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Recent outbreaks of coronavirus have brought serious challenges to public health around the world, and it

is essential to find effective treatments. In this study, the 3C-like proteinase (3CLpro) of SARS-CoV-2 (severe

acute respiratory syndrome coronavirus 2) has been considered as an important drug target because of its

role in viral replication. We initially optimized 251 compounds at the PM7 level of theory for docking with

3CLpro, and then we selected the top 12 compounds for further optimization with the B3LYP-D3/6-
311G** method and obtained the top four compounds by further molecular docking. Quantum

chemistry calculations were performed to predict molecular properties, such as the electrostatic

potential and some CDFT descriptors. We also performed molecular dynamics simulations and free
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energy calculations to determine the relative stability of the selected four potential compounds. We have

identified key residues controlling the 3CLpro/ligand binding from per-residue based decomposition of
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1 Introduction

The COVID-19 acute respiratory tract disease caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
was first reported in December 2019 in Wuhan, China."”® The
disease was declared a pandemic by the World Health Organi-
zation (WHO) on March 11, 2020.* In the absence of potential
and specific therapeutics, COVID-19 cases were rapidly
increasing, and over 232 million cases with more than 4.75
million deaths were reported up to September 2021.° To date,
though the development of such drugs is underway,®” there are
still no commonly used effective drugs for treating such CoVs.

SARS-CoV-2 is a member of the Coronaviridae family, the
same family for other beta coronaviruses, such as Severe Acute
Respiratory Syndrome Coronavirus (SARS-CoV) and Middle East
Respiratory Syndrome Coronavirus (MERS-CoV).*™ Recent
studies have shown that SARS-CoV-2 shares ~89% sequence
similarity with other SARS-CoVs.®* SARS-CoV-2 contains two
kinds of proteins, i.e., 4 structural proteins (spike, envelope,
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the binding free energy. Convincingly, the comprehensive results support the conclusion that the
compounds have the potential to become a candidate for anti-coronavirus treatment.

membrane, and nucleocapsid) and 16 nonstructural proteins.
In the autoproteolytic cleavage catalyzed by PLpro enzymes
(papain-like cysteine protease) and 3CLpro enzymes (3C-like
proteinase), SARS-CoV-2 genetic material enters the host cell
and borrows ribosomes to translate into 16 nonstructural
proteins. Because of its mechanistic significance, 3CLpro, also
known as Mpro, is a central target for the effective inhibitors
(antiviral drugs) against SARS-CoV-2 and other known CoVs."
The crystal structure of main protease 3CLpro of SARS-CoV-2 in
the complex with an inhibitor N3 (PDB code 7BQY, shown in
Fig. 1 with PyMOL"?) has been revealed, with the resolution of
1.7 A.*® This protease has been considered to be a promising
therapeutic target for COVID-19 since 3CLpro plays an impor-
tant role in the viral replication process while no close homolog
exists in humans.'*"*

Natural compounds have been used for medical treatments
since ancient times because of their low cost, minimum side-
effects, and abundant therapeutic resources. In some previous
studies, the compounds based on natural products were
discovered as inhibitors against viruses, such as polio-virus type
1, the RNA-dependent RNA polymerase (RdARp), respiratory
synchronization (sin-SISH-Uhl), and most notably as purine-
based inhibitors of viral replication complex component.'>*®
The flavonoids are phenolic compounds that are among the
most plentiful and prevalent natural compounds. There are ten
major sub-groups of flavonoids, i.e., aurones, biflavonoids,
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Fig. 1 The 3D model shows the main residues that are part of the
active site of the Mpro.

catechins, flavanones, flavanols, chalcones, flavanonols, fla-
vans, flavones and isoflavones.'” Baicalin (a known flavonoid)
has an EC50 value of 12.5-25 pg ml~" at 48 h without causing
significant cytotoxicity.'® Flavonoids luteolin and quercetin
have the ability to prevent SARS-CoV from infecting host cells.*
Gallocatechin gallate (GCG) display good inhibition toward
3CLpro with IC50 values of 47 uM.* Because of these properties,
flavonoids could be potential candidates to interfere with the
life cycle of coronaviruses.”** According to in vtiro studies,
epigallocatechin gallate (EGCG) inhibited 3CLpro by 85% at
a concentration of 200 uM, and had an IC50 measure of 73 + 2
uM.** The anthocyanin of red-fleshed potato inactivated both
influenza viruses A (IVA) and B (IVB).** Hence, flavonoids, as
other natural products, continue to be a promising source of
anti-coronavirus therapeutics. Traditional Chinese medicine
has a long history and has accumulated rich experience in the
use of natural medicines.** After the careful literature search on
the topics related to flavonoids and viral diseases (specifically
the coronavirus diseases), we established our screening library
with a total of 251 kinds of polyphenols included. In light of the
long and expensive process of developing compounds into
approved drugs and the rapidly evolving nature of the epidemic,
a combination of computational methodologies is a promising
approach for identifying potential drug candidates from
compound libraries.?* In the present paper (as shown in
Fig. 2), firstly, we optimized the molecules in our screening
library. In order to further study the composition characteristics
of the molecules, the compounds based on docking scores were
studied by the quantum mechanics method. We also used
molecular dynamics simulation to identify the stability of
promising compounds with Mpro. Then, we performed binding
energy calculations using the molecular mechanics Poisson-
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Fig.2 The flow chart of screening anti-coronavirus compounds from
the small molecule library and the methods of studying the properties
of the screened molecules.

Boltzmann surface area (MM-PBSA) method to evaluate the
binding affinity of the compounds and key residues. In silico
studies were performed for identifying bioactive compounds
that can inhibit COVID-19 Mpro effectively, as well as providing
useful information for future studies.

2 Methods

2.1 Molecular docking studies

The X-ray crystal structure of 3CLpro in complex with the
inhibitor N3 (PDB ID 7BQY) with the resolution of 1.7 A was
used for our study, and the crystal structure was prepared by
removing the N3 ligand and adding hydrogen atoms, as well as
computing the Gasteiger charge using the AutoDock v4.2
program.”

Our research focuses on flavonoids and viral diseases
(specifically Coronavirus diseases), and in order to broaden the
scope of our search we collected compounds related to flavo-
noids from Chinese herbs. The SDF structures of the selected
251 ligands (shown in Table S1}) were retrieved from the Pub-
Chem database (https://pub-chem.ncbi.nlm.nih.gov/). We
adopted the PM7 method implemented in Gaussian 16 (ref. 28)
to optimize these 251 compounds, and the optimized geome-
tries were used to do docking study with the Autodock Vina
program.” Based on the scores of docking, we screened 12
compounds out of the 251 candidates for the further geometry
optimization with the B3LYP-D3/6-311G** method, which is
more reliable than PM7. Finally, a second docking for the 12
compounds was performed with Autodock Vina, and 4 top-score
compounds were selected. The ligands were saved and con-
verted to PDBQT format using Raccoon.** The top 4 of 12
highest binding energy and best-docked conformation were
considered for the further quantum chemistry calculations. A
grid box with dimensions 60 x 60 x 60 centered at N3 in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 The 3D and 2D interaction diagram of SARS-CoV-2 Mpro with four compounds: (a) neocryptomerin, (b) isocryptomerin, (c) hinokiflavone,

(d) amentoflavone.
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protein (X = 9.269, Y= —1.127, and Z = 22.118) was used as the
search area.

We used the software Discovery Studio Visualizer® to illus-
trate the interactions between the best four ligands and
proteins, including hydrogen bonds, atom accessibility, and
hydrophobic interactions (Fig. 3).

2.2 Quantum chemical calculations

In order to predict molecular properties, we have carried out the
related quantitative calculation.*> Among various computa-
tional methodologies, DFT has become the preferred method
for investigating molecular properties, which has been exten-
sively used to compute the electronic structure properties.
Because of comparatively better results and less computational
cost,** we choose the DFT/B3LYP methods** for the optimiza-
tion of the screened compounds against SARS-CoV-2 Mpro
using Gaussian 16 software.

Electrostatic Potential (ESP)** were generated for the selected
molecules with Multiwfn,*® and the ESP surfaces are shown by
VMD?¥ to analyze the electrostatic induced weak interaction.
According to the theory of the Conceptual Density Functional
Theory (CDFT), we calculated the chemical parameters to show
more molecular properties within the framework of the HSAB
theory, including Exomo, Erumo, i0nization potential (IP), elec-
tron affinity (E,), energy gap (E,), electronegativity (x), chemical
potential (u), chemical hardness (7), chemical softness (S),
electrophilicity (w) and nucleophilicity (N). The ionization
energy and electron affinity are related to the HOMO and LUMO
energies, respectively, based on Koopmans' theorem.*® The
related formulas are as follows:

Tonization potential (I) (I = —Enowmo) (€V) (1)
Electron affinity (4) (4 = —Eruymo) (€V) (2)
Energy gap (AE) (AE = ELumo — Enowmo) (€V) 3)
Electronegativity (x) (x = (IZA)) (eV) (4)
Chemical potential (u) (u = _( ; A)> (eV) (5)

Chemical hardness (n) (n = (I;A)) (eV) (6)

1
Chemical softness (S) (S: 2—)(eV) (7)
n
2
Electrophilicity index (w) (w = 2—) (eV) (8)
n

2.3 Molecular dynamics simulation

The four ligands with the best docking score were selected for
the MD simulation using Gromacs® to evaluate their intermo-
lecular interactions with 3CLpro and the stability of the
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complexes. The ligands were parameterized with the general
AMBER force field (GAFF)*® using the Acpype program.** The
restrained electrostatic potential (RESP) approach at the B3LYP/
6-311G** level was applied to calculate the atomic partial
charges of the analogs with the assistance of Gaussian16 soft-
ware.”> Protein topology and coordinate files were generated
using the Amber99SB force field** provided in Gromacs.* The
protein-ligand complex was contained in a dodecahedron and
solvated with an explicit TIP3P* water model within a periodic
boundary box of distance 1.0 nm fixed in between the protein
and dodecahedron box, and the Na“ ions were added to
neutralize the solvated system that followed by quick energy
minimization with the steepest descent minimization algo-
rithm. This was followed by a restrained constant number of
particles, volume, and temperature (NVT) ensemble equilibra-
tion for 500 ps and then simulated for 1 ns in the NPT ensemble
at 310 K (ref. 45) and 1.0 bar.*® The particle mesh Ewald method
was used to calculate the long-range electrostatics.”” Modified
Berendsen thermostat and Parrinello-Rahman barostat were
used for temperature and pressure coupling, respectively.
Finally, unrestrained 100 ns production simulations were
carried out for the systems at 310 K and 1 bar atmospheric
pressure. For MD simulation analysis, the results of RMSD and
bonding interactions were performed using Gromacs tools.**

2.4 Binding free energies

Molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) has been regarded as a competitive method in the field
of binding free energy calculation,* and is applied to estimate
the relative binding free energies for the four final compounds
and to evaluate their relative stability of the biomolecular
structures against SARS-CoV-2 in our studying.’*** We use
g mmpbsa that was developed to enable the use of the MM-
PBSA method in conjunction with the Gromacs package to do
the calculation.®® In general terms, the binding free energy of
the protein with ligand in solvent can be expressed as:

AGbinding = Ucomplex™ (Gprotein + Gligand) (9)

where, Geompiex iS the total free energy of the protein-ligand
complex, and Gprotein and Giigang are total free energies of the
isolated protein and ligand in solvent, respectively.

g_mmpbsa can also be used to estimate the energy contri-
bution per residue to the binding energy. To decompose the
binding energy, at first AEvy, AGpolar and AGnon-polar Were
separately calculated for each residue and were then summed
up to obtain the contribution of each residue to the binding
energy.

3 Results and discussion
3.1 Molecular docking analysis

Molecular docking is an effective tool in drug design,*® which
speeds up this process. We use molecular docking technology to
screen compounds based on their docking scores and identify
the key interactions of ligands within the active site of a target
protein.*® The docking scores of the first 12 compounds were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Binding residues of top 12 compounds at 4 A area in the active pocket of SARS-CoV-2 Mpro
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S. no.

Compounds

Binding energy

(kcal mol ™)

Interacting residues

10

11

12

Isocryptomerin

Hinokiflavone

Amentoflavone

Neocryptomerin

Robustaflavone

Podocarpusflavone A

Cupressiflavone

Isoginkgetin

Podocarpusflavone B

Procyanidin A2

Robustaflavone

Sesguoiafiavone

© 2022 The Author(s). Published by the Royal Society of Chemistry

—-9.7

-9.7

—-9.5

-9.5

-9.3

-9.3

—-9.3

—9.2

-9.1

-9.0

—8.9

—8.6

Ala191, Glu166, GIn192,
Pro168Thr190, GIn189, Leu167,
Arg188, Mer165, Asp187, His41,
Met49, His164, Cys145, Leu27,
Thr25, Ser46, Thr45, Thr24, Thr26
Pro168, GIn192, Thr190,
Ala191GIn189, Arg188, Met165,
Asp187, His164, Met49, Thr26,
Thr24, Thr45, Serd6, Thr25, Leu27,
Gly143, Cys145, Asn142, His41,
Glu166, Leu167

Asn142, Ser46, Thr26, His41,
Met165, Arg188, Asp187, Tyr54,
His164, Cys145, Gly143, Thr24,
Thr25, Met49, Pro168, Glu166,
GIn189

Cys145, Ser46, Thr24, Met165,
Met49, His41, Thr25, Ala191,
Arg188, Pro168, GIn189, Thr190,
GIn192, Leu167, Glu166, Asn142,
Thr45, Thr26, Leu27, His164,
Asp187

Leu141, Gly143, Ser144, Cys145,
Asn142, Thr25, Thr26, Leu27,
His163, Phe140, His172, His164,
His41, Leul67, Met165, Glu166,
GIn189, Pro168, Thr190, GIn192,
Ala191

Met49, His41, Cys145, His164,
GIn189, Met165, Arg188, Leul67,
Thr190, Ala191, GIn192, Pro168,
His163, Glu166, His172, Asn142,
Leu141, Phe140, Ser144

Asp197, Arg131, Lys137, Thr198,
Asn238, Thr199, Leu289, Asp289,
Leu287, Tyr239, Leu272, Tyr237
Asn142, Phe140, Ser144, Leul41,
His163, Cys143, Glu166, GIn189,
His164, His41, Met165, Arg188,
Met49, Leu167, GIn192, Asp187,
Thr190, Pro168, Ala191

Thr25, Ser46, Met49, Leul41,
Leu27, Gly143, Asn142, Ser144,
Cys145, Phe140, GIn189, Glu166,
His163, His172, His164, His41,
Met165, Asp187, Tyr54, Arg188
Leu167, Glu166, Pro168, Met165,
GIn189, Agr188, Asp187, His41,
His163, His172, Phe140, Asn142,
Cys145, Met49, Ser144, Thr25,
Gly143, Thr26, Leu27, His164
Leul41, Gly143, Asn142, Thr25,
Thr26, Cys145, His163, Leu27,
His164, His41, Phe140, His172,
Glu166, Met165, Leu167, GIn189,
GPro168, Thr190, GIn192, Ala191
Thr26, Thr25, Met49, Gly143, Ser46,
Asn142, Cys145, His41, His164,
Glu166, Met165, Asp187, Glu189,
Arg188, Tyr54
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shown in Table 1. Based on docking energy values of —9.7, —9.7,
—9.5, and —9.5 kecal mol™", respectively, the four compounds
(isocryptomerin, hinokiflavone, amentoflavone, and neo-
cryptomerin) with favorable binding affinities in the active
pocket of SARS-CoV-2 were selected for the further studying.
The observed hydrogen bond interactions and hydrophobic
interactions were shown in Fig. 3. Neocryptomerin fits well the
active cavity of 3CLpro and is stabilized by three hydrogen
bonds (at the sites of Cys145, Ser46, and Thr24). Besides, some
residues like Met165, (Pi-alkyl interaction), Met49 (Pi-sigma
interaction), Cys145 (Pi-sulfur interactions), His41 (Pi-Pi T-
shaped interactions), and Thr25 (Pi-donor hydrogen bond
interactions) are found to undergo hydrophobic interactions.
Amentoflavone forms Hydrogen bonds with Asn142, Ser46, and
Thr24, while forming multiple interactions with His41 and
Met165. Four hydrogen bonds of 3CLpro/hinokiflavone are
formed within the active site, while His41 (Pi-Pi T-shaped
interactions), Cys145 (Pi-sulfur interactions), and Met165 (Pi-
alkyl interactions) also interact with the compound. The main
residues of isocryptomerin forming hydrogen bonds with
proteins include Cys145, Ser46, Thr45, and Thr24, while other
interactions are also spotted, such as Pi-sulfur, alkyl, Pi-Pi T-
shaped, Pi-donor hydrogen bond, and Pi-lone pair interac-
tions between the isocryptomerin and Mpro. After the docking
screening, four compounds were found to have substantial
binding energy toward the 3CLpro, and are expected to inhibit
the 3CLpro activity, thus being the candidates for further study.

3.2 Electrostatic potential (ESP)

Studying the ESP of various compounds is useful for finding
new chemical or biochemical compounds that can be used in
the discovery and design of new therapeutics and for developing
them into useful medicines. The interactions between biomol-
ecules and compounds mainly include hydrogen bonds and
halogen bonds dominated by electrostatic interactions, and ESP
is the real space function that is most closely related to the
electrostatic effect, and it is very suitable to analyze the
electrostatic-induced weak interaction. Therefore, the analysis

View Article Online
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of electrostatic potential is helpful to understand the charge-
dependent properties in the molecular structure of the
complex.**** Fig. 4 shows the ESP distribution of the molecule
as well as the active sites and comparative reactivity of the
atoms. The negative region is presented in blue, and the posi-
tive region in red. The histogram in Fig. 4 shows that the large
portion vdW surface of them have ESP value within —10 to
+10 keal mol~". Only a tiny part of the vdW surface has ESP
value larger than +60 kcal mol " or less than —65 kcal mol ™.
Even small areas with minima and maxima of ESP can be very
important to establish hydrogen bonds or electrostatic inter-
actions. The most negative region corresponds to the oxygen in
4-Oxo-4h-1-benzopyran, and the most positive region to the
hydrogen in hydroxyl. Surface local minima and maxima of ESP
for neocryptomerin, isocryptomerin, hinkiflavone and amen-
toflavone are labeled by green and orange spheres, respectively,
with their values shown in Fig. 4. These extremes are the
nucleophilic and electrophilic sites, which are most likely to be
active with residues. As expected, the ESP results are consistent
with the hydrogen bond and polar interactions depicted in
Fig. 3.

3.3 HOMO-LUMO gap

According to the frontier molecular orbital theory, the Highest
Occupied Molecular Orbital (HOMO) and the Lowest Unoccu-
pied Molecular Orbital (LUMO) are the keys to determining the
chemical reaction of the system.*® Therefore, the study of
frontier orbitals of the drug molecules can provide important
information for the exploration of the mechanism of action and
the identification of active sites.”* HOMO-LUMO energy gaps of
similar systems indicate the stability of molecules, with
a smaller energy gap representing a more unstable molecule.””
The HOMO and LUMO orbitals for the screened compounds
and their HOMO-LUMO energy gaps are shown in Table 2 and
Fig. 5, and LUMO-HOMO energy gaps decreased in the
following order: amentoflavone < isocryptomerin < hinokifa-
vone < neocryptomerin. The smaller the gap is, the easier it
interacts with the protein.*®**

ESP(kcal/mol)
+65

-3732 W

Neocryptomerin| Isocryptomerin

Surface area (%)

Surface area (%)

60 -0 W o 50 0 40 o

20 o 0
ESP (keal/mol)

20 0 )
ESP (keal/mol)

Surface area (%)

Hinokiflavone| 5 Amentoflavone

Surface area (%)

0

40 60 20 40 0

0 0 20 0 20
ESP (Kcal/mol) ESP (keal/mol)

Fig. 4 ESP mapped molecular vdW surface of the selected compounds and the area percentage in each ESP range: (a) neocryptomerin, (b)

isocryptomerin, (c) hinokiflavone and (d) amentoflavone.
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Table 2 The Conceptual Density Functional Theory (CDFT) using DFT calculated at B3LYP-D3/6-311G**

CDFT descriptors Neocryptomerin Hinokiflavone Isocryptomerin Amentoflavone
E_HOMO (eV) —6.16 —6.14 —6.18 —6.02
E_LUMO (eV) —-1.76 —-1.76 —-1.78 —2.08
Ionization potential (eV) 6.16 6.14 6.18 6.02
Electron affinity (eV) 1.76 1.76 1.78 2.08
Energy gap (eV) 4.40 4.38 4.40 3.94
Mulliken electronegativity (eV) 3.96 3.95 3.98 4.05
Chemical potential (eV) —3.96 —3.95 —3.98 —4.05
Hardness (eV) 6.47 6.46 6.48 6.43
Softness (eV — 1) = 1/hardness 0.15 0.15 0.15 0.16
Electrophilicity index (eV) 1.21 1.21 1.22 1.28
Nucleophilicity index (eV) 2.97 2.98 2.94 3.10

E, 0 = -2.0836 (ev)

__________ =

Gap =3.9376 (ev)

=-6.1795 (ev}

Eyono Eyono= 60212 (ev)

P~

Fig. 5 Frontier molecular orbitals for (a) neocryptomerin, (b) isocryptomerin, (c) hinokiflavone, and (d) amentoflavone inhibitor.

3.4 CDFT

As we all know, the quantum chemical parameters of the
compound are very important for their practical applications.
Therefore, for the selected four potential inhibitors, we calcu-
late some physical and chemical properties defined by the
Conceptual Density Functional Theory (CDFT),* such as Exomo,
Erumo, ionization potential (IP), electron affinity (E,), electro-
negativity (x), chemical potential (1), chemical hardness (7),
chemical softness (S), electrophilicity (w) and nucleophilicity
(N). Compounds can be studied using CDFT to predict reactive
sites and the reactivity, as well as their properties.*®*® By
comparing the parameters we calculated, we can further screen
the promising compounds. Another functional (M06-2X) has
also been included for comparison (shown in Table S2 in ESI¥),
and the CDFT results are comparable with those from the
B3LYP.

Amentoflavone is more reactive than others because of its
low chemical hardness (%) and naturally high softness (S) based
on Pearson's HSAB principle.** From Table 2, since the hard-
ness values n of amentoflavone (6.42 eV) and hinokiflavone

© 2022 The Author(s). Published by the Royal Society of Chemistry

(6.46 eV) are smaller than those of neocryptomerin (6.47 eV) and
isocryptomerin (6.48 eV), amentoflavone and hinokiflavone are
less stable or more reactive than two others. Electronegativity
(x) and chemical potential (1) measure the ability of an atom or
a functional group to attract electrons.®> These two values in
Table 2 indicate that amentoflavone has the most electron
attracting ability, while hinokiflavone possesses the least elec-
tronegativity. The electrophilicity index defines the tendency of
an electrophile to acquire a given amount of electron density
and the resistance for a molecule to exchange electron density
with the environment.*®® Thus, among all compounds, amento-
flavone shows higher electrophilicity at 1.27 eV than other three
compounds, and hinokiflavone shows only less value at 1.21 eV.
Thus, amentoflavone and hinokiflavone are more active than
neocryptomerin and isocryptomerin in terms of polar reactions
activity.

The screened compounds are characterized using quantita-
tive chemical parameters in this part. Calculations were done to
establish relevant data so that we can gain a better under-
standing of the properties of the compound.
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3.5 Molecular dynamics (MD) simulation

In order to evaluate the stability of the initial structure of the
protein and ligand complex, we proceed with the molecular
dynamics simulation. In the MD simulation, the root-mean-
square deviations (RMSDs) of backbone atoms relative to their
respective initial positions are observed (Fig. 6), and the average
RMSD values for neocryptomerin, isocryptomerin, hinoki-
flavone, and amentoflavone are 0.16 nm, 0.15 nm, 0.23 nm, and
0.14 nm, respectively.

The highest RMSD deviation (0.33 nm) is obtained for the
3CLpro/hinokiflavone system, while the least RMSD (0.09 nm) is
obtained for 3CLpro/amentoflavone. As can be seen in Fig. 6, all
compounds tend to the equilibrium state after 80 ns. Neo-
cryptomerin, isocryptomerin, and amentoflavone display an
average RMSD of <0.2 nm. However, hinokiflavone shows
higher fluctuations as compared to others, and an average
RMSD of <0.3 nm was noted from Fig. 6. 3CLpro/
neocryptomerin has a slight acceptable fluctuation at 50 ns,
and this system is stable throughout the simulation. For
3CLpro/isocryptomerin, a slight disturbance between 50 and 55
ns is shown, but it remains stable during the simulation.
3CLpro/hinokiflavone, which fluctuates slightly before 60 ns,
gains stability and enters the production stage after 60 ns. In the
case of 3CLpro/amentoflavone, it fluctuates slightly at about 75
ns, but it is stable at other time periods. The data in Fig. 6
indicate that all these screened compounds are stable in the
entire simulation process except for some negligible small
fluctuations, proving that these compounds are able to bind
steadily to the proteins without affecting the overall topology of
SARS-CoV-2 Mpro.

3.6 Binding free energy analysis

The binding free energies and energy decomposition analyses
for the four screened compounds are evaluated with the help of
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Fig. 6 Root-mean-square deviation (RMSD) of the backbone atoms
from the initial structure for four compounds (a—d) towards the SARS-
CoV-2 main protease (Mpro) over 100 ns MD simulations.
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Molecular Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA) approach.” Through the production process, the coor-
dinates and energy values are gathered every 100 ps. It provides
individual components, such as van der Waals energy, electro-
static energy, polar solvation energy, non-polar solvation
energy, and total binding free energy of all the systems. In Fig. 7,
the components of the binding free energy for the inhibitors in
the presence of 3CLpro are plotted, and the corresponding data
are presented in Table 3.

This study indicates that the van der Waals attraction, elec-
trostatic interactions (except for isocryptomerin), and non-polar
solvation energy are the main contributions to the binding,
whereas the polar solvation free energy weakens the complex-
ation. Table 3 shows that the estimated binding free energies
for the 3CLpro/amentoflavone, 3CLpro/hinokiflavone and
3CLpro/neocryptomerin complexes are —20.56, —20.50, and
—13.10 kcal mol-1, respectively, while that of 3CLpro/
isocryptomerin complex is positive (+0.30 kcal mol—1). In
short, the binding affinity to 3CLpro decreases in the following
order: amentoflavone > hinokiflavone > neocryptomerin >
isocryptomerin.

It is further revealed in Table 3 that the van der Waals
attraction and non-polar solvation energy of the 3CLpro/
neocryptomerin complex are almost the same as those of the
3CLpro/amentoflavone complex and the 3CLpro/hinokiflavone
complex, but its electrostatic energy (+0.35 kcal mol ) is posi-
tive, different from other complexes. Thus, the total binding
energy is less. For the 3CLpro/isocryptomerin complex, the van
der Waals energy (—7.66 kcal mol™"), which plays an important
role in stability, allows its binding energy to be positive.
Amentoflavone has the highest binding energy and is relatively
stable, while hinokiflavone has its binding energy very close to
amentoflavone. From Table 3, it can be seen that the stability-

50
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Fig. 7 Energy components (kcal mol™) for the binding of four
compounds to 3CLpro receptor, including van der Waals interaction
(AE,qw), electrostatic interaction (AE.), polar solvation energy (AGyo),
non-polar solvation energy (AGpp), and estimated binding affinity
(AGping)-
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Table 3 Energetic components of the binding free energy (kcal mol™) for SARS-CoV-2-inhibitor complexes calculated using MM-PBSA

Components Neocryptomerin Isocryptomerin Hinokiflavone Amentoflavone
AE 4w —37.62 —7.66 —41.06 —44.08

AE. 0.35 —-3.33 —8.45 ~16.36

AGpol 27.91 12.12 32.90 43.96

AGyp —-3.71 —0.82 -3.90 —4.079

AGping —13.10 0.30 —20.50 —20.56

promoting components for the two compounds (amentoflavone
and hinokiflavone) are van der Waals energy, electrostatic
interaction, and non-polar solvation energy, while the stability-
inhibiting component is polar solvation energy. The binding
energies for other complexes are also calculated and shown in
Table S3 in ESL.} Overall, amentoflavone, hinokiflavone, and
neocryptomerin can be considered as the leading compounds of
rational compounds against COVID-19.

3.7 Sum-per-residues binding free energy decomposition
analysis

In order to identify the crucial residues responsible for stabi-
lizing the interactions between the inhibitors and 3CLpro,

binding free energy contributions from individual residues
were decomposed with the MM-PBSA method. Decomposing
the binding free energy on a per-residue basis into contribu-
tions from internal energy, polar solvation energy, and non-
polar solvation energy for residues, as shown in Fig. 7. Key
residues with a cut-off value of —0.5 kcal mol " were identified
from the free energy binding spectra.

It is evident from Fig. 8 that several hotspot residues (MET-
49, ASN-142, HIS-164 MET-165, PRO-168, HIS-172, GLN-189,
GLN-192) contribute favorably to the binding of amento-
flavone. It can further be observed from Fig. 8 that the catalytic
dyad, MET-49 (-1.06 kcal mol ") and MET-165
(—2.23 keal mol™"), contribute significantly to the binding of
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Fig. 8 Decomposition of the binding free energy into contributions from individual residues for 3CLpro complexed with neocryptomerin,

isocryptomerin, hinokiflavone and amentoflavone.
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amentoflavone. For the 3CLpro/neocryptomerin complex, THR-
25, THR-26, ARG-40, CYS-44, MET-49, ARG-60, LYS-61, ARG-76,
LYS-88, LYS-90, ARG-105, MET-165, ARG-188, GLN-189 have
major contributions for the interaction, and MET-49
(—1.54 keal mol™") and MET-165 (—1.10 keal mol™") also play
a major role for the stability of compounds. For the 3CLpro/
hinokiflavone complex, LEU-27, HIS-41, CYS-145, MET-165,
and GLN-189 residues are the primary driving force of
binding energy, and MET-165 (—1.68 kcal mol ') and HIS-41
(—1.34 kecal mol™") play a key role in stabilizing compounds.
In the case of the 3CLpro/isocryptomerin, there are two residues
VAL-125 (—0.28 kcal mol ') and TYR-126 (—0.29 kcal mol %)
with binding energy values higher than —0.25 kcal mol . This
might be the reason for the poor affinity of isocryptomerin
against 3CLpro.

The results showed that MET-49 and MET-165 are the key
residues, which provided a clue for further research. Overall, the
identification of hotspot residues from our analysis can facili-
tate the discovery of new selective inhibitor against COVID-19.

4 Conclusions

Computational medicinal chemistry has become an important
element of modern drug research. The sudden outbreak of the
new coronavirus has caused panic all over the world and seri-
ously threatened the health of human beings. However, there is
no effective drug now, and the discovery of an effective drug is
imminent. Computer-aided drug discovery (CADD) methodol-
ogies have emerged as powerful tools in the drug discovery
process and could reduce the cost of research and, most
importantly, speed up drug discovery. In order to have a more
comprehensive understanding of the properties of the drug
candidates, we not only did molecular dynamics research but
also calculated their molecular properties through quantum
chemistry calculations. First of all, we screened 12 candidates
from 251 compounds through molecular docking, and the first
4 compounds were selected after further structural optimiza-
tion. These selected four molecules were calculated by the DFT/
B3LYP methods to predict LUMO/HOMO gap, ESP, and other
properties related to molecular interacting abilities (Exomo,
Erumo, ionization potential, electron affinity, electronegativity,
chemical potential, chemical hardness, chemical softness,
electrophilicity, and nucleophilicity). After that, molecular
dynamics simulation was carried out to evaluate the stability of
the selected compounds, and we have also investigated the
hotspot residues controlling the receptor-ligand binding. Based
on the results of our study, hinokiflavone, and amentoflavone
are considered as promising compounds against SARS-CoV-2.
This is coherent with the previous findings that these two
compounds have antiviral effects. We found that the compound
hinokiflavone and its derivatives have antagonistic effects
against influenza® and dengue virus,***® while amentoflavone
and its derivatives have inhibitory effects against CVB3,*” HBA,*
dengue virus®® and SARS-CoV.* Our findings suggest that these
two compounds might serve as a good starting point for further
investigations of potential drugs against SARS-CoV-2. We hope
that our findings in the present paper will be helpful for the
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experimental study to develop effective drugs against SARS-CoV-
2.
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