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a b s t r a c t

Coronavirus disease 2019 (COVID-19) is a new pandemic characterized by quick spreading and illness of
the respiratory system. To date, there is no specific therapy for Severe Acute Respiratory Syndrome
coronavirus 2 (SARS-CoV-2). Flavonoids, especially rutin, have attracted considerable interest as a pro-
spective SARS-CoV-2 main protease (Mpro) inhibitor. In this study, a database containing 2017 flavone
analogs was prepared and screened against SARS-CoV-2 Mpro using the molecular docking technique.
According to the results, 371 flavone analogs exhibited good potency towards Mpro with docking scores
less than �9.0 kcal/mol. Molecular dynamics (MD) simulations, followed by molecular mechanics-
generalized Born surface area (MM/GBSA) binding energy calculations, were performed for the top
potent analogs in complex with Mpro. Compared to rutin, PubChem-129-716-607 and PubChem-885-
071-27 showed better binding affinities against SARS-CoV-2 Mpro over 150 ns MD course with DGbind-

ing values of �69.0 and �68.1 kcal/mol, respectively. Structural and energetic analyses demonstrated high
stability of the identified analogs inside the SARS-CoV-2 Mpro active site over 150 ns MD simulations. The
oral bioavailabilities of probable SARS-CoV-2 Mpro inhibitors were underpinned using drug-likeness
parameters. A comparison of the binding affinities demonstrated that the MM/GBSA binding energies
of the identified flavone analogs were approximately three and two times less than those of lopinavir and
baicalein, respectively. In conclusion, PubChem-129-716-607 and PubChem-885-071-27 are promising
anti-COVID-19 drug candidates that warrant further clinical investigations.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

The human severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is a universal menace to world health and economy
[1,2]. Eventually, the World Health Organization (WHO) officially
.A. Ibrahim), matia@ageri.sci.
labeled the COVID-19 outbreak as a pandemic on March 11, 2020
[3]. Based on WHO’s proclamation, more than 118 million people
around the world have been infected with COVID-19, including
some 2.6 million deaths as of March 12, 2021 [4]. Unfortunately, the
numbers of infected cases are on the increase [5]. Until now, no
specific drugs are available to eliminate COVID-19 infection [6].
More recently, remdesivir and dexamethasone were declared to
have positive influences in clinical trials [6e8]. Ongoing clinical
trials are being conducted to assess the efficacy of several drugs to
treat COVID-19 disease [9]. Recently, WHO announced 200 vaccine
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Fig. 1. Schematic representation of the utilized in silico techniques and the filtration process.
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products at various stages of clinical development and issued an
Emergency Use Listing (EUL) for Pfizer and AstraZeneca/Oxford
COVID-19 vaccines [10]. Although the developed vaccines are
currently being distributed and administered, a mass vaccination
program will take a long time. Therefore, continued efforts are
needed to develop safe and effective anti-COVID-19 drugs.

SARS-CoV-2 Mpro (also called 3CLpro) is one of the most
charming targets for preventing viral replication [11]. Very recently,
the first crystal structure of SARS-CoV-2 Mpro in complex with a
peptidomimetic inhibitor (N3) was resolved to enable the rational
design of specific inhibitory compounds towards SARS-CoV-2 Mpro

[12].
Utilizing in silico drug discovery techniques, several attempts

have been made to repurpose known pharmaceutical drugs as
potential therapeutic candidates for the treatment of COVID-19
[13e15]. Virtual screening combined with molecular dynamics
(MD) simulations of chemical libraries against SARS-CoV-2 targets
was conducted for the sake of hunting the most promising in-
hibitors that could block the viral replication [16].

Natural products have been the focus of several investigations in
the search for discovering anti-COVID-19 drug candidates [17,18].
Among natural products, flavonoids have attracted considerable
2

interest as potential SARS-CoV-2 inhibitors [19e21].
Rutin is a flavonol glycoside molecule extracted from many

plants, including buckwheat, tobacco, forsythia, hydrangea, viola,
etc. Rutin exemplifies a significant component of many antiviral
medicines [22]. Rutin is also known to demonstrate good affinity
against avian influenza virus [23], HSV-1 [24], HSV-2 [25], and
parainfluenza-3 virus [26]. Several studies have documented that
rutin has high efficacy as a potent inhibitor to treat COVID-19
infection [27,28]. The potency of rutin against the SARS-CoV-2
Mpro was underpinned and attributed to the hydroxyl groups
within the sugar group involved in its structure, demonstrating
several noncovalent interactions with the heteroatoms of amino
acids of the Mpro’s active site [21,29,30].

Therefore, the current study was set out to evaluate binding
affinities of flavone analogs as SARS-CoV-2 Mpro inhibitors using in
silico structure-based drug discovery techniques. A database of
2017 flavone analogs was retrieved, prepared and screened virtu-
ally against SARS-CoV-2 Mpro. Based on the predicted docking
scores, the most promising hits were then subjected to molecular
dynamics (MD) simulations. The stabilities and affinities of the top
potent analogs were further investigated over a 150 ns MD course.
Prediction of drug-likeness was carried out to disclose the



Table 1
Estimated docking scores (in kcal/mol) and binding features for rutin and the top nine potent analogs against SARS-CoV-2 Mpro.

No. PubChem
code

2D-Chemical Structure Docking
Score (kcal/
mol)

Cluster
Populationa

Binding Featuresb

1 Rutin
(PubChem-
528-080-5)

�7.2 43 ASP187 (1.90 Å), HIS164 (2.25 Å), GLU166 (2.05 Å), GLN192 (2.86 Å), THR190 (2.19,
1.92 Å)

2 PubChem-
137-399-195

�10.9 38 GLN189 (2.22 Å), GLU166 (1.92, 1.90, 2.99 Å), GLY143 (1.95, 2.88 Å), LEU141 (2.57 Å),
SER144 (1.83 Å)

3 PubChem-
129-716-607

�10.7 37 THR26 (2.07 Å), GLU166 (2.06 Å), HIS164 (2.03 Å), TYR54 (2.33 Å), ASP187 (2.32 Å),
THR190 (2.20, 2.02 Å)

4 PubChem-
893-333-51

�9.9 47 THR190 (1.92 Å), ASP187 (1.90 Å), GLU166 (2.02, 1.85, 1.78 Å), HIS164 (2.28 Å), HIS41
(2.40 Å), LEU141 (1.83 Å), SER144 (1.96 Å), GLY143 (2.37 Å), CYS145 (2.59, 2.61 Å)

(continued on next page)
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Table 1 (continued )

No. PubChem
code

2D-Chemical Structure Docking
Score (kcal/
mol)

Cluster
Populationa

Binding Featuresb

5 PubChem-
123-170-316

�9.9 27 THR190 (1.85 Å), GLU166 (1.94 Å), HIS164 (2.45 Å), ASP187 (1.93 Å)

6 PubChem-
142-513-769

�9.8 29 GLY143 (1.62 Å), ASN142 (2.33 Å), PHE140 (2.09 Å), HIS163 (2.08 Å), HIS164 (2.74 Å),
GLU166 (2.13, 2.16, 2.96 Å), PRO168 (2.05 Å)

7 PubChem-
101-020-740

�9.7 35 THR190 (1.98, 2.08 Å), GLN189 (1.99 Å), GLU166 (1.93 Å), ASP187 (2.78 Å), HIS164
(2.92 Å), HIS163 (2.09 Å), SER144 (2.12 Å), LEU141 (2.21 Å), LEU141 (1.98, 2.21 Å)

8 PubChem-
142-513-754

�9.7 37 LEU141 (2.79 Å), HIS163 (1.65 Å), GLU166 (2.48, 2.16 Å), ASP187 (2.00 Å), THR190
(2.18, 2.26 Å)

9 PubChem-
885-071-27

�9.5 42 THR26 (2.07 Å), ASN142 (2.06 Å), PHE140 (2.8 Å), HIS163 (1.99 Å), GLU166 (2.07 Å),
MET165 (2.4, 2.72 Å), GLN192 (2.73 Å), THR190 (2.21, 1.73 Å), PRO168 (2.20, 1.89 Å)
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Table 1 (continued )

No. PubChem
code

2D-Chemical Structure Docking
Score (kcal/
mol)

Cluster
Populationa

Binding Featuresb

10 PubChem-
101-133-681

1

�9.2 34 GLY143 (2.08 Å), GLU166 (1.70, 2.20, 1.86 Å), THR190 (2.22, 2.54 Å)

a Number of conformations in the largest cluster.
b Only hydrogen bonds (in Å) were listed.
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bioavailabilities of the identified drug candidates. The current data
highlight the importance of the identified potential anti-SARS-CoV-
2 Mpro inhibitors, which can be tested in vitro and in vivo, to fight
the global threat of COVID-19.

2. Computational methodology

2.1. Protein preparation

The resolved experimental 3D crystal structure of SARS-CoV-2
main protease (Mpro; PDB code: 6LU7 [12]) in complex with pep-
tidomimetic inhibitor (N3) was chosen for all molecular docking
and molecular dynamics simulations. Heteroatoms, water mole-
cules and ions were omitted. Hþþ server was utilized to assign the
protonation state of SARS-CoV-2Mpro. As well, all missing hydrogen
atomswere appropriately added [31]. The pKa for SARS-CoV-2 Mpro

residues was investigated under the physical conditions of
salinity ¼ 0.15, internal dielectric ¼ 10, pH ¼ 6.5 and external
dielectric ¼ 80.

2.2. Database preparation

Prior to molecular docking calculations, a set of 2017 flavone
analogs was retrieved in SDF format from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov). The investigated flavone ana-
logs were selected based on the chemical skeleton of rutin, as
shown in Fig. 1. The 3D chemical structures of the retrieved analogs,
in addition to rutin (PubChem-528-080-5), were generated with
the help of Omega2 software [32,33]. For each compound, a
conformational search was first carried out and all possible con-
formers within the energy window value of 10 kcal/mol were
generated. The lowest energy conformer was selected and subse-
quently minimized using an MMFF94S force field with the help of
accessible SZYBKI software [34,35]. A schematic representation of
the utilized in silico techniques and the filtration process of the
database is depicted in Fig. 1.

2.3. Molecular docking

AutoDock4.2.6 softwarewas employed to carry out all molecular
docking calculations [36]. AutoDock protocol was followed to pre-
pare the pdbqt file of SARS-CoV-2 Mpro [37]. The genetic-algorithm
number (GA) and the maximum number of energy evaluations
(eval) were adjusted to 250 and 25,000,000, respectively. All other
options were kept at their default parameters. The dimensions of
5

the docking grid were defined to enclose the active site of SARS-
CoV-2 Mpro (60 Å � 60 Å � 60 Å). As well, the grid spacing value
was set to 0.375 Å. The grid center’s coordinates were positioned
at �13.069, 9.740, 68.490 (XYZ assignments, respectively). Atomic
partial charges of the investigated analogs were assigned using the
Gasteiger method [38]. The probable binding modes for each
studied analog were processed by built-in clustering analysis (2.0 Å
RMSD tolerance) and the conformation with the lowest energy in
the largest cluster was picked out as representative.
2.4. Molecular dynamics simulations

All molecular dynamics (MD) simulations were executed for the
most promising flavone analogs complexed with SARS-CoV-2 Mpro

using AMBER16 software [39]. General AMBER force field (GAFF2)
[40] and AMBER force field 14SB [41] were utilized to describe the
flavone analogs andMpro, respectively. In the current study, implicit
and explicit MD simulations were conducted. In implicit MD sim-
ulations, the AM1-BCC method was employed to calculate atomic
partial charges of the analogs [42]. There were no cutoff or periodic
boundary conditions applied for nonbonded interactions (more
precisely, a cutoff value of 999 Å was utilized). Solvent effect was
considered using igb ¼ 1 implicit solvent model [43]. The docked
analog-Mpro complexes were initially energy minimized for 500
steps and gradually heated from 0 K to 300 K over 10 ps under NVT
condition, utilizing Langevin thermostat. Eventually, 250 ps in
addition to 1000 ps production stages were carried out and snap-
shots were recorded every 1 ps, giving 250 and 1000 snapshots,
respectively. The CPU version of pmemd (pmemd.MPI) in AMBER16
was used to perform all implicit MD simulations.

In explicit MD simulations, the restrained electrostatic potential
(RESP) approach at the HF/6-31G* level was applied to calculate
atomic partial charges of the analogs with the assistance of
Gaussian09 software [44,45]. The analog-Mpro complexes were
solvated in a cubic water box with a minimum distance to the box
edge of 15 Å using the TIP3P water model with periodic boundary
conditions [46]. Combined steepest descent and conjugate gradient
method was employed to perform energy minimization for 5000
steps on the solvated analog-Mpro complexes. The investigated
systems were then gently annealed from 0 K to 300 K over 50 ps
with a weak restraint of 10 kcal/mol Å�1 on the Mpro. Besides, the
systems were adequately equilibrated for 1 ns, and production
stages were carried out under the NPT ensemble over simulation
times of 5 n, 10 ns, 50 and 150 ns. Snapshots were collected every
10 ps, giving 500, 1000, 5000, and 150000 snapshots, respectively.

https://pubchem.ncbi.nlm.nih.gov


Fig. 2. 3D and 2D representations of predicted binding modes of (a) PubChem-137-399-195 and (b) rutin with SARS-CoV-2 main protease (Mpro).
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Long-range electrostatic forces and energies were calculated with
Particle Mesh Ewald (PME) method and the Lennard-Jones in-
teractions were estimated with a 12 Å cutoff [47]. Langevin ther-
mostat with a gamma_ln collision frequency set to 1.0 was applied
to conserve the temperature at 298 K. A Berendsen barostat was
employed for the pressure control with a pressure relaxation time
of 2 ps [48]. SHAKE option to constrain all bonds involving
hydrogen atoms was used with a time step of 2 fs [49]. Moreover,
coordinates and energy values were gathered every 10 ps over the
6

production stage for binding energy calculations and post-
dynamics analyses. The GPU version of pmemd (pmemd.cuda) in
AMBER16 was employed to execute all explicit MD simulations. All
calculations, including molecular docking, molecular dynamics,
and quantum mechanics, were performed on the CompChem GPU/
CPU cluster (hpc.compchem.net). Molecular graphics were carried
out using BIOVIA DS Visualize 2020 [50].

http://hpc.compchem.net


Table 2
Average MM/GBSA binding energies (in kcal/mol) for rutin and the top nine potent
analogs against SARS-CoV-2 main protease (Mpro)a.

No. PubChem code MM/GBSA Binding Energy (kcal/mol)

Implicit Solvent Explicit Solvent

250 ps 1000 ps 5 ns 10 ns 50 ns

1 Rutin �44.3 �46.3 �33.4 �31.9 �30.1
2 PubChem-129-716-607 �57.2 �58.2 �66.7 �67.1 �69.1
3 PubChem-885-071-27 �54.5 �55.8 �66.4 �66.7 �67.6
4 PubChem-893-333-51 �51.4 �53.6 �63.7 �67.5 �59.4
5 PubChem-137-399-195 �57.2 �57.1 �63.2 �65.2 �55.1
6 PubChem-101-133-681 �49.6 �50.3 �64.7 �62.7 �53.1
7 PubChem-123-170-316 �44.3 �45.6 �57.4 �56.0 �53.1
8 PubChem-142-513-754 �52.1 �51.0 �55.5 �56.8 �51.6
9 PubChem-101-020-740 �51.7 �51.2 �54.7 �55.7 �50.1
10 PubChem-142-513-769 �62.0 �58.3 �55.4 �57.8 �48.4

a Data sorted according to MM/GBSA binding energy over 50 ns MD simulations.
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2.5. Relative binding free energy calculation

The binding free energies of the most potent flavone analogs in
complex with SARS-CoV-2 Mpro were evaluated with the help of
molecular mechanical-generalized Born surface area (MM/GBSA)
approach [51]. In the current study, the modified GB model sug-
gested by Onufriev (igb ¼ 2) was utilized to determine the polar
solvation energy. Uncorrelated snapshots were taken every 10 ps
throughout the MD course, and the MM/GBSA (DGbinding) energy
calculated as follows:

DGbinding ¼GComplex �
�
Ganalog þGMpro

�

2.6. In silico drug-likeness evaluation

In silico drug-likeness prediction of the most potent flavone
analogs was executed using the Molinspiration cheminformatics
software (http://www.molinspiration.com) to realize the Lipinski
parameters. The following molecular descriptors were inspected
for each investigated analog: number of hydrogen bond donors
Fig. 3. Average MM/GBSA binding energies for rutin and the top nine potent flavone analog
MD simulations in explicit solvent.
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(nOHNH), number of rotatable bonds (nrotb), number of hydrogen
bond acceptors (nON), n-octanol/water partition coefficient (P),
molecular weight (MWt), topological polar surface area (TPSA),
molecular volume (MVol), and percentage of absorption (%ABS).
The calculated partition coefficient (P) was determined using the
miLogP2.2 software from Molinspiration (https://www.
molinspiration.com/services/logp.html). %ABS was estimated as
follows [52]: %ABS ¼ 109 � [0.345 � TPSA].
3. Results and discussion

3.1. Virtual screening of flavone analogs

Virtual screening is a comprehensive approach at the initial
stage of the drug discovery pipeline that permits discovering
promising bioactive inhibitors at a great throughput [53]. Because
of its quickness and cost-efficiency, it is a recommended technique
to recognize potential drug candidates against the universally
spreading SARS-CoV-2 virus, mainly when time is of the essence.

Based on rutin’s chemical structure, the PubChem database was
explored, and compounds with similar substructures were identi-
fied, giving a total number of 2017 flavone analogs (see Fig. 1).
Consequently, all identified analogs were extracted and virtually
screened via Autodock4.2.6 software using docking parameters of
GA ¼ 250 and eval ¼ 25,000,000 towards SARS-CoV-2 Mpro. The
estimated docking scores for all investigated analogs against the
SARS-CoV-2 Mpro are summarized in Table S1. It can be seen from
the data in Table S1 that 371 analogs displayed docking scores less
than �9.0 kcal/mol. Evaluated docking scores, 2D chemical struc-
tures, number of conformations in the largest cluster and binding
features for nine most potent analogs with SARS-CoV-2 Mpro are
summarized in Table 1. Corresponding data for rutin is also
considered for the purpose of comparison. As well, the 2D repre-
sentations of interactions of those nine potent analogs with the
essential amino acid residues of SARS-CoV-2 Mpro are illustrated in
Fig. S1. It is worth mentioning that those nine potent analogs were
picked out based on the estimated 50 ns MD/MM/GBSA binding
energy calculations described in latter sections.

From docking features in Table 1 and Fig. S1, it is apparent that
all identified flavone analogs demonstrated similar binding modes,
s in complex with SARS-CoV-2 main protease (Mpro) over 5 ns, 10 ns, 50 ns and 150 ns

http://www.molinspiration.com
https://www.molinspiration.com/services/logp.html
https://www.molinspiration.com/services/logp.html


Fig. 4. 3D and 2D representations of binding modes of (a) PubChem-129-716-607, (b) PubChem-885-071-27, and (c) rutin with SARS-CoV-2 main protease (Mpro) based on the last
snapshot of the 150 ns MD simulations.

Table 3
Components of the MM/GBSA binding energies for PubChem-129-716-607, PubChem-885-071-27 and rutin with SARS-CoV-2 main protease (Mpro) through the MD course of
150 ns.

PubChem code Estimated MM/GBSA binding energy (kcal/mol)

DEVDW DEele DEGB DESUR DGgas DGSolv DGbinding

Rutin �41.7 �32.3 51.1 �5.4 �74.1 45.7 �28.4
PubChem-129-716-607 �74.3 �64.9 77.8 �7.6 �132.0 70.2 �69.0
PubChem-885-071-27 �86.1 �71.2 98.0 �8.9 �147.8 89.0 �68.1
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exhibiting a substantial hydrogen bond with GLU166 and other
hydrogen bonds with several amino acid residues inside Mpro’s
binding pocket. Other interactions were also spotted, such as van
der Waals, hydrophobic and pi-based interactions between the
investigated analogs and Mpro, giving a docking score less
than �9.0 kcal/mol (Fig. S1).

For instance, PubChem-137-399-195 showed the lowest dock-
ing score (i.e., highest binding affinity) against SARS-CoV-2 Mpro

with a value of �10.9 kcal/mol, forming multiple hydrogen bonds,
hydrophobic as well as van der Waals interactions, and pi-based
interactions with the key amino acids within the active site
(Fig. 2). PubChem-137-399-195 exhibited eight hydrogen bonds
8

with GLN189 (2.22 Å), GLU166 (1.92, 1.90, 2.99 Å), GLY143 (1.95,
2.88 Å), LEU141 (2.57 Å), and SER144 (1.83 Å). Compared to
PubChem-137-399-195, rutin displayed a much lower binding af-
finity with a docking score of �7.2 kcal/mol, forming only six
hydrogen bonds with ASP187, HIS164, GLU166, GLN192, and
THR190 with bond lengths ranging from 1.90 to 2.86 Å (Fig. 2).
3.2. Molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations should be applied to
puzzle out structural details, conformational flexibilities and sta-
bilities of ligand-enzyme complexes, and to also realize reliable



Fig. 5. Evaluated MM/GBSA binding energy per frame for PubChem-129-716-607 (in
red), PubChem-885-071-27 (in blue) and rutin (in black) towards SARS-CoV-2 main
protease (Mpro) over 150 ns MD simulations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Center-of-mass (CoM) distances (in Å) between PubChem-129-716-607 (in red),
PubChem-885-071-27 (in blue) and rutin (in black) and GLU166 of SARS-CoV-2 main
protease (Mpro) over 150 ns MD simulations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Root-mean-square deviation (RMSD) of the backbone atoms from the initial
structure for PubChem-129-716-607 (in red), PubChem-885-071-27 (in blue) and rutin
(in black) towards the SARS-CoV-2 main protease (Mpro) over 150 ns MD simulations.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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drug-receptor binding affinities [54,55]. Consequently, MD simu-
lations followed by binding energy calculations for the most potent
analogs complexed with SARS-CoV-2 Mpro were carried out. To
shortlist the top potent analogs, a docking score of less
than �9.0 kcal/mol was taken as the threshold value, giving 371
compounds (Table S1). In order to reduce computational costs and
time, MD simulations were performed in the implicit solvent over
250 ps. MM/GBSA approach was as well utilized to calculate the
corresponding binding energies (see computational methodology
section for details). The estimated MM/GBSA binding energies for
the top 371 potent analogs are summarized in Table S2.

The data in Table S2 interestingly displayed 227 analogs with
binding energies (DGbinding) less than �40.0 kcal/mol. These iden-
tified analogs complexed with SARS-CoV-2 Mpro were further
inspected over 1000 ps MD simulations to shortlist prospective
potent analogs. MM/GBSA binding energies estimated for the 227
analogs over 1000 ps MD simulations are listed in Table S3. As
Table S3 shows, about half of the screened compounds (z46%)
exhibited considerable binding energies (DGbinding less
than �50.0 kcal/mol). Those potent 105 analogs were further sub-
jected to 5 ns MD simulations in explicit water solvent towards
more reliable binding affinities of analog-Mpro complexes. The
corresponding 5 ns MD/MM/GBSA binding energies calculations
were evaluated and presented in Table S4. It can be seen from data
in Table S4 that only 33 compounds showed considerable binding
energies (DGbinding less than �55.0 kcal/mol).

Furthermore, 10 ns MD simulations in explicit water solvent,
followed by MM/GBSA binding energy calculations, were per-
formed on the top 33 potent analogs complexed with Mpro

(Table S5). It is apparent from Table S5 that nine potent analogs
Table 4
Hydrogen bonds formed between the key residues and the identified flavone analogs to

PubChem code Acceptor Donor

Rutin GLU166@O Rutin@O12eH28
PubChem-129-716-607 GLU166@O PubChem-129-716-607@O5e

VAL186@O PubChem-129-716-607@O16
PubChem-885-071-27 GLU166@O PubChem-885-071-27@O16e

VAL186@O PubChem-885-071-27@O12e

a The hydrogen bonds are investigated by the acceptor-donor atom distance of less th
b Only hydrogen bonds with occupancy higher than 50% were listed.
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showed MM/GBSA binding energies (DGbinding) less
than�55.0 kcal/mol. Finally, those nine potent analogs were picked
out and submitted to molecular dynamics (MD) simulations over
50 ns, and the corresponding binding energies were calculated
(Table 2 and Fig. 3).
wards SARS-CoV-2 main protease (Mpro).

Distance (Å)a Angle (degree)a Occupied (%)b

2.7 158 75.6
H29 2.6 165 97.5
eH29 2.7 156 93.3
H29 2.7 164 92.9
H25 2.8 148 70.5

an 3.5 Å and acceptor-H-donor angle of higher than 120� .



Table 5
Predicted physiochemical parameters of rutin and identified flavone analogs as promising SARS-CoV-2 main protease (Mpro) inhibitors and their different structural
descriptors.

PubChem code miLogP TPSA nON nOHNH Nrotb MVol MWt %ABS

Rutin 1.1 269.4 16 10 6 496.1 610.5 16.0%
PubChem-129e716e607 4.4 222.2 12 8 12 602.7 696.7 32.3%
PubChem-885e071e27 1.5 203.7 24 13 10 721.1 922.7 38.7%

Table 6
Calculated molecular docking scores (in kcal/mol), binding features andMM/GBSA binding energies over 150 ns MD simulation for the identified potent flavones, lopinavir and
baicalein in complex with SARS-CoV-2 main protease (Mpro).

PubChem code Docking Score
(kcal/mol)

Binding Features (Hydrogen bond length in Å) Calculated MM/GBSA binding energy (kcal/mol)

DEVDW DEele DEGB DESUR DGgas DGSolv DGbinding

PubChem-129-716-
607

�10.7 THR26 (2.07 Å),
GLU166 (2.06 Å),
HIS164 (2.03 Å),
TYR54 (2.33 Å),
ASP187 (2.32 Å),
THR190 (2.20, 2.02 Å)

�74.3 �64.9 77.8 �7.6 �132.0 70.2 �69.0

PubChem-885-071-
27

�9.5 THR26 (2.07 Å), ASN142 (2.06 Å), PHE140 (2.8 Å), HIS163 (1.99 Å), GLU166
(2.07 Å), MET165 (2.4, 2.72 Å),
GLN192 (2.73 Å),
THR190 (2.21, 1.73 Å),
PRO168 (2.20, 1.89 Å)

�86.1 �71.2 98.0 �8.9 �147.8 89.0 �68.1

Lopinavir
(PubChem-927-
27)

�9.8 HIS164 (2.62 Å),
GLY143 (2.01 Å),
LEU141 (1.96 Å), SER144 (3.09 Å)

�45.6 �22.1 39.9 �5.6 �67.8 34.2 �33.6

Baicalein �7.3 LEU141 (3.06 Å), ASN142 (2.70 Å), GLY143 (2.09, 2.26 Å),
SER144 (2.99 Å), GLU166 (2.14 Å).

�27.2 �6.3 20.2 �3.4 �33.6 16.8 �16.8

M.A.A. Ibrahim, E.A.R. Mohamed, A.H.M. Abdelrahman et al. Journal of Molecular Graphics and Modelling 105 (2021) 107904
As shown in Table 2 and Fig. 3, only two analogs, namely
PubChem-129-716-607 and PubChem-885-071-27, demonstrated
stable binding energies over the 5, 10, and 50 ns MD courses; while
variations were observed in the estimated MM/GBSA binding en-
ergies for all other analogs. For instance, MM/GBSA binding en-
ergies for PubChem-142-513-769 with Mpro were �55.4, �57.8,
and �48.4 kcal/mol over 5, 10, and 50 ns MD simulations, respec-
tively. This revealed the necessity of long MD simulations to predict
reliable analog-Mpro binding affinities. Therefore, MD simulations
for PubChem-129-716-607 and PubChem-885-071-27 in complex
with Mpro were extended to 150 ns and the corresponding MM/
GBSA binding energies were estimated (Fig. 3).

Interestingly, Fig. 3 showed that there was no considerable
difference between estimated MM/GBSA binding energies for
PubChem-129-716-607 and PubChem-885-071-27 with Mpro over
both the 50 ns and 150 ns MD simulations. Compared to rutin,
PubChem-129-716-607 and PubChem-885-071-27 displayed
binding affinities over 150 ns MD against SARS-CoV-2 Mpro with
DGbinding of �69.0 and �68.1 kcal/mol, respectively. The out-
performance potentialities of PubChem-129-716-607 and
PubChem-885-071-27 as SARS-CoV-2 Mpro resulted from their ca-
pabilities of exhibiting numerous hydrogen bonds and van der
Waals interactions, in addition to hydrophobic and pi-based in-
teractions, with the proximal amino acid residues inside the SARS-
CoV-2 Mpro active site. More precisely, PubChem-129-716-607 and
PubChem-885-071-27 form ten and nine hydrogen bonds, respec-
tively, with the key amino acid residues of Mpro (Fig. 4). The refer-
ence compound (i.e., rutin) exhibited high binding energy with an
average MM/GBSA binding energy of �28.4 kcal/mol over the 150
ns MD simulation, forming only four hydrogen bonds with the key
amino acid residues of Mpro (Fig. 4). Most striking is that the
calculated binding affinities of PubChem-129-716-607and Pub-
Chem-885-071-27 are two-fold higher than rutin.
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In order to unveil the main driving force in the binding of the
identified flavone analogs with SARS-CoV2 Mpro, decomposition of
the MM/GBSA binding energies was executed (Table 3). As can be
seen from Table 3, Evdw was the major favorable contributor in
PubChem-129-716-607-, PubChem-885-071-27-, and rutin-SARS-
CoV-2 Mpro binding energies with an average value
of �74.3, �86.1, and �41.7 kcal/mol, respectively. Besides, Eele was
also favorable with an average value of �64.9, �71.2, and �32.3 for
PubChem-129-716-607-, PubChem-885-071-27- and rutin-SARS-
CoV-2 Mpro binding energies, respectively. Intriguingly, Evdw, and
Eele of the two analogs were nearly two times less than those of
rutin.
3.3. Post-dynamics analyses

Structural and energetic analyses were executed over 150 nsMD
simulations to demonstrate the analog’s stability inside the SARS-
CoV-2 Mpro active site. The structural and energetic analyses
involved binding energy per frame, hydrogen bond length, root-
mean-square deviation (RMSD), and center-of-mass (CoM)
distance.
3.3.1. Binding energy per frame
The correlation between the binding energy per frame and time

for PubChem-129-716-607- and -PubChem-885-071-27-Mpro

complexes were inspected and compared to that of rutin over 150
ns MD simulations to inspect the stability of the inhibitor inside the
active site of the SARS-CoV-2 Mpro (Fig. 5). From data in Fig. 5,
apparently overall stabilities were observed for PubChem-129-716-
607, PubChem-885-071-27 and rutin inside the Mpro active site
over 150 ns MD simulations with average binding energies
(DGbinding) of �69.0, �68.1 and �28.4 kcal/mol, respectively. The
current results pointed out favorable stabilities of analog-SARS-
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CoV-2 Mpro complexes.

3.3.2. Hydrogen bond length
Hydrogen bond analysis was performed on the assembled tra-

jectories over the 150 ns MD course. The results are listed in Table 4
and the figures strikingly indicate the great stability of PubChem-
129-716-607 and PubChem-885-071-27 compared to rutin
against SARS-CoV-2 Mpro. Indeed, PubChem-129-716-607 and
PubChem-885-071-27 exhibited two stable hydrogen bonds with
GLU166 and VAL186with an average bond length of 2.6 and 2.7, and
2.7 and 2.8 Å, respectively. In comparison, rutin formed an essential
hydrogen bondwith GLU166with an average of 2.7 Å and showed a
persistent 75.6% of the MD trajectory snapshots. Interestingly,
PubChem-129-716-607 and PubChem-885-071-27 displayed per-
manent hydrogen bonds in 97.5 and 93.3, and 92.9, and 70.5% with
GLU166 and VAL186, respectively. Overall, these post-dynamics
results gave evidence for the stability of PubChem-129-716-607
and PubChem-885-071-27 in complex with SARS-CoV-2 Mpro.

3.3.3. Center-of-mass distance
In order to obtain a more in-depth insight into the stability of

inhibitor-Mpro throughout the MD simulations, center-of-mass
(CoM) distances were investigated between PubChem-129-716-
607, PubChem-885-071-27 and rutin and GLU166 residue (Fig. 6).
The graphmost excitingly illustrated that CoM distances weremore
narrow-fluctuated for PubChem-129-716-607- and PubChem-885-
071-27-Mpro complexes than rutin-Mpro complex, with average
values of 6.2, 6.5 and 8.2 Å, respectively. The current results
revealed that PubChem-129-716-607 and PubChem-885-071-27
bound more tightly with the Mpro complex compared to rutin.

3.3.4. Root-mean-square deviation
To estimate the stability of the identified analogs over the MD

simulations, root-mean-square deviations (RMSDs) for the complex
backbone atoms relative to the initial structures during the MD
simulations were inspected (Fig. 7). Fig. 7 shows the overall stability
for PubChem-129-716-607-, PubChem-885-071-27- and rutin-Mpro

complexes with average RMSD values of 0.27, 0.28, and 0.19 nm,
respectively. These findings substantiated that the identified ana-
logs are tightly bonded and do not affect the overall topology of
SARS-CoV-2 Mpro.

3.4. In silico drug-likeness

In order to assess the activity and bioavailability of the discov-
ered flavone analogs, Lipinski’s rules were utilized using Molins-
piration cheminformatics online software (http://www.
molinspiration.com). The in silico drug-likeness prediction of
PubChem-129-716-607 and PubChem-885-071-27 was carried out
and compared to rutin. Lipinski’s parameters, topological polar
surface area (TPSA), and percentage of absorption (%ABS) were
predicted and listed in Table 5.

A striking feature of the figures in Table 5 is the milogP being
less than five for the three investigated compounds (calc. 1.1e4.4),
suggesting that these compounds have good permeability through
the cell membrane. Molecular weights of the analogs were more
than 500 (calc. 610.5e922.7). The number of hydrogen bond donors
(nON) and the number of hydrogen bond acceptors (nOHNH) were
in the range of 12e24 and 8 to 13, respectively. It has been reported
that the high molecular weight and numbers of hydrogen bond
donors and hydrogen bond acceptors do not have dramatic in-
fluences on the compound’s transportation and diffusion as several
FDA-approved drugs exceed the standard Lipinski’s values of mo-
lecular weight, hydrogen bond donors, and hydrogen bond accep-
tors [56]. Besides, the calculated %ABS values were in the range of
11
16.0%e38.7%, and the TPSA values were noticed in the range of
203.7e269.4 Å, demonstrating the high bioavailability of these
compounds.

3.5. Identified flavones vs. clinical trial and experimental inhibitors

Lopinavir (PubChem-927-27) is a human immunodeficiency
virus (HIV) protease inhibitor and has been lately submitted to
clinical trial as an anti-COVID-19 drug [57]. Baicalein is a flavonoid-
based noncovalent SARS-CoV-2 Mpro inhibitor and its complex
structure with Mpro has been recently resolved (PDB code: 6M2N
[58]).

To assess the potentiality of the identified flavone analogs, the
binding modes and affinities of PubChem-129-716-607 and
PubChem-885-071-27 were compared to those of lopinavir and
baicalein against SARS-CoV-2 Mpro. Therefore, molecular docking
calculations and MD simulations followed by MM/GBSA binding
energy calculations were executed for lopinavir and baicalein in
complex with Mpro (Fig. S2 and Table 6). A comparison of the re-
docked structure of baicalein inside the active site of Mpro with
the experimental structure revealed that Autodock4.2.6 meticu-
lously predicted the correct binding mode of baicalein with an
RMSD value of 0.22 Å (Fig. S2a), forming six fundamental hydrogen
bonds with LEU141 (3.06 Å), ASN142 (2.70 Å), GLY143 (2.09, 2.26 Å),
SER144 (2.99 Å) and GLU166 (2.14 Å).

As can be observed from data given in Table 6 and Fig. S2,
PubChem-129-716-607, PubChem-885-071-27, and lopinavir share
the same binding modes with Mpro, exhibiting hydrogen bonds
with the key amino acid residues inside the active site of Mpro. More
exactly, lopinavir demonstrated four hydrogen bonds with GLY143,
LEU141, HIS164 and SER144 with bond lengths of 2.01, 1.96, 2.62
and 3.09 Å, respectively. Interestingly, PubChem-129-716-607,
PubChem-885-071-27 and lopinavir manifested similar binding
affinities towards Mpro with docking scores of �10.7, �9.5
and �9.8 kcal/mol, respectively. Compared to PubChem-885-071-
27, and PubChem-885-071-27, baicalein exhibited low binding af-
finity with Mpro with a docking score of �7.3 kcal/mol.

In an attempt to obtain more reliable results and shed light on
the identified flavone analogs, lopinavir and baicalein were further
inspected over 150ns molecular dynamics simulations. As well,
their correspondingMM/GBSA binding energies were consequently
calculated over 150 ns MD simulations (Table 6). Decomposition of
average MM/GBSA binding energy over 150ns MD simulation was
carried out to unveil the nature of predominant interactions in the
lopinavir- and baicalein-Mpro complexes (Table 6). It is apparent
from Table 6 that the average MM/GBSA binding energies (DGbind-

ing) for lopinavir and baicalein with Mpro were only �33.6
and �16.8 kcal/mol, respectively, compared to �69.0
and �68.1 kcal/mol for PubChem-129-716-607 and PubChem-885-
071-27, respectively. Similar to PubChem-129-716-607 and
PubChem-885-071-27, binding energies for lopinavir and baicalein
with Mpro were dominated by Evdw interactions with an average
value of �45.6 and �27.2 kcal/mol, respectively. The single most
striking observation to emerge from the data comparison was that
total MM/GBSA binding energies of the identified flavone analogs
were approximately three and two times less than those of lopi-
navir and baicalein, respectively.

4. Conclusion

The absence of specific drugs against COVID-19 infection guides
the world to discover novel and potent drugs. SARS-CoV-2 main
protease (Mpro) is considered one of the fundamental targets
because of its vital role in viral replication. In order to identify
prospective SARS-CoV-2 Mpro inhibitors, a total of 2017 flavones

http://www.molinspiration.com
http://www.molinspiration.com
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were screened towards SARS-CoV-2 Mpro. Combined molecular
docking and molecular dynamics (MD) simulations, followed by
molecular mechanics-generalized Born surface area (MM/GBSA)
binding energy calculations, were applied to filtrate the scrutinized
flavones. According to the MM/GBSA binding energy calculations,
PubChem-129-716-607 and PubChem-885-071-27 showed prom-
ising binding affinities with DGbinding less than �68.0 kcal/mol. The
identified flavones’ stability in complex with Mpro was approved
using energetic and structural analyses over the 150 ns MD simu-
lations. In silico prediction of drug-like features demonstrated the
potentiality of the prospective flavones towards Mpro as drug can-
didates. The current results provide a high prospect that two fla-
vones could be promising for further in vivo and in vitro research.
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