.Lumo = -2:870 eV

APIIN

Epomo = -5.398 eV
E umo = -2.429 eV
AEyomo.Lumo = -2,969 eV

NELFINAVIR

Epomo = -4.542 eV
E ymo = -1.600 eV
AByomo-Lumo = -2,942 eV
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range of —2.196 to —2.600 for LUMO and —5.020 to —5.470 for HOMO.
While the eV values are 1.600 for LUMO and 4.542 for HOMO for
nelfinavir.

HOMO propagation on the molecule is attributed to its ability for
nucleophilic attack. LUMO is another parallel consideration can be done
for the reactive ability [59]. The difference between energy values of
LUMO and HOMO in interaction reveals the stimulation of the residues
of the protein, which facilitates electron transitions between protein and
ligand. This difference governs the magnitude of reactivity (reaction
kinetic) and the stability of the molecule [60,61]. Under the light of the
phenomenons, o, p, and y values are significantly higher for the poly-
phenol compounds depending on the HOMO and LUMO energy values
than nelfinavir. These values determine the global reactivity of all
molecules against the target protein as seen from Table 3. The higher
global electrophilicity and softness values in ligand-protein interactions
can be attributed good reactivities of ligands that are expected partic-
ularly in biological system-based studies.

The propagation of HOMO and LUMO through the compounds is
provided in Fig. 6. According to the figure, nucleophilic and electro-
philic reactivity sides of molecules are commonly on the aromatic or
phenolic sites of the compounds. As it can be seen that the HOMO-
&LUMO-based reactivity of compounds against protein is compatible
with the docking results especially in the conventional hydrogen bond,
n- n, amide-n and z-alkyl interaction formations.
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3.2.2. Local chemical reactivities by Fukui function

The Fukui function describes the electron density in the frontier or-
bitals depending on electrophilic, nucleophilic, and radicalic propaga-
tion. It is a useful tool to discuss the reactivity of the compounds in
researches [43,44]. In the current study, the Fukui indices-based spaces
were given inside the electrostatic potential map together in Fig. 7. The
effective electrophilic, nucleophilic, and radicalic Fukui indices; £, f¥,
and f° are tabulated in Table 4 identifying local reactivities of com-
pounds. All Fukui indices containing local electrophilicity (W, W', and
W9 and local softness (S~, ST, and 8% for each atom of the best effective
compounds against Covid 19 are given in the supplementary documents
in the range of Tables 15-5S Also, Muliiken’s atomic charges for each of
the compounds are tabulated in Table 6S and the atomic charge prop-
agation is shown Figs. 6S-10S. 2D molecular structures for easy com-
parison of the most effective compounds are given in supplementary
files in Figs. 65-10S. Along with the simulation results from Table 4, it
can be seen that the atom number of electrophilic, nucleophilic, and
radicalic character and their propagation over the hesperidin molecule
are widely distributed as compared with the other molecules. Also, these
characteristic atoms of the molecules are commonly located on the ar-
omatic and phenolic regions of the molecules and they are dominant to
form strong interactions against target regions of the protein. Whereas,
aliphatic regions of molecules are mostly recessive and they are asso-
ciated with the formation of weak interactions. So, the interaction
possibility of hesperidin molecules with SARS-CoV-2 main protease is

APIIN

Isosurfacel
- 115662

L 987068

@ Radicalic isosurface for FUKUI function . NELFINAVIR

@ Nucleophilic isosurface for FUKUI function 164

Fig. 7. Electrophilic surface-based electrostatic potential map containing the Fukui surfaces.
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Table 4
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Fukui (7, f*, 7% indices for electrophilic, nucleophilic and radical attack of best effective compounds against Covid 19.

THE EFFECTIVE FUKUI INDICES OF HESPERIDIN

THE EFFECTIVE FUKUI INDICES OF RUTIN

f fr fr f £ fr
014 0.126 011 0.042 013 0.089 06 0.056 011 0.065 06 0.039
015 0.127 012 0.06 014 0.065 012 0.177 012 0.160 011 0.065
c38 0.043 013 0.164 015 0.066 015 0.043 014 0.043 012 0.160
c39 0.078 c28 0.057 C36 0.073 016 0.047 C30 0.072 C30 0.072
C40 0.059 C30 0.053 C39 0.042 C31 0.105 c31 0.105
c41 0.051 C35 0.057 C35 0.057
c42 0.059 C36 0.141 H65 0.042
H70 0.052 H65 0.041 THE EFFECTIVE FUKUI INDICES OF APIIN
H71 0.064 H66 0.044 f fr f+
H73 0.055 H68 0.053 013 0.299 012 0.041 011 0.048
H75 0.047 H69 0.061 C34 0.053 013 0.286 013 0.133
H76 0.047 H62 0.058 C32 0.063 C30 0.042
THE EFFECTIVE FUKUI INDICES OF DIOSMIN C33 0.042 C32 0.078
f ft ft C34 0.054 C33 0.074
014 0.042 011 0.047 013 0.078 C34 0.043
015 0.136 012 0.040 015 0.077 H62 0.053
C36 0.043 013 0.123 C34 0.048 THE EFFECTIVE FUKUI INDICES OF NELFINAVIR
c38 0.051 C34 0.087 C35 0.048 f fr f+
c39 0.078 C35 0.077 C36 0.042 N6 0.154 04 0.130 04 0.071
c41 0.041 C36 0.041 c38 0.042 H57 0.118 c27 0.082 N6 0.075
c42 0.059 H67 0.051 C39 0.054 H56 0.068 C30 0.058 c27 0.042
H69 0.048 c42 0.045 H51 0.068 C39 0.099 C39 0.051
H70 0.056 H67 0.040 H46 0.071 H74 0.051 H57 0.063
H71 0.047 H70 0.042 H45 0.075 H80 0.050

H83 0.054

higher than the other effective molecules.

3.2.3. Electron density analysis by Muliken’s population analysis

Electron distribution over atoms inside molecules, can not be ignored
because of its significant effects on the bond angles and lengths [58].
Figs. 1S-5S describes the atomic charges depending on Muliken’s al-
gorithm. The evaluation of the relationship between the molecular
structures and atomic charges shows that electron density in all mole-
cules is higher in the aromatic side of the molecules especially on (C=0,
C=C, C-0-H) bond species. The higher charges of the H atoms can be
attributed to (C = = C, H-O-C = = () structures. Oxygen atoms and
double-bonded oxygen atoms neighboring carbon atoms in all molecules
commonly have negative charges. While the other carbon atoms have
strong or slight positive charges depending on the electronegativity of
the neighboring atom. Electrophilic surface-based electrostatic potential
maps in Fig. 7 is coherent with electrostatic assessment of each atom in
molecules. This evaluation also can be verified for nucleophilic and
radicalic attacks.

3.3. Molecular dynamic studies

To further analyze the binding behavior of the natural polyphenols,
molecular dynamics was utilized with the aid of NAMD software. The
SARS-CoV-2 MP™ (PDB ID: 6Y84) with the best resolution structure was
subjected to 100 ns MDS. Fig. 8A, B, and 8C summarize the simulated
dynamics of the protein during the 100 ns time domain. Root Mean
Square Deviation (RMSD) in A (blue), Radius of Gyration (RoG) in A
(red), the total number of H-bonds (orange), and Surface Accessible
Surface Area (SASA) in A2 (gray) are represented in Fig. 8A versus time
of the simulation in nanoseconds (ns). The histogram of each parameter
is depicted in Fig. 8B with the same color code. As shown from RMSD
versus time and the RMSD histogram, the system is equilibrated from the
first ten ns of the simulation, reaching a value of 2.2 + 0.8 A. Both RoG
and SASA are stable during the simulation period with values 22.5 + 0.4
A and 15600 + 600 A2, respectively. The total number of the H-bonds is

also stable ranging from 418 to 522 during the 100 ns simulation. These
values reflect the stability of the protein system during the simulation.

On the other hand, the per-residue Root Mean Square Fluctuations
(RMSF) in A are depicted in Fig. 8C. The structure of the SARS-CoV-2
MP™ is shown in the colored representation in Fig. 8C. As expected,
the N and C terminals of the protein are highly flexible, where RMSF
values are reaching 4.5 and 8.5 A, respectively. The entire protein (green
cartoon) has RMSF values ranging between 0.5 and 2 A except for the
marked two regions (residues 46-53 (blue helix) and residues 189-194
(yellow coil)). These two regions have RMSF values reaching 4.2 A and
2.4 A, respectively. These highly movable regions are located apart from
the two active site residues (H41 and C145), represented by the red stick
in Fig. 8C. In order to check the effect of protein dyanmics on binding,
AutoDock Vina was utilized to dock the best four compounds from Fig. 1
into H41 and C145 of SARS-CoV-2 MP™,

Fig. 8A shows the binding energies of the docking of Nelfinavir,
diosmin, rutin, hesperidin, and apiin into the active site of SARS-CoV-2
MP™, Here 12 different conformations of the protein are selected after
clustering analysis using Chimera software. The 12 representative con-
formations are taken at 8.4, 10.8, 14.2, 22.7, 40.1, 44.7, 54.7, 65.0,
68.3, 75.7, 79.2, and 90.6 ns. As shown in Fig. 8C, the RMSF is stable
near the active site pocket suggesting no major effect on the ligand
binding. This is reflected in the average binding energies calculated from
the different conformations of SARS-CoV-2 MP™ depicted in Fig. 8A,
with the standard deviation values as the error bars. At least four com-
pounds show better average binding affinities to SARS-CoV-2 MP™
compared to the positive control compound, Nelfinavir (-7.4 + 0.6
kcal/mol). These four compounds are diosmin (—8.7 + 0.5 kcal/mol),
rutin (—8.6 + 0.6 kcal/mol), hesperidin (—8.5 + 0.4 kcal/mol) and
apiin (—8.2 + 0.4 kcal/mol).

The most common interactions established between the polyphenols
and the SARS-CoV-2 MP™ are the H-bonding and hydrophobic interac-
tion. Fig. 8B shows the interactions formed between the polyphenols
(Diosmin, Rutin, Hesperidin, and Apiin) and SARS-CoV-2 MP™ active
site residues H41 and C145 after docking. Diosmin forms seven H-bonds
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Fig. 8. Molecular Dynamics Simulation of SARS-CoV-2 MP™. (A) RMSD (in 10\) in blue, RoG (;\) in red, Number of H-bonds in yellow, and SASA (in ;\2) in gray versus
time in ns. (B) Histogram of the four parameters mentioned in A with the same color code. (C) The per-residue RMSF of SARS-CoV-2 MP™ with the protein structure
represented in the green cartoon. The most movable parts are marked in the RMSF chart and the protein structure (the encircled blue helix and yellow coil).

(L141, S144, E166, R188, Q189, T190, and Q192) and two hydrophobic
contacts (E166 and P168), while both Rutin and Apiin, form eight H-
bonds (T26, N142, G143, S144(2), C145, E166 and Q189 for Rutin, and
T24, T26,N119,N142, G143, S144(2), and C145 for Apiin). Rutin forms
three hydrophobic contacts (M165, E166, and Q189), while Apiin
doesn’t form any hydrophobic interactions with SARS-CoV-2 MP™.
Hesperidin creates fewer hydrophobic contacts (one with T25), while it
establishes six H-bonds (N142, G143, S144(2), Q189, and T190) with
SARS-CoV-2 MP"°,

As shown in Fig. 8B, the most dominant interactions are the H-
bonding (blue line) in all the studied polyphenols. The most conserved
H-bonds that are established in all the four polyphenols are through
S144, while Rutin, Hesperidin, and Apiin form H-bonds to N142 and
G143. E166 and Q189 are engaged in both H-bonds (blue lines) and
hydrophobic interactions (dashed-gray lines) with Diosmin and Rutin.

3.4. ADMET studies

ADMET analysis of hit compounds is provided in Table 5. The vol-
ume of distribution at steady state (VDSS) was predicted to range from
1.663 to 0.996. They can be found at high concentrations in plasma
rather than tissue. If the target is not in the brain, protecting the brain
from the toxic effects of drugs is pharmacologically very important. In
this model, values between 0.4- (—1) for logBB were defined as the
molecule medium-level could cross the BBB, and lower than —1 poorly
distributed to the brain. Nelfinavir (—0.522) indicates a low BBB
permeability and these compounds (—1.715 - (—1.899) also display a
poor BBB permeability. Similar results were obtained for CNS perme-
ability studies. These results have demonstrated that the most active
compounds against SARS-CoV-2 main protease had less toxicity than
nelfinavir for the brain. In the evaluation of the maximum tolerated dose
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Table 5
Important ADMET properties for some flavonoids with high binding affinity.

Computers in Biology and Medicine 145 (2022) 105452

Property Model Name Predicted Value
Hesperidin Rutin Diosmin Apiin Nelfinavir
Absorption Water solubility (log mol/L) —3.014 —2.892 —2.929 —2.851 —3.894
Caco2 permeability (log Papp in 10~® cm/s) 0.505 —0.949 0.305 —0.966 0.693
Intestinal absorption (human) (% Absorbed) 31.481 23.446 29.319 17.411 70.888
Skin Permeability(log Kp) —2.735 -2.735 -2.735 -2.735 —2.737
P-glycoprotein substrate Yes Yes Yes Yes Yes
P-glycoprotein I inhibitor No No No No Yes
P-glycoprotein II inhibitor No No No No Yes
Distribution VDss (human) (log L/kg) 0.996 1.663 1.428 1.004 0.563
Fraction unbound (human) (Fu) 0.101 0.187 0.105 0.171 0.094
BBB permeability (log BB) -1.715 -1.899 -1.795 -1.793 —0.522
CNS permeability (log PS) —4.807 —5.178 —4.836 —4.972 —2.245
Metabolism CYP2D6 substrate No No No No No
CYP3A4 substrate No No No No Yes
CYP1A2 inhibitior No No No No No
CYP2C19 inhibitior No No No No Yes
CYP2C9 inhibitior No No No No No
CYP2D6 inhibitior No No No No Yes
CYP3A4 inhibitior No No No No Yes
Excretion Total Clearance(log ml/min/kg) 0.211 —0.369 -0.113 —0.054 0.399
Renal OCT2 substrate No No No No No
Toxicity Max. tolerated dose (human) (log mg/kg/day) 0.525 0.452 0.565 0.446 —0.576
hERG I inhibitor No No No No No
hERG II inhibitor Yes Yes Yes Yes Yes
Oral Rat Acute Toxicity (LD50) (mol/kg) 2.506 2.491 2.512 2.49 2.54
Oral Rat Chronic Toxicity (LOAEL) (log mg/kg_bw/day) 3.167 3.673 3.343 4.574 3.911
Hepatotoxicity No No No No Yes
Skin Sensitization No No No No No

suggested for the human phase I study, 0.477 logs (mol/kg/day) equal
or less concentration is considered low, and above it is considered high.
While Rutin and Apiin have suitable values for the human phase I study
suggested that, Hesperidin and Diosmin have values slightly above the
recommended toxicity value. Also, their maximum tolerated dose
(human) is lower Nelfinavir than. Four compounds were predicted as no
potent inhibitors for CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4
enzymes. Therefore, these flavonoids were predicted as nontoxic for the
liver. But, Nelfinavir was found as a potential inhibitor for CYP2C19,
CYP2D6, CYP3A4 enzymes, and predicted to have hepatotoxicity. In
terms of other toxicity values such as hERG I inhibitor, oral rat acute
toxicity (LDsgp), oral rat chronic toxicity (LOAEL), skin sensitization,
these compounds falls within acceptable range.

The antiviral effects of flavonoids have been the subject matter of
several reports [62-64]. It has been previously reported that flavonoids
exert their antiviral effects via blockage of cellular receptors, inhibiting
viral antigenic determinants, loss of enzymatic functions, and/or inhi-
bition of particle biosynthesis, which is consistent with our findings
[65-67]. Furthermore, the antiviral activity of specific flavonoid sub-
class groups such as catechins, flavanones, flavonols has been reported
previously against various viral strains [68,69]. Song et al. (2005) re-
ported reduced viral infectivity by catechins [68]. Antiviral natural
product-based medicines have also been used for two previous corona-
virus outbreaks of SARS-CoV and MERS-CoV, which suggests that nature
has tremendous potential to provide treatment for the ongoing epidemic
of COVID-19 [70-72].

Previous reports also suggested the anti-influenza virus potential of
Hesperidin and Apiin [73,74]. Additionally, the anti-Dengue virus
(DENV) activity of Rutin [75], the anti-rotavirus potential of Diosmin,
was reported [76]. Hesperidin and diosmin are flavanone glycoside,
which is richly found in the citrus, including lemons, grapefruits, and
sweet oranges [77,78]. Among all the flavonoids, Diosmin, Rutin, Hes-
peridin, and Apiin are found to possess very promising binding in-
teractions with SARS-CoV-2 MP™.

Hesperetin, a primary metabolite of hesperidin, has been shown to
inhibit viral MP™ cleavage activity with ICsq of 8.3 uM [71]. Hesperidin
is a readily bioavailable compound reaching a peak plasma

10

concentration of 1.28 pmol/L in humans after intake of 1L orange juice
[79]. Some studies also suggest its efficacy at the SARS-CoV-2 replica-
tion sites such as lungs. Hesperidin and Hesperetin were found to be
effective in reducing the discharge of pro-inflammatory cytokines in the
lungs. Hesperidin has also been reported as an effective antagonist of
Th2 cytokines in the alveolar space where localized inflammatory
cytokine storms arise during early phases of respiratory distress syn-
drome, eventually leading to organ damage [80,81]. A daily dose of 292
mg Hesperidin (500 mL of orange) resulted in significant
anti-atherogenic and anti-inflammatory activities in a large-scale clin-
ical trial [81]. As COVID-19 - patients suffer from severe inflammatory
cytokine response in the later stages of infection; thus, dual
antiviral/anti-inflammatory properties of this compound recommend its
efficacy for the prevention and treatment of COVID-19. Interestingly, its
toxicity is also low, with LDso more than 4.5 g/kg [82]. Thus, hesperi-
din’s efficacy, bioavailability, and low toxicity suggest its immense po-
tential against COVID-19. COVID-19 patients also suffer from hypoxic
pulmonary vasoconstriction and reduced lung ventilation [83]. Daflon
(500 mg) is a flavonoid vasoprotective containing Diosmin (90%) and
Hesperidin as active ingredients with no side effects and having LDsg >
3 g/kg [84]. Thus, combinatorial therapies of Daflon or Hesperidin
supplements with other drugs might work effectively for the treatment
of COVID-19 patients.

4. Conclusion

In this study, computer-aided molecular docking was performed
using 81 flavonoid-based compounds against SARS-CoV-2 MP™. The
most effective compounds (Hesperidin, Rutin, Diosmin, and Apiin) were
studied in multiple dimensions using computer-aided simulation and
computational techniques to determine their affinity, binding stability,
and the closest real condition responses against SARS-CoV-2 Mpro. We
found that these compounds have a better binding affinity than Nelfi-
navir. All the compounds bearing good binding potency are components
of dietary foods, further supporting the potential of these compounds as
cheaper and safer candidates to develop therapeutics against COVID-19.
The study provides a scientific basis for the utilization of dietary
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molecules as SARS-CoV-2 MP™ inhibitors, however, these in silico re-
sults need to be validated by in vitro protease activity assay and in vivo
studies. Besides, the optimal dosing regimen for adults and the elderly
based on reducing viral load and shortening the infectious period needs
to be optimized for therapeutic implications.
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