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SARS-CoV-2 is the largest pandemic in the modern world and the
etiological agent of COVID-19. Up to now, many efforts have been made
to achieve the right drugs and vaccines against the new Coronavirus.
Virtual screening methods are highly effective because they are cost-
effective and efficient, making them widely utilized in the development
of new herbal medicines. This research utilized molecular docking and
dynamics studies to identify potential compounds derived from the
plants Hyoscyamus niger and Datura stramonium. Alkaloids, a
significant group of fundamental compounds found in herbal medicines,
have garnered substantial attention due to their diverse
pharmacological and medicinal properties. A comprehensive
examination of 73 alkaloid molecules was undertaken due to their
potential therapeutic properties, encompassing anti-inflammatory,
antioxidant, anti-asthma, anti-viral, anti-microbial, and anti-cancer
effects. This was based on the notion that these compounds could
potentially be effective in treating the new coronavirus. Thus, out of
seventy-three compounds five (Hyoscyamine, Moupinamide, Littorina,
7-Hydroxyhyoscyamine, 3-tigloyloxy-6-isobutyryloxy-7-
hydroxytropane) with the lowest binding energies (-7, -6.8, -6.4, -6.2,
and -6.1Kcal/mol, respectively) were selected for docking study. In
addition, atomistic molecular dynamics simulations were conducted to
investigate the dynamic behaviour of Mpro: ligand complexes. The
alkaloid moupinamide showed promising activity in inhibiting the main
protease (Mpro). The ability of the alkaloid moupinamide to obstruct
the primary protease (Mpro) of the novel coronavirus has to be
confirmed by additional investigation. Studies conducted in vivo, in vitro,
and in clinical trials are necessary to support this assertion.

Datura stramonium and Hyoscyamus niger, are medicinal plants that
belong to the Solanaceae family. Alkaloids are part of the chemical
defense in plants that contain low molecular weight nitrogen.
Coronavirus disease (COVID-19) is an infectious disease caused by the
SARS-CoV-2 virus. Molecular docking is used to predict how a protein
will fit with small molecules. Molecular dynamics simulations show how
each atom in a protein or other molecular system moves over time.

* Corresponding author: Ali Ramazani

< E-mail: aliramazani@gmail.com ; aliramazani@znu.ac.ir

© 2023 by SPC (Sami Publishing Company)


mailto:aliramazani@gmail.com
mailto:aliramazani@znu.ac.ir
http://chemmethod.com/
https://orcid.org/0000-0003-3072-7924

Tadayon N., & Ramazani A., / Chem. Methodol. 2023, 7(11) 883-903

GRAPHICALABSTRACT

HO s O

6LU7

Datura stramonium

-~
W
) J
' ‘l \
\ ;" On

Introduction

In December 2019, a novel coronavirus known as
COVID-19 was initially detected in Wuhan, China.
Since then, it has quickly disseminated to
numerous countries globally [1, 2]. Fever, sore
throat, exhaustion, diarrhea, loss of taste or
smell, dry cough, runny or stuffy nose, and
digestive problems are among the symptoms of
the new coronavirus disease. Patients may
occasionally get critically unwell and endure
acute shortness of breath [3-4]. In March 2020,
the World Health Organization (WHO) declared
COVID-19 as a worldwide pandemic [5]. Several
vaccines for COVID-19 have been introduced, and
various scientific studies have been conducted to
develop antiviral drugs.

Nonetheless, antiviral drugs are unavailable to
target SARS-CoV-2 [6, 7]. The most effective
approach to treating SARS-CoV-2 infection may
be targeting viral particles, which can inhibit the
infection [8]. A key player in coronavirus
replication is the 3CLpro (3-chymotrypsin-like

protease) enzyme, and analysis of its amino acids
has shown similarities between COVID-19 and
other coronaviruses [9, 10]. Computer-based
drug design can be utilized to identify
compounds, such as FDA-approved drugs or
products,  that already
demonstrated safety and efficacy in humans [11,
12]. Natural products, known for their low
toxicity and potent biological activity, are
particularly valuable in the drugs development
for various diseases [13a-b]. The secondary
metabolites purified from medicinal plants are

natural have

considered to be highly potential. Therefore,
their work is a model in drug development for
drugs against Sars-CoV-2[14].
Solanaceae is abundant in alkaloids and contains
90 genera and more than 3000 species on all
continents. Datura stramonium and Hyoscyamus

new antiviral

niger are very important medicinal plants and
contain alkaloids, flavonoids, tannins, terpenes,
saponins, carbohydrates, cardiac glycosides, and
They are rich

anthraquinones compounds.
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sources of tropane alkaloids. D. stramonium is
widely distributed throughout the world
(Europe, Asia, America, and South Africa).
Likewise, H. niger is distributed in Europe and
Asia [15a-b]. These plants have shown curing
(anti-diabetic, antioxidant, anticancer,
asthmatic, anti-inflammatory, antiviral,
microbial, etc.) and immune-boosting properties.
Parts of these plants, like leaves, fruits, stems or
seeds are used to prepare drugs [16-17]. Some
alkaloids have been used for various diseases
such as bronchial asthma, infection of pulmonary
regions and tumors, diarrhea, gastrointestinal
colic, anti-tumor, mydriatic, anti-spasmodic, anti-
cholinergic, anti-muscarinic, neuralgia and manic
psychosis, etc. [18a-b]. Alkaloids, an extensive
group of secondary metabolites characterized
mainly by at least one nitrogen atom, may help
seek drug treatment for COVID-19. Many studies
report the antiviral effects of many compounds
[19-24]. Thus, the
antiviral nature of alkaloids opens a route for
further research of their possible potential
against Covid-19 Mpro. The objective of our
research was to investigate the antiviral effects of
natural substances on the primary protease of
SARS-CoV-2. To achieve this, we utilized a
computational approach to screen 73 alkaloid
molecules as potential candidates. The impact of
these
structure of the main protease was assessed
through molecular docking and molecular
dynamics simulations.

anti-
anti-

with alkaloid structures

selected alkaloid molecules on the

Material and Methods

Protein/Macromolecule

To conduct molecular docking studies, we
retrieved and prepared the 3-dimensional crystal
structure of the 3CLpro, from the Protein Data
Bank (PDB) website. We downloaded the pdb file
format of the 6LU7 protein, which consists of
chain A.

Ligands

We obtained the chemical structures of the
ligands from the PubChem database in SDF
(Structure-data file) format. We used Biovia

Discovery Studio to convert the structures into
pdb format. The PubChem IDs of 3D structures of
the compounds obtained in this study are
Hyoscyamine (CID: 154417), Moupinamide (CID:
5280537), Littorine (CID: 443005), 7-
Hydroxyhyoscyamine (CID: 71587892), and 3-
tigloyloxy-6-isobutyryloxy-7-hydroxytropane

(CID: 129846249). These compounds have been
extracted by researchers before and we used
them in this study. These have exhibited anti-
inflammatory, antiviral,
immune-boosting properties.

anti-microbial, and

Molecular docking

Molecular docking is utilized to differentiate and
assess protein-ligand interactions in order to
observe the binding affinity and protein-ligand
docking platform [25-26]. In this study, we
utilized AutoDock Vina [27] to investigate the
binding of 73 alkaloid compounds to the 6LU7
Mpro protein. To optimize the protein, we
employed ADT to add polar hydrogen atoms and
Kollman partial charges. We prepared the ligands
by eliminating water, incorporating Gasteiger
charges, and determining the count of torsion
atoms. Both the ligand and receptor files were
converted to PDBQT format. Subsequently, the
grid box for each target was selected based on
the x, y, and z coordinates. For each ligand, we
generated 20 conformations during each docking
run. We chose the top 5 ligands with the lowest
binding energy for the flexible docking process
from the prepared compounds. All Vina results
were prepared by Auto Dock Tools, discovery
studio, and LigPlot+ [28-29].

Molecular dynamics (MD) simulations

We used GROMACS 2019.3 software to perform
all atom MD simulations and explore the dynamic
behaviour of 3CLpro and 3CLpro:
complexes [30]. The MD trajectory was
visualized using the VMD 2.9 program [31]. The
initial coordinates for 3CLpro, ligands, and the
complexes of 3CLpro with ligands were acquired

ligand

based on the outcomes of the molecular docking
process. Bonded (bond lengths, bond angles,
dihedral, and improper angles) and nonbonded
(electrostatics and Van der Waals) potential
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energy functions of all species were taken from
AMBER 99SB-ILDN force field. The Antechamber
program was used to generate the necessary
parameters for MD simulations of the ligands
[32]. Following this, the ACPYPE program was
used to convert the Antechamber output files
into topology and coordinate files compatible
with GROMACS software [33]. For assigning
partial charges to proteins and ligands, we
adopted the restrained electrostatic potential
(RESP) approach [34]. Short-range non-bonded
interactions were modelled using a 12-6
Lennard-Jones potential with a cutoff of 12 A.
Periodic boundary conditions were applied in all
directions, and the Particle mesh Ewald (PME)
method was long-range
electrostatic interactions. The 3CLpro: ligand
complex was placed in the centre of a solvation
box with a cubic shape. This solvation box
included water molecules modelled using the
TIP3P model. The solvation box had a solvation
shell of 10 A. To balance the system, 4 sodium
ions (Na*) were included in the simulation box as
3CLpro has a charge of -4. Furthermore, to more
accurately simulate physiological conditions, a
salt concentration (Na*Cl) of 0.145 M was
implemented [35]. The simulation box had a
length of 9.64 nm in three dimensions. To
minimize thermal noise and potential energies in
the solvated dendrimers, we employed the
steepest algorithm
followed by the conjugate gradient method.

The equilibration simulations were conducted in
two phases. In the first phase, the canonical
(NVT) ensemble was used for 500 ps to bring the
simulation system to 310 K. In the second stage, a
process called isothermal-isobaric  (NPT)
equilibration was conducted for 1 ns. This was
done to ensure that the pressure within the
system remained consistent at 1 bar. After
completing the equilibration phases, the position
restraints were released, and production MD

used to calculate

descent minimization

runs were carried out for 50 ns using the NPT
ensemble.

Results and Discussion

Molecular Docking

The main protease 3CLpro of SARS-CoV-2
contains conserved catalytic residues, His41 and
Cys145, in its active site, which are crucial for its
enzymatic activity [24,25]. To inhibit virus
replication and alleviate the burden on the host,
it is important to block these proteases. Thus, we
focused on targeting the 3CLpro to identify
potential compounds that can specifically block
its two catalytic residues due to the fact that all
residues of the receptor were rigid except for
two selected residues CYS 145 and HIS 41.

The complex between moupinamide and the
Mpro enzyme showed the most favourable
binding energy of -7 kcal/mol. Moupinamide
formed hydrogen bonds with several amino acid
residues including MET165, ARG188, THR190,
GLN192, GLY143, and SER144, as well as CYS145.
Moreover, a Pi-alkyl interaction was observed
with CYS145 and a Pi-sulfur bond formation
occurred with MET165. The ligand also formed a
carbon-hydrogen bond with ASN142.
Furthermore, Van der Waals attractive forces
were observed between moupinamide and
GLU166, GLN189, HIS163, LEU141, ARG188, and
MET165 residues (Figure 1).

The complex formed between littorine and the
Mpro exhibited a favourable binding energy of -
6.8 kcal/mol. Interactions are divided into 5
categories namely: hydrogen bond, Alkyl, Pi-
sulfur, Pi-donor H-bond and van der Waal bonds.
CYS145, SER144, GLY143, HIS163 were seen
bonding with hydrogen bond. CYS145 formed a
Pi-sulfur bond, and CYS145, HIS41, and LEU27
were involved in the protein-ligand complex
through alkyl bond formation. The GLU166
residue was found to interact with littorine
through a Pi-donor hydrogen bond. Along with
these major interactions,
forming Van der Waals attractive interaction:
THR26, THR25, MET49, HIS164, MET165,
GLN189, PHE140, ASN142, LEU141, LEU27, and
HIS41 (Figure 2).
3-tigloyloxy-6-isobutyryloxy-7-hydroxytropane-
Mepre complex gave -6.4 kcal/mol as the least
binding energy. The compound interacted 3
hydrogen bonds: CYS145, HIS41, and HIS163.
HIS172 and HIS163 made -
interactions with alkyl group. Among the

11 residues were

Furthermore,
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Figure 1: The interaction between moupinamide and Mpro using LigPlot+, Auto Dock Tools, and Discovery
Studio, both in 3D and 2D schematic representations

different residues, HIS41, MET49, and MET165
were seen bonding by conventional alkyl bond.
GLN189 and ASN142 residues can were bound
via carbon hydrogen bond. Van der Waals bond
formation were seen in HIS164, TYR54, ARG188,
ASP187, GLY143, SER144, PHE140, LEU141,
GLU166, and MET49 (Figure 3).

The complex between hyoscyamine and Mpro,
which has a binding score of -6.2 Kcal/mol, has
been observed to form hydrogen bonds with
SER144, CYS145, LEU141, and HIS163 residues.
Likewise, HIS41 and LEU27 were interacting
using an alkyl interaction. CYS145 alone was

forming pi-sulfur bond. The weak Van der Waals
interaction can be seen in MET49, THR25,
GLN189, MET165, HIS164, PHE140, ASN142,
GLY143, and THR26 (Figure 4).

The complex formed between 7-
Hydroxyhyoscyamine and Mpro had minimum
binding energy of -6.1 kcal/mol, and two
different types of bonding were observed during
docking. 4 conventional hydrogen bond were
observed with THR26, GLY143, SER144, and
CYS145 residues. The ligand was found to form a
Van der Waals interaction with THR25, GLN189,
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MET49, HIS41, GLU166, MET165,

LEU141, GLN189, and ASN142 (Figure 5).
Van der Waals interactions and hydrogen bonds
were significant factors in the binding process.
Van der Waals interaction, the weakest
intermolecular between  two
molecules, can become very strong with multiple
interactions. In protein-ligand interactions,
hydrogen bonds helped stabilize the ligand, while
hydrophobic and Van der Waals interactions also
contributed to stabilizing nonpolar ligands.
Analysing the structure of ligands and docked
poses is typically used to wunderstand the
interactions and binding energy of compounds.
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As a result, molecular docking programs are
widely used in drug discovery to identify
potential drug compounds based on less affinity
[36-37]. According to molecular docking results,
the five alkaloid components, namely
Moupinamide, Littorine, 3-tigloyloxy-6-
isobutyryloxy-7-hydroxytropane, Hyoscyamine,
7-Hydroxyhyoscyamine, have showed the lowest
binding energies of -7, -6.8, -6.4, -6.2, and -6.1
Kcal/mol, respectively, and the interactions
indicated that the phyto-compounds under study
have numerous hydrogen bonds and Van der
Waals interactions, indicating that the ligands are
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Figure 2: The interaction between littorine and Mpro using LigPlot+, Auto Dock Tools, and Discovery Studio,
both in 3D and 2D schematic representations
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Figure 3: The interaction between 3-tigloyloxy-6-isobutyryloxy-7-hydroxytropane and Mpro using LigPlot+,
Auto Dock Tools, and Discovery Studio, both in 3D and 2D schematic representations

stabilized within the complex. These alkaloids
may prepare a platform for in silico study of their
antiviral potential against the main protease of
COVID-19. Moupinamide has made greater
number of hydrogen bonds with residues of
MET165, ARG188, THR190, GLN192, GLY143,
SER144, and CYS145. It has also made Pi-alkyl],
Pi-sulfur and carbon-hydrogen bonds. Other
alkaloids have made 4,3,4, and 4 hydrogen bonds,
respectively (Table 1).

Moupinamide delineated better antiviral
inhibition against SARS-CoV-2 Mpro, because
more number of hydrogen bonds shows the
better inhibitory and binding efficacy [38].

Molecular dynamics (MD) simulations

All-atom molecular dynamics (MD) simulations
offer a dynamic representation of the behaviour
of protein-ligand complexes over time. Various
analysis tools, such as root mean square
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Figure 4: The interaction between hyoscyamine and Mpro using LigPlot+, Auto Dock Tools, and Discovery
Studio, both in 3D and 2D schematic representations

deviation (RMSD), root mean square fluctuation
(RMSF), centre of mass (COM) separation
distance between the protein and ligands, radius
of gyration (Rg), solvent accessible surface area
(SASA), distribution functions (RDF),
protein-ligand  interaction  energies, and
intermolecular hydrogen bonds, are used to
investigate and wunderstand the complex
interactions.

radial

Equilibration and relaxation of protein-ligand
complexes

The root mean square deviation (RMSD) is
determined by calculating the average distance
between the corresponding atoms of a protein
backbone over the course of molecular dynamics
(MD) simulation. Hence, it can be used as the first
benchmark to explore the stability and
equilibrium state of protein in its native and
complexed forms. In Figure 6, the RMSD values of
the atomic positions of the protein backbone in
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the Hyoscyamine-Mpro, Moupinamide-Mpro, and
Hydroxytropane-Mpro complexes are shown.
These values are calculated by comparing them
to the initial structure. In addition, the RMSD plot
of the native Mpro is included for comparison.
From the graph, it can be observed that there are
no significant changes in the protein
configuration during the last 15 ns of the
molecular dynamics (MD) trajectories. The well-
equilibrated structure of Mpro and the sufficient
simulation time indicate that the simulation can
provide valuable information about the protein's
microstructure, the nature of the interactions
between protein and ligand molecules, the
distances between protein and ligand molecules,
and other relevant factors. The statistical
analysis was conducted using data from the last
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10 ns of the MD simulations, ensuring that the
simulated systems reached an equilibrium state.
The average root mean square deviation (RMSD)
amounts for the protein Mpro, the complexes of
Mpro with hyoscyamine, moupinamide, and
hydroxytropane, were approximately 0.30 + 0.02,
0.30 + 0.01, 0.15 # 0.02, and 0.29 = 0.02 nm,
respectively. This indicates that the structure of
protein is considerably more stabilized after
binding to Moupinamide. In the
Hydroxytropane-Mprro complex, a peak with a
deviation of 1 A is observed at 35 ns, which may
be caused by local changes in the protein
microstructure; however, this amount of RMSD
changes are known to be acceptable for protein
containing simulated systems.

case of
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Figure 5: The interaction between 7-Hydroxyhyoscyamine and Mpro using LigPlot+, Auto Dock Tools, and
Discovery Studio, both in 3D and 2D schematic representations
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Table 1. Interactions and binding energies of top 5 conformations of ligands with Mpro

Compound Minimum binding energy Number of H. bonds H. bond interaction
(Kcal/ mol)
Moupinamide -7 7 SER144, ARG188,
THR190, CYS145,
GLN192
MET165, GLY143
Littorine -6.8 4 CYS145, SER144
HIS163, GLY143
3-tigloyloxy-6- -6.4 3 CYS145, HIS41
isobutyryloxy- HIS163
7-hydroxytropane
Hyoscyamine -6.2 4 SER144, CYS145,
LEU141, HIS163
7-Hydroxyhyoscyamine -6.1 4 THR26, GLY143
SER144CYS145
0.5
Mpro Hyoscyamine-Mpro

0.4 Moupinnmide-Mpro

RMSI) (nm)

= Hydroxyviropane-Mpro

i 20

th o+

Figure 6: The RMSD (Root Mean Square Deviation)

4

i

25

Time (ns)

of the Mpro backbone was calculated for the complexes

involving Mpro, Hyoscyamine-Mpro, Moupinamide-Mpro, and Hydroxytropane-Mpro

Structural  characterization  of  Mpro-ligand
complexes
Figure 7 illustrates the root-mean-square

fluctuation (RMSF) values of the protein residues
in the trajectory. These values were calculated by
aligning the residues to a reference frame that
represents the average position of each residue
over time. This parameter allows us to assess the
flexibility of different regions within the protein
and that display
significant deviations or minimal deviations from

structure identify areas
their average conformation.

Though few residue regions of Moupinamide-
Mpro can be seen to show higher fluctuations in
comparison with Mrre (0-2, 4, and 48-52), the
protein residues are generally more fluctuated

especially in the case of 110-150, 165-172, 191-

205, and 301-306 residues. The residues 115-
144, 166-172, and 190-197 of Hyoscyamine-Mpro

complex show significantly higher fluctuations
compared to their corresponding regions in the
protein. Finally, a comparison between RMSF
plots of Mrre and Hydroxytropane-Merro reveals
that except the 1-3, 154, and 297-299 residues,

which are more fluctuated in Hydroxytropane-

Mpero, protein structure shows higher fluctuations

especially in 126-141, 166-172, 190-196, 222,
232, 244, 277, and 278 residues. The average
root mean square fluctuation (RMSF) values for
the free Mpro protein, the Mpro protein bound to
the Mpro protein bound to

hyoscyamine,
moupinamide, and the Mpro protein bound to

892|Page




Ramazani A., & Tadayon N., / Chem. Methodol, 2023, 7(11) 883-903

1.2
——Mpro ——Hyoscyamine-Mpro
1 Moupinamide-Mpro —— Hydroxytropane-Mpro

~ 0.8
g
=
-
=
72
2
=

0t i i i i i i

0 20 40 60 80 100

120 140 160 180 200 220 240 260 280 300

Residue No.

Figure 7: During the production molecular dynamics run, the protein's root mean square fluctuation (RMSF) per
residue was computed for the complexes comprising Mpro, Hyoscyamine-Mpro, Moupinamide-Mpro, and
Hydroxytropane-Mpro

THR25

SER46

I'HR45

GLU166

ARGISS

VAL186

Figure 8: These images depict the stable arrangement of the Hyoscyamine-Mpro complex and the amino acids
that interact with the Hyoscyamine molecule

hydroxytropane were 0.16, 0.13, 0.13, and 0.14
nanometers, respectively. The RMSF analysis
suggests that binding of alkaloids reduces
fluctuation of protein building blocks.

In Figures 8-10, we can observe the complexes
the and ligand
molecules, as well as the distribution of amino
acid residues located within 5 A of the ligands
after 50 ns (MD)
simulations. The snapshots reveal the specific

formed between protein

of molecular dynamics

locations on the protein where ligands can
interact. Based on Figure 8, Hyoscyamine
molecule is surrounded by residues HIS41,
THR45, SER46, CYS145, MET165, PHE181,
MET49, THR25, VAL186, GLN189, ASP187,
ARG188, CYS44, HIS164, and GLU166.

Figure 9 shows that in the equilibrated structure
of Moupinamide-Mrro, amino acids LEU27,
HIS172, HIS41, GLY143, MET165, LEU50, PRO52,

GLN189, LEU141, SER144, HIS163, ARG188,
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Figure 9: These images depict the stable arrangement of the Moupinamide-Mpro complex and the amino acids
that interact with the Moupinamide molecule

HIS164, ASN142, MET49, PHE140, PHE181,
ASP187, ASN51, CYS145, PRO39, and GLU166
surround the ligand.

Finally, Hydroxytropane is interacting with
amino acids GLU166, SER46, HIS164, ASN142,
GLU166, MET49, HIS163, PHE140, MET165,
HIS41, GLN189, ASP187, CYS145, HIS172,
ARG188, SER144, and LEU141. From the
equilibrium snapshots, one can conclude that all
the ligands adopt a similar preferential binding
site.

To examine the distances of interaction between
Mpro and the ligand molecules throughout the
MD simulations, we generated radial distribution
function (RDF) plots for HIS41 and CYS145 in
relation to the ligands. These plots are depicted
in Figure 11. The RDF plots are used to calculate
the likelihood of B atoms being distributed
around A atoms as the reference atoms. The
equation below represents the function gA-B(r)
that describes this relationship:

np
ga-p(r) = %
N

Equation 1 illustrates the distribution of B atoms
around A atoms within a spherical shell with a
thickness of Ar. The nB value represents the
number of B atoms present in this shell, while NB

€y

indicates the total number of B atoms in the
amorphous cell. The radial distribution function
(RDF) analysis was performed to investigate the
interaction between ligands and the HIS41
residue of Mpro. The RDF profiles of Ligand-
HIS41, Moupinamide-HIS41, and
Hydroxytropane-HIS41 were obtained from the
molecular dynamics (MD) simulation. The RDF
profile  of  Ligand-HIS41 that
Hyoscyamine is predominantly located at a
distance of 0.50-0.75 nm from the HIS41 residue.
In the case of Moupinamide, there was a sharp
peak indicating that the ligand maintains a
distance of 0.35-0.45 nm from HIS41 throughout
the MD The RDF profile of
Hydroxytropane exhibited a constant
distribution zone starting from 0.40 nm and
extending up to 0.70 nm, suggesting that the
Hydroxytropane-HIS41
fluctuates at different MD frames. The sharpest
Ligand-CYS145 RDF peak is observed to appear
at 0.50-0.70 nm for Hydroxytropane, while
Hyoscyamine shows a relatively broad peak
distributed in the 0.50-0.90 nm. In the case of
Moupinamide, a bimodal distribution is seen to
take place including 0.30-0.40 nm and 0.50-0.70
nm. In general, radial pair distribution functions
relatively
distance between ligands and Mpre amino acids.

showed

simulation.

interaction distance

revealed a constant interaction
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PHE140

HIS163

ASP187

ARGI188 SER46

Figure 10: These images depict the stable arrangement of the Hydroxytropane-Mpro complex and the amino
acids that interact with the Hydroxytropane molecule
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Figure 11: The analysis of ligand molecules for radial pair distribution profiles with the HIS41 and CYS145
amino

The radius of gyration (R,) for a protein with N
atom is calculated as follows:

N
1
Ré = M;[mk (Tk - Tmean)z] (2)

To assess protein compactness, the radius of
gyration (Rg) was chosen as an analysis tool. Rg
is computed by using a formula that involves
various variables. The protein's total mass is
represented by M, while N represents the total
number of atoms in the protein. The mass of the
kth atom is denoted as mk, and rmean represents
the central position of the protein. The distance
between the kth atom and the center is
represented as (rk-rmean). One benefit of
utilizing Rg is that it enables us to assess the

stability of protein folding. A protein that is
folded in a stable manner will consistently
display a similar Rg value during the MD
trajectory. Conversely, an unfolded protein will
show variations in Rg [26]. Figure 12 shows the
radius of gyration (Rg) for unloaded Mpro and its
complexes with Hyoscyamine, Moupinamide, and
Hydroxytropane as a function of simulation time.
The average Rg values during the last 10 ns of the
Molecular dynamics trajectory are approximately
2.21 £ 0.01, 2.21 £ 0.01, 2.24 £ 0.01, and 2.23 *
0.01 nm for free Mpro, Hyoscyamine-Mpro,
Moupinamide-Mpro, and Hydroxytropane-Mpro,
respectively. The Rg value of Mpro remains

relatively constant when interacting with
Hyoscyamine, while Moupinamide and
Hydroxytropane slightly decrease the

compactness of Mpro.
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Figure 12: The Rg values of Mpro without any load, as well as the complexes formed with Hyoscyamine-Mpro,
Moupinamide-Mpro, and Hydroxytropane-Mpro

Hydrogen bond analysis

Hydrogen bonds play a crucial role in biological
systems as significant noncovalent interactions.
These hydrogen bonds form when a hydrogen
atom from a group X—H, where X represents an
electronegative atom, interacts with one or more
electronegative atoms (Y) that possess a pair of
[39]. Hydrogen bonds
between the amine proton atoms and carbonyl
oxygen atoms of the peptide backbone are
responsible for the formation of secondary
structures in proteins, such as a-helices and -
sheets. In an a-helix, a hydrogen bond is
established between the carbonyl oxygen and the
hydrogen of N—H that is four residues away on
the same strand. On the other hand, in a B-sheet,
hydrogen bonds
relevant functional groups of distinct protein
strands. Thus, hydrogen bonds are crucial
interactions in biological systems, playing a

non-bonded electrons

are formed between the

significant role in determining the stability of
host-guest complexes. To investigate the
arrangement of protein-ligand complexes and
comprehend the influence of hydrogen bonds on
their stability, we employed the gmx h bond
analysis tool for the examination of hydrogen
bonding. Figure 13 indicates the quantity of
hydrogen bonds formed between Mpro and
during a 50 ns MD
simulation. From Figure 13, it is evident that

substrate molecules

Moupinamide consistently forms hydrogen
bonds with Mpro, whereas the intermolecular
hydrogen bonds of Hyoscyamine-Mpro and
Hydroxytropane-Mpro frequently break many
times during the simulation run.

Table 2 presents a summary of the key donor and
acceptor groups involved in the interaction
between different species. As shown in Table 1,
the N—H groups of residues GLN189, ASN142,
SER144, CYS145, HIS163, GLU166, and GLY143
act as hydrogen bond donors, forming
interactions with the oxygen and nitrogen atoms
of Hyoscyamine. Conversely, the O—H group of
Hyoscyamine
hydrogen bonds with the oxygen atoms of
GLN189, GLU166, and HIS164 residues. In the
Moupinamide-Mpro complex, the
significant donor groups of the protein are the
N—H groups of residues GLN192, ASN142,
GLY143, GLN189, HIS163, HIS172, and HIS41,
which establish intermolecular hydrogen bonds
with the ligand's oxygen atoms. In addition, the
N—H and O—H groups of Moupinamide
participate in hydrogen bond interactions with
amino acids ASN142, HIS164, GLU166, THR190,
PHE140, LEU141, SER144, and GLU166. Finally,
the amine groups of HIS41, GLY143, HIS163,
GLU166, and HIS172 residues create hydrogen
bonds with the oxygen atoms of Hydroxytropane.

establishes intermolecular

most

The only hydrogen bond in the interaction
between Hydroxytropane and Mpro where the
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ligand's O—H group acts as a donor is formed
with the amino acid HIS164. On average, there
were approximately 0.8 hydrogen bonds formed
between Mpro and Hyoscyamine, 1.5 hydrogen
bonds formed between Mpro and Moupinamide,
and 0.8 hydrogen bonds formed between Mpro
and Hydroxytropane. The results of this study
are consistent with the binding score values
calculated by molecular docking. These results
suggest that
strongly with Mpro than Hyoscyamine or
Hydroxytropane.

Moupinamide interacts more

Solvent accessible surface area

The solvation behaviour of a protein is a relevant
consideration in evaluation of protein-ligand

complex microstructure. The solvent accessible
surface area (SASA) will tell to what extent
protein building blocks have access to aqueous
Thus, SASA analysis
performed to evaluate the ability of Mrro to
perform chemistry with solvent molecules and to
interact with Hyoscyamine, Moupinamide, and
Hydroxytropane (Figure 14). The average SASA
values of protein during the last 10 ns of MD
simulations are calculated to be about 152 + 2.5,
148 + 2.1, 150 + 2.5, and 155 * 2.8 nm? for Mpro,
Hyoscyamine-Mproe,  Moupinamide-Mpro,  and
Hydroxytropane-Mrro, respectively, showing that
the complexation process does not affect the
densification of Mrro, significantly.

environment. was

Table 2. The primary hydrogen bond donor and acceptor groups in the complexes of Hyoscyamine-Mpro,
Moupinamide-Mpro, and Hydroxytropane-Mpro

Hyoscyamine-Mpre Moupinamide-Mpro Hydroxytropane-Mpro
Donor—Hydrogen Acceptor Donor—Hydrogen Acceptor Donor—Hydrogen Acceptor
ASN142N-m) Hyoscyamineo2 HIS41(N-m) Moupinamideos HIS41(N-m) Hydroxytropaneoz
GLY143N-m Hyoscyamineo1 ASN142n-n) Moupinamideo1 HIS41(n-n) Hydroxytropaneos
GLY143(N-n) Hyoscyamineo2 ASN142nN-n) Moupinamideos GLY143(N-n) Hydroxytropanen:
SER144(n-n) Hyoscyamineoz GLY143N-m) Moupinamideo1 GLY143(N-m Hydroxytropaneos
SER144(N-n) Hyoscyamineos HIS163(n-n) Moupinamideo1 HIS163(n-n) Hydroxytropaneo4
CYS145n-m) Hyoscyamineoz HIS163n-n) Moupinamideos GLU166(N-m) Hydroxytropaneoz
HIS164(N-n) Hyoscyamineos HIS172(n-n) Moupinamideo1 GLU166(N-n) Hydroxytropaneo4
GLU166(N-n) Hyoscyamineos HIS172(n-n) Moupinamideos GLU166(N-n) Hydroxytropaneos
GLN189(n-n) Hyoscyaminen: GLN189(N-n) Moupinamideoz HIS172(n-n) Hydroxytropaneos
GLN189(n-n) Hyoscyamineo2 GLN192(N-n) Moupinamideos | Hydroxytropaneoo-h HIS1640
GLN189(N-m) Hyoscyamineos | Moupinamiden-n) ASN1420p1
Hyoscyamine(o-n) HIS1640 Moupinamide(o-n) HIS164np1
Hyoscyamineo-u) GLU1660E1 Moupinamideoo-H) HIS1640
Hyoscyamineo-u) GLU1660k2 Moupinamideoo-H) GLU1660
Hyoscyamineo-h) GLU1660 Moupinamideoo-H) THR1900
Hyoscyamine(o-n) GLN1890E1 Moupinamide(o-u) PHE1400
Moupinamide(o-u) LEU1410
Moupinamide(o-u) SER1440¢
Moupinamide(o-u) GLU1660E1
Moupinamide(o-u) GLU1660E2
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Figure 13: The number of intermolecular hydrogen bonds formed between bound (a) Hyoscyamine, (b)
Moupinamide, and (c) Hydroxytropane molecules and Mpr taken during the MD simulations
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Figure 14: The surface area that is accessible to solvent molecules is measured over time in simulations of free
Mpro and Mpro bound to Hyoscyamine, Moupinamide, and Hydroxytropane

In terms of solvation free energies, the estimated
values for free Mpro and the complexes of Mpro
with Hyoscyamine, Moupinamide, and
Hydroxytropane were -25.0 * 4.8 k].mol-1.nm, -
28.6 + 4.6 kJ.mol-'.nm=2, -26.1 + 4.5 k].mol-.nm2,
and -25.2 * 5.1 k].mol-.nm2, respectively. Figure
15 presents the average area per residue

throughout the simulation for the different
systems studied. It demonstrates that all systems
display a comparable pattern. A closer look at the
charts shows that PRO9, TYR118, ASN119,
TYR154, GLU178, LEU286, VAL297, ARG298, and
SER301 of free Mrre are more exposed to solvent
molecules compared with the Hyoscyamine-Mpro
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complex. In contrast, the residues ARG4, LYS137,
ILE213, ASN214, PHE294, and VAL303 have a
less access to aqueous solvent in free Mpro. [n the
case of Moupinamide-Mrro complex, ARG4,
MET49, LYS137, ASN142, and ARG298 are more
exposed to solvent molecules compared to the
free Mrro, while LYS12, THR26, LEU50, ASN51,
TYR118, ASN119, ARG217, and CYS300 have less

accessible surface area per residues of Mepro in
Hydroxytropane-Mrro shows the least change
compared to the free Mrro. Finally, the TYR118,
ARG217, and LEU286 amino acids of free Mpro are
more exposed to water molecules. Also, ARG4,
LYS137, ASN214, PHE294, and VAL303 are the
residues that are less exposed to solvent in free
Mpro,

access to solvent molecules. The solvent
4
= Mpro Hyoscyamine-Mpro
3 Moupinamide-Mpro == Hydroxytropane-Mpro

Area (nm.S2.N1)
[3*]

:, " HM“M WAL, Mm 1

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Residue No.

Figure 15: The surface area of the protein that is accessible to the solvent over time in simulations for the Mpro
protein alone and in complexes with Hyoscyamine, Moupinamide, and Hydroxytropane.

Table 3: During the MD simulations, the average protein-ligand interaction energies (expressed in k].mol-1)
were calculated

Complex Coulomb energy L] energy Total energy
Hyoscyamine-Mpro -28.5 -120.2 -148.7
Moupinamide-Mpro -55.1 -169.3 -224.4

Hydroxytropane-Mpro -33.2 -138.3 -171.5
Conclusion

Protein-ligand interaction energies

The strength of the interaction between the
protein and ligand was determined by calculating
the short-range non-bonded interaction energies.
Table 3 presents the average values for the total
interaction energies, Lennard-Jones (L]J) and
short-range Coulombic. Both types of short-range
interaction  energies the
Moupinamide > Hydroxytropane > Hyoscyamine.

follow trend:
The calculated interaction energies suggest that
Moupinamide forms a significantly more stable
complex with Mpro compared to Hyoscyamine
and Hydroxytropane. This finding is consistent
with the analysis of hydrogen bonds.

Currently, there is not confirmed antiviral drug
for cure of Sars-CoV-2 Virus. Antiviral potency of
alkaloid molecules against main protease
(3CLpro) of COVID-19 were investigated by
molecular docking analysis. Among the five
compounds studied, Moupinamide demonstrated
the highest potency against COVID-19 Mpro with
a binding energy of -7 Kcal/mol, which can be
attributed to its ability to form a larger number of
hydrogen bonds. To investigate the dynamic

behavior of Mpro: ligand complexes, the
researchers  utilized atomistic  molecular
dynamics (MD) simulations. The calculated

average RMSD values for Mpro, Hyoscyamine-
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Mpro, Moupinamide-Mpro, and Hydroxytropane-
Mpro were approximately 0.30 + 0.02, 0.30 *
0.01, 0.15 * 0.02, and 0.29 %= 0.02 nm,
respectively. These results suggest that the
protein structure becomes significantly more
stable upon Dbinding to  Moupinamide.
Additionally, the mean value of RMSF was
determined to be around 0.16, 0.13, 0.13, and
0.14 nm for free Mpro, Hyoscyamine-Mpro,
Moupinamide-Mpro, and Hydroxytropane-Mpro,
respectively. The RMSF analysis suggests that
binding of alkaloids reduces fluctuation of
protein building blocks. Radial pair distribution
functions (RDF) analysis revealed a relatively
constant interaction distance between ligands
and Mprro amino acids. Moupinamide forms
persistent hydrogen bonds with Mprro, while
Hyoscyamine-Mrre  and  Hydroxytropane-Mpro
intermolecular hydrogen bonds break many
times during the simulation run. Regarding the
formation of hydrogen bonds between Mpro and
the ligands, the average numbers were calculated
to be 0.8, 1.5, and 0.8 for Hyoscyamine,
Moupinamide, and Hydroxytropane, respectively.
This finding is in good agreement with the
binding score values obtained from molecular
docking calculations and indicates the stronger
interactions between Moupinamide and Mpro
compared to Hyoscyamine and Hydroxytropane.
The data reveals that the average short-range
Coulombic, Lennard-Jones (L]J), and total
interaction energies for Hyoscyamine-Mpro,
Moupinamide-Mpro, and Hydroxytropane-Mpro
are -28.5, -120.2, and -148.7 kJ.mol!, -55.1, -
169.3, and -224.4 kJ.mol-}, and -33.2,-138.3, and -
171.5 KkJ.mol?, respectively. These results
indicate that the complex formed between
Moupinamide and Mpro is significantly more
stable compared to those formed between
and well as

Hyoscyamine Mpro, as

Hydroxytropane and Mpro.
Disclosure Statement

No potential conflict of interest was reported by
the authors.

Funding

This study did not receive any specific grant from
funding agencies in the public, commercial, or
not-for-profit sectors.

Authors' contributions

All authors contributed toward data analysis,
drafting, and revising the paper and agreed to
responsible for all the aspects of this work.

Conflict of interest

The authors declare that they have no conflicts of
interest in this article.

ORCID

Ali Ramazani
https://orcid.org/0000-0003-3072-7924

References

[1]. Chatterjee P., Nagi N. Agarwal A, Das B,
Banerjee S. Sarkar S. Gupta N. Gangakhedkar
R.R., The 2019 novel coronavirus disease (COVID-
19) pandemic: A review of the current evidence,
The Indian Journal of Medical Research, 2020,
151:147 [Crossref], [Google Scholar], [Publisher]
[2]. Paraskevis D., Kostaki E.G. Magiorkinis G.,
Panayiotakopoulos G., Sourvinos G., Tsiodras.
Full-genome evolutionary analysis of the novel
corona virus (2019-nCoV) rejects the hypothesis
of emergence as a result of a recent
recombination event, Infection, Genetics and
Evolution, 2020, 79:104212 [Crossref], [Google
Scholar], [Publisher]

[3]. Bazyari-Delavar S., Badalkhani-Khamseh F.,
Ebrahim-Habibi A. Hadipour N.L., PAMAM and
polyester dendrimers as favipiravir nanocarriers:
a comparative study using DFT method, Journal of
Nanoparticle Tesearch, 2021, 23:1 [Crossref],
[Google Scholar], [Publisher]

[4]. Habas K., Nganwuchu C., Shahzad F., Gopalan
R., Haque M., Rahman S., Majumder A.A., Nasim T,
Resolution of coronavirus disease 2019 (COVID-
19), Expert Review of Anti-infective Therapy, 2020,
18:1201 [Crossref], [Google Scholar], [Publisher]
[5]. Tarique M., Ahmad S., Malik A, Ahmad I,
Saeed M., Almatroudi A., Qadah T., Murad M.A,

900|Page


https://orcid.org/0000-0003-3072-7924
https://doi.org/10.4103%2Fijmr.IJMR_519_20
https://scholar.google.com/scholar?q=%5B1%5D+P.+Chatterjee,+N.+Nagi,+A.+Agarwal,+B.+Das,+S.+Banerjee,+S.+Sarkar,+N.+Gupta,+R.R.+Gangakhedkar,+The+2019+novel+coronavirus+disease+(COVID-19)+pandemic:+A+review+of+the+current+evidence,+The+Indian+journal+of+medical+research,+151+(2020)+147.&hl=en&as_sdt=0,5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7357405/
https://doi.org/10.1016/j.meegid.2020.104212
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B2%5D+D.+Paraskevis%2C+E.G.+Kostaki%2C+G.+Magiorkinis%2C+G.+Panayiotakopoulos%2C+G.+Sourvinos%2C+Tsiodras%2C+Full-genome+evolutionary+analysis+of+the+novel+corona+virus+%282019-nCoV%29+rejects+the+hypothesis+of+emergence+as+a+result+of+a+recent+recombination+event%2C+Infection%2C+Genetics+and+Evolution%2C+79+%282020%29+104212.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B2%5D+D.+Paraskevis%2C+E.G.+Kostaki%2C+G.+Magiorkinis%2C+G.+Panayiotakopoulos%2C+G.+Sourvinos%2C+Tsiodras%2C+Full-genome+evolutionary+analysis+of+the+novel+corona+virus+%282019-nCoV%29+rejects+the+hypothesis+of+emergence+as+a+result+of+a+recent+recombination+event%2C+Infection%2C+Genetics+and+Evolution%2C+79+%282020%29+104212.&btnG=
https://www.sciencedirect.com/science/article/pii/S1567134820300447
https://doi.org/10.1007/s11051-021-05245-x
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B3%5D+S.+Bazyari-Delavar%2C+F.+Badalkhani-Khamseh%2C+A.+Ebrahim-Habibi%2C+N.L.+Hadipour%2C+PAMAM+and+polyester+dendrimers+as+favipiravir+nanocarriers%3A+a+comparative+study+using+DFT+method%2C+Journal+of+Nanoparticle+Research%2C+23+%282021%29+1-12.&btnG=
https://link.springer.com/article/10.1007/s11051-021-05245-x
https://doi.org/10.1080/14787210.2020.1797487
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B4%5D+K.+Habas%2C+C.+Nganwuchu%2C+F.+Shahzad%2C+R.+Gopalan%2C+M.+Haque%2C+S.+Rahman%2C+A.A.+Majumder%2C+T.+Nasim%2C+Resolution+of+coronavirus+disease+2019+%28COVID-19%29%2C+Expert+review+of+anti-infective+therapy%2C+18+%282020%29+1201-1211.&btnG=
https://www.tandfonline.com/doi/abs/10.1080/14787210.2020.1797487

Ramazani A., & Tadayon N., / Chem. Methodol, 2023, 7(11) 883-903

Mashraqi M., Alam Q. Novel
respiratory syndrome coronavirus 2 (SARS-
CoV2) and other coronaviruses: a genome-wide
comparative annotation and analysis, Molecular
and Cellular Biochemistry, 2021, 476:2203
[Crossref], [Google Scholar], [Publisher]

[6] Jee Y., WHO international health regulations
emergency the COVID-19
outbreak. Epidemiology and Health, 2020,
42[Crossref], [Google Scholar], [Publisher]

[7]. Wang Z., Chen X, Lu Y., Chen F.,, Zhang W,
Clinical characteristics and therapeutic procedure
for four cases with 2019 novel coronavirus
pneumonia receiving combined Chinese and
Western medicine treatment, Bioscience Trends,
2020, 14:64 |[Crossref], [Google Scholar],
[Publisher]

[8]. Dai W., Zhang B., Jiang X.M., Su H,, Li ]J., Zhao
Y., Xie X, Jin Z.,, Peng |, Liu F., Structure-based
design of antiviral drug candidates targeting the

severe acute

committee for

SARS-CoV-2 main protease, Science, 2020,
368:1331 [Crossref], [Google Scholar],
[Publisher]

[9]. Sattari A., Ramazani A., Aghahosseini H.
Repositioning therapeutics for COVID-19: virtual
screening of the potent synthetic and natural
compounds as SARS-CoV-2 3CLpro inhibitors,
Journal of the Iranian Chemical Society, 2021,
18:2807 [Crossref], [Google Scholar], [Publisher]

[10] Anand K., Ziebuhr ], Wadhwani P., Mesters
J.R., Hilgenfeld R., Coronavirus main proteinase
(3CLpro) structure: basis for design of anti-SARS
drugs, Science, 2003, 300:1763 [Crossref],
[Google Scholar], [Publisher]

[11]. a) Mirza M.U, Froeyen M., Structural
elucidation of SARS-CoV-2 vital proteins:
Computational methods reveal potential drug
against protease, Nspl2
polymerase and Nspl3 helicase, journal of
Pharmaceutical Analysis, 2020, 10:320 [Crossref],
[Google Scholar], [Publisher] b) Edache E., Dawi
H., Ugbe F, 3D-QSAR, Molecular Docking,
Molecular Dynamics Simulations and Structural
Inhibitors of the
Glycoprotein (GPC) of Lassa Virus, Journal of
Applied Organometallic Chemistry, 2023, 3:224
[Crossref], [Publisher] c¢) Hosouna B., Malek H.,

candidates main

Studies of Some Selected

Abdelsalam S. M., Ahwidy Z., Computational study
of the effectiveness of natural herbal derivatives
on COVID-19 virus,Advanced Journal of
Chemistry-Section B: Natural Products
Medical Chemistry, 2021, 3:323 [Crossref],
[Publisher]

[12]. Hassan H.A., Abdelmohsen U.R, Aly O.M.,,
Desoukey S.Y., Mohamed KM., Kamel M.S,
Potential of Ficus microcarpa metabolites against
SARS-CoV-2 main protease supported by docking
studies, Natural Product Research, 2022, 36:994
[Crossref], [Google Scholar], [Publisher]

[13]. a) Venkatesan P. Repurposing drugs for
treatment of COVID-19, The Lancet Respiratory
Medicine, 2021, 9:e63 [Crossref], [Google
Scholar], [Publisher] b) Pal T., Anand U., Sikdar
Mitra S., Biswas P., Tripathi V., Prockéw J., Dey A,
Pérez de la Lastra ].M., Harnessing and
bioprospecting botanical-based herbal medicines
against potential drug targets for COVID-19: a
review coupled molecular docking studies,
Journal of Biomolecular Structure and Dynamics,
2023, 1 [Crossref], [Google Scholar], [Publisher]
[14]. Badalkhani-Khamseh F., Ebrahim-Habibi A.,
Hadipour N.L. Atomistic computer simulations
on multi-loaded PAMAM dendrimers: A
comparison of amine-and hydroxyl-terminated
dendrimers, Journal of computer-aided molecular
design, 2017, 31:1097 [Crossref], [Google
Scholar], [Publisher]

[15]. a) Singh H.B., Herbal medicine of Manipur: A
colour Encyclopaedia, Daya Books, 2003 [Google
Scholar], [Publisher] b) Al-Snafi A.E.,, Chemical
constituents and pharmacological
Eryngium creticum-A review, Indo American
Journal of Pharmaceutical Sciences, 2017, 4:67
[Google Scholar]

[16]. a) Damergi B., Essid R., Fares N., Khadraoui
N., Ageitos L., Ben Alaya A. Gharbi D., Abid I,
Rashed Alothman M,
stramonium Flowers as a Potential Natural

and

effects of

Limam F., Datura
Resource of Bioactive Molecules: Identification of
Anti-Inflammatory Agents and Molecular Docking
Analysis, Molecules, 2023, 28:5195 [Crossref],
[Google Scholar], [Publisher] b) Chen ].T. ed,
Ethnopharmacology and Drug Discovery for
COVID-19: Anti-SARS-CoV-2 Agents from Herbal

901|Page


https://doi.org/10.1007/s11010-020-04027-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B5%5D+M.+Tarique%2C+S.+Ahmad%2C+A.+Malik%2C+I.+Ahmad%2C+M.+Saeed%2C+A.+Almatroudi%2C+T.+Qadah%2C+M.A.+Murad%2C+M.+Mashraqi%2C+Q.+Alam%2C+Novel+severe+acute+respiratory+syndrome+coronavirus+2+%28SARS-CoV2%29+and+other+coronaviruses%3A+a+genome-wide+comparative+annotation+and+analysis%2C+Molecular+and+Cellular+Biochemistry%2C+476+%282021%29+2203-2217.&btnG=
https://link.springer.com/article/10.1007/s11010-020-04027-8
https://doi.org/10.4178/epih.e2020013
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Jee%2C+Y.%2C+2020.+WHO+international+health+regulations+emergency+committee+for+the+COVID-19+outbreak.+Epidemiology+and+health%2C+42.&btnG=
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7285442/
https://doi.org/10.5582/bst.2020.01030
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B7%5D+Z.+Wang%2C+X.+Chen%2C+Y.+Lu%2C+F.+Chen%2C+W.+Zhang%2C+Clinical+characteristics+and+therapeutic+procedure+for+four+cases+with+2019+novel+coronavirus+pneumonia+receiving+combined+Chinese+and+Western+medicine+treatment%2C+Bioscience+trends%2C+%282020%29.&btnG=
https://www.jstage.jst.go.jp/article/bst/14/1/14_2020.01030/_article/-char/ja/
https://doi.org/10.1126/science.abb4489
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B8%5D+W.+Dai%2C+B.+Zhang%2C+X.-M.+Jiang%2C+H.+Su%2C+J.+Li%2C+Y.+Zhao%2C+X.+Xie%2C+Z.+Jin%2C+J.+Peng%2C+F.+Liu%2C+Structure-based+design+of+antiviral+drug+candidates+targeting+the+SARS-CoV-2+main+protease%2C+Science%2C+368+%282020%29+1331-1335.&btnG=
https://www.science.org/doi/full/10.1126/science.abb4489
https://doi.org/10.1007/s13738-021-02235-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B9%5D+A.+Sattari%2C+A.+Ramazani%2C+H.+Aghahosseini%2C+Repositioning+therapeutics+for+COVID-19%3A+virtual+screening+of+the+potent+synthetic+and+natural+compounds+as+SARS-CoV-2+3CLpro+inhibitors%2C+Journal+of+the+Iranian+Chemical+Society%2C+18+%282021%29+2807-2827.&btnG=
https://link.springer.com/article/10.1007/s13738-021-02235-7
https://doi.org/10.1126/science.1085658
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B10%5D+K.+Anand%2C+J.+Ziebuhr%2C+P.+Wadhwani%2C+J.R.+Mesters%2C+R.+Hilgenfeld%2C+Coronavirus+main+proteinase+%283CLpro%29+structure%3A+basis+for+design+of+anti-SARS+drugs%2C+Science%2C+300+%282003%29+1763-1767.&btnG=
https://www.science.org/doi/abs/10.1126/science.1085658
https://doi.org/10.1016/j.jpha.2020.04.008
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B11%5D+M.U.+Mirza%2C+M.+Froeyen%2C+Structural+elucidation+of+SARS-CoV-2+vital+proteins%3A+Computational+methods+reveal+potential+drug+candidates+against+main+protease%2C+Nsp12+polymerase+and+Nsp13+helicase%2C+Journal+of+pharmaceutical+analysis%2C+10+%282020%29+320-328.&btnG=
https://www.sciencedirect.com/science/article/pii/S2095177920303865
10.48309/jaoc.2023.410946.1103
https://jaoc.samipubco.com/article_178305.html
https://doi.org/10.22034/ajcb.2021.305568.1094
https://www.ajchem-b.com/article_140677.html
https://doi.org/10.1080/14786419.2020.1839452
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B12%5D.+H.A.+Hassan%2C+U.R.+Abdelmohsen%2C+O.M.+Aly%2C+S.Y.+Desoukey%2C+K.M.+Mohamed%2C+M.S.+Kamel%2C+Potential+of+Ficus+microcarpa+metabolites+against+SARS-CoV-2+main+protease+supported+by+docking+studies%2C+Natural+Product+Research%2C+36+%282022%29+994-998.&btnG=
https://www.tandfonline.com/doi/abs/10.1080/14786419.2020.1839452
https://doi.org/10.1016/S2213-2600(21)00270-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=a%29+P.+Venkatesan%2C+Repurposing+drugs+for+treatment+of+COVID-19%2C+The+Lancet+Respiratory+Medicine%2C+9+%282021%29+e63.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=a%29+P.+Venkatesan%2C+Repurposing+drugs+for+treatment+of+COVID-19%2C+The+Lancet+Respiratory+Medicine%2C+9+%282021%29+e63.+&btnG=
https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(21)00270-8/fulltext
https://doi.org/10.1080/07391102.2023.2187634
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=T.+Pala%2C+U.+Anand%2C+S.+Sikdar+Mitrab%2C+P.+Biswasb%2C+V.+Tripathic%2C+J.+Prockow%2CA.+Dey%2C+J.+M.+P.+de+la+Lastra%2C+Harnessing+and+bioprospecting+botanical-based+herbal+medicines+against+potential+drug+targets+for+COVID-19%3A+a+review+coupled+molecular+docking+studies%2C+JOURNAL+OF+BIOMOLECULAR+STRUCTURE+AND+DYNAM%2C+%282023%29%2C+&btnG=
https://www.tandfonline.com/doi/full/10.1080/07391102.2023.2187634
https://doi.org/10.1007/s10822-017-0091-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B14%5D+F.+Badalkhani-Khamseh%2C+A.+Ebrahim-Habibi%2C+N.L.+Hadipour%2C+Atomistic+computer+simulations+on+multi-loaded+PAMAM+dendrimers%3A+A+comparison+of+amine-and+hydroxyl-terminated+dendrimers%2C+Journal+of+Computer-Aided+Molecular+Design%2C+31+%282017%29+1097-1111.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B14%5D+F.+Badalkhani-Khamseh%2C+A.+Ebrahim-Habibi%2C+N.L.+Hadipour%2C+Atomistic+computer+simulations+on+multi-loaded+PAMAM+dendrimers%3A+A+comparison+of+amine-and+hydroxyl-terminated+dendrimers%2C+Journal+of+Computer-Aided+Molecular+Design%2C+31+%282017%29+1097-1111.&btnG=
https://link.springer.com/article/10.1007/s10822-017-0091-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=15%5Da%29+Singh%2C+H.B.%2C+R.S.+Singh+and+I.S.+Sandhu+%282003%29.+Herbal+Medicine+of+Manipur.+A+Colour+Encyclopaedia%2C+Daya+Publishing+House%2C+Delhi%3B+15.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=15%5Da%29+Singh%2C+H.B.%2C+R.S.+Singh+and+I.S.+Sandhu+%282003%29.+Herbal+Medicine+of+Manipur.+A+Colour+Encyclopaedia%2C+Daya+Publishing+House%2C+Delhi%3B+15.+&btnG=
https://www.amazon.in/Herbal-Medicine-Manipur-Colour-Encyclopedia/dp/8170353009
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=B%29+Al-Snafi+AE.+Chemical+constituents+and+pharmacological+effects+of+Eryngium+creticum-+A+review.+Indo+Am+J+P+Sci+2017%3B+4%2801%29%3A+67-73.10&btnG=
https://doi.org/10.3390/molecules28135195
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B16%5D+a%29B.+Damergi%2C+R.+Essid%2C+N.+Fares%2C+N.++Khadraoui%2C+L.+Ageitos%2C+A.+B.+Alaya%2C+D.+Gharbi%2C+I.+Abid%2C+M.+R.+Alothman%2C+F.+Limam%2C+J.+Rodr%C3%ADguez+%2C+C.+Jim%C3%A9nez%2C+O.+Tabbene%2C+Datura+stramonium+Flowers+as+a+Potential+Natural+Resource+of+Bioactive+Molecules%3A+Identification+of+Anti-Inflammatory+Agents+and+Molecular+Docking+Analysis%2C+Molecules+%282023%29%2C+28%2C+5195%2C+https%3A%2F%2F+doi.org%2F10.3390%2Fmolecules28135195.&btnG=
https://www.mdpi.com/1420-3049/28/13/5195

Ramazani A., & Tadayon N., / Chem. Methodol, 2023, 7(11) 883-903

Medicines and Natural Products. Springer Nature.
2023 [Google Scholar], [Publisher]

[17]. Bribi N. Pharmacological
alkaloids: a review, Asian Journal of Botany, 2018,
1:1 [Google Scholar]

[18]. a) Azzopardi ].I., Blundell R, Chapter 5 -
Alkaloids and COVID-19, in Application of Natural
Products in SARS-CoV-2, Elsevier, 2023, 125
[Crossref], [Google Scholar], [Publisher] B)
Wadanambi P.M., Jayathilaka N., Seneviratne K.N.,
A computational study of carbazole alkaloids
from Murraya koenigii as potential SARS-CoV-2
main protease inhibitors, Applied Biochemistry
and Biotechnology, 2023, 195:573 [Crossref],
[Google Scholar], [Publisher]

[19]. Badalkhani-Khamseh F., Ebrahim-Habibi A.,
Hadipour N.L., Influence of dendrimer surface
chemistry and pH on the binding and release
pattern of chalcone studied by molecular
dynamics simulations, Journal of Molecular
Recognition, 2019, 32:e2757 [Crossref], [Google
Scholar], [Publisher]

[20]. Kumar S., Maurya V.K, Kabir R, Nayak D,
Khurana A., Manchanda R.K,, Gadugu S., Shanker
K. Saxena S.K. Antiviral activity of belladonna
during Japanese encephalitis virus infection via
microglia
inflammation leading to neuronal cell survival,
ACS Chemical Neuroscience, 2020, 11:3683
[Crossref], [Google Scholar], [Publisher]

[21]. Mohan K., Jeyachandran R. Deepa R,
Alkaloids as anticancer agents, Annals of
Phytomedicine, 2012, 1:46 [Google Scholar]

[22]. Yang C.W,, Lee Y.Z, Kang 1J., Barnard D.L.,
Jan ].T., Lin D., Huang C.W,, Yeh T.K,, Chao Y.S., Lee
S.J., Identification of phenanthroindolizines and
phenanthroquinolizidines as novel potent anti-
coronaviral agents for porcine enteropathogenic
coronavirus transmissible gastroenteritis virus

activity of

inhibition of activation and

and human severe acute respiratory syndrome
coronavirus, Antiviral Research, 2010, 88:160
[Crossref], [Google Scholar], [Publisher]

[23]. Drager B., Tropinone reductases, enzymes at
the branch point of tropane alkaloid metabolism,
Phytochemistry, 2006, 67:327 [Crossref], [Google
Scholar], [Publisher]

[24]. De-la-Cruz 1., Hallab A., Olivares-Pinto U.,
Tapia-Lépez R, Velazquez-Marquez S., Piflero D.,
Oyama K. Usadel B., Nunez-Farfan ], Genomic
signatures of the evolution of defence against its
natural enemies in the poisonous and medicinal
plant Datura stramonium (Solanaceae), Scientific
Reports, 2021, 11:882 [Crossref], [Google
Scholar], [Publisher]

[25]. Meng X.Y., Zhang H.X, Mezei M, Cui M,
Molecular docking: a powerful approach for
structure-based  drug  discovery,
Computer-aided Drug Design, 2011,
[Crossref], [Google Scholar], [Publisher]
[26]. Sahebi U. Gholami H. Ghalandari B,
Badalkhani-khamseh F., Nikzamir A., Divsalar A.,
Evaluation of BLG ability for binding to 5-FU and
Irinotecan simultaneously under acidic condition:
A spectroscopic, docking
molecular dynamic simulation study, Journal of
Molecular Liquids, 2021, 344:117758 [Crossref],
[Google Scholar], [Publisher]

[27]. Trott 0. Olson A.., AutoDock Vina:
improving the speed and accuracy of docking
with a scoring function,
optimization, and multithreading, Journal of
Computational ~ Chemistry, 2010,  31:455
[Crossref], [Google Scholar], [Publisher]

[28]. a) Morris G.M., Huey R, Lindstrom W,
Sanner M.F., Belew R.K., Goodsell D.S., Olson A].,
AutoDock4 and AutoDockTools4: Automated
docking with selective receptor flexibility, Journal
of Computational Chemistry, 2009, 30:2785
[Crossref], [Google Scholar], [Publisher] b) Saedi
A, Saedi S., Ghaemi M. M. Milani Fard M. A
Review of Epidemiological Study of Covid-19 and
Risk Factors, Eurasian Journal of Science and
Technology, 2022, 2:224 [Crossref], [Publisher]
c) Saedi S., Saedi A., Ghaemi M. M., Milani Fard M.
Assessed the Complication of Central Nervous
System in COVID-19 Patients: A Systematic
Review and Meta-Analysis, FEurasian Journal of
Science and Technology, 2022, 2:185 [Crossref],
[Publisher] d) Athulya Chandran E. M. V., Mathew
Valooran N. Kumar R. A, A Recent Update on
Pyridine Derivatives as a Potential Lead for
Diabetes Mellitus, Journal of Chemical Reviews,
2023, 5:159 [Crossref], [Publisher]

[29]. Wallace A.C., Laskowski R.A., Thornton ].M.,
LIGPLOT:

Current
7:146

and

molecular

new efficient

a program to generate schematic

902|Page


https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Kaviya+M.%2C+Geofferina%2C+I.P.%2C+Poornima%2C+P.%2C+Rajan%2C+A.P.%2C+Balamuralikrishnan%2C+B.%2C+Arun%2C+M.%2C+Al-Dhabi%2C+N.A.%2C+Arasu%2C+M.V.%2C+Karthika%2C+P.%2CKallidass%2C+S.+in+Ethnopharmacology+and+Drug+Discovery+for+COVID-19%3A+Anti-SARS-CoV-2+Agents+from+Herbal+Medicines+and+Natural+Products+265+%28Springer%2C+2023%29.&btnG=
https://books.google.com/books?hl=en&lr=&id=1AvWEAAAQBAJ&oi=fnd&pg=PR5&dq=Kaviya+M.,+Geofferina,+I.P.,+Poornima,+P.,+Rajan,+A.P.,+Balamuralikrishnan,+B.,+Arun,+M.,+Al-Dhabi,+N.A.,+Arasu,+M.V.,+Karthika,+P.,Kallidass,+S.+in+Ethnopharmacology+and+Drug+Discovery+for+COVID-19:+Anti-SARS-CoV-2+Agents+from+Herbal+Medicines+and+Natural+Products+265+(Springer,+2023).&ots=1J_teON5zW&sig=2itla8UMOD0q8ga63Ic32Fo4Mlo
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B17%5D+N.+Bribi%2C+Pharmacological+activity+of+alkaloids%3A+a+review%2C+Asian+Journal+of+Botany%2C+1+%282018%29+1-6.&btnG=
https://doi.org/10.1016/B978-0-323-95047-3.00007-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%29+J.+Ignatius+Azzopardi%2C+R.+Blundell%2C+Chapter+5+-+Alkaloids+and+COVID-19%2C+Application+of+Natural+Products+in+SARS-CoV-2%2C+%282023%29%2C+Pages+125-141%2C+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780323950473000071
https://doi.org/10.1007/s12010-022-04138-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Wadanambi%2C+P.M.%2C+Jayathilaka%2C+N.+%26+Seneviratne%2C+K.N.+A+Computational+Study+of+Carbazole+Alkaloids+from+Murraya+koenigii+as+Potential+SARS-CoV-2+Main+Protease+Inhibitors.+Appl+Biochem+Biotechnol+195%2C+573%E2%80%93596+%282023%29.+&btnG=
https://link.springer.com/article/10.1007/s12010-022-04138-6
https://doi.org/10.1002/jmr.2757
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B19%5D+F.+Badalkhani%E2%80%90Khamseh%2C+A.+Ebrahim%E2%80%90Habibi%2C+N.L.+Hadipour%2C+Influence+of+dendrimer+surface+chemistry+and+pH+on+the+binding+and+release+pattern+of+chalcone+studied+by+molecular+dynamics+simulations%2C+Journal+of+Molecular+Recognition%2C+32+%282019%29+e2757.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B19%5D+F.+Badalkhani%E2%80%90Khamseh%2C+A.+Ebrahim%E2%80%90Habibi%2C+N.L.+Hadipour%2C+Influence+of+dendrimer+surface+chemistry+and+pH+on+the+binding+and+release+pattern+of+chalcone+studied+by+molecular+dynamics+simulations%2C+Journal+of+Molecular+Recognition%2C+32+%282019%29+e2757.&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/jmr.2757
https://doi.org/10.1021/acschemneuro.0c00603
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B20%5D+S.+Kumar%2C+V.K.+Maurya%2C+R.+Kabir%2C+D.+Nayak%2C+A.+Khurana%2C+R.K.+Manchanda%2C+S.+Gadugu%2C+K.+Shanker%2C+S.K.+Saxena%2C+Antiviral+activity+of+belladonna+during+Japanese+encephalitis+virus+infection+via+inhibition+of+microglia+activation+and+inflammation+leading+to+neuronal+cell+survival%2C+ACS+chemical+neuroscience%2C+11+%282020%29+3683-3696.&btnG=
https://pubs.acs.org/doi/abs/10.1021/acschemneuro.0c00603
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B21%5D.+K.+Mohan%2C+R.+Jeyachandran%2C+R.+Deepa%2C+Alkaloids+as+anticancer+agents%2C+Ann.+Phytomed%2C+1+%282012%29+46-53.&btnG=
https://doi.org/10.1016/j.antiviral.2010.08.009
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B22%5D.+C.-W.+Yang%2C+Y.-Z.+Lee%2C+I.-J.+Kang%2C+D.L.+Barnard%2C+J.-T.+Jan%2C+D.+Lin%2C+C.-W.+Huang%2C+T.-K.+Yeh%2C+Y.-S.+Chao%2C+S.-J.+Lee%2C+Identification+of+phenanthroindolizines+and+phenanthroquinolizidines+as+novel+potent+anti-coronaviral+agents+for+porcine+enteropathogenic+coronavirus+transmissible+gastroenteritis+virus+and+human+severe+acute+respiratory+syndrome+coronavirus%2C+Antiviral+research%2C+88+%282010%29+160-168.&btnG=
https://www.sciencedirect.com/science/article/pii/S0166354210006960
https://doi.org/10.1016/j.phytochem.2005.12.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B23%5D.+B.+Dr%C3%A4ger%2C+Tropinone+reductases%2C+enzymes+at+the+branch+point+of+tropane+alkaloid+metabolism%2C+Phytochemistry%2C+67+%282006%29+327-337.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B23%5D.+B.+Dr%C3%A4ger%2C+Tropinone+reductases%2C+enzymes+at+the+branch+point+of+tropane+alkaloid+metabolism%2C+Phytochemistry%2C+67+%282006%29+327-337.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0031942205006709
https://doi.org/10.1038/s41598-020-79194-1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B24%5D.+I.+De-la-Cruz%2C+A.+Hallab%2C+U.+Olivares-Pinto%2C+R.+Tapia-L%C3%B3pez%2C+S.+Vel%C3%A1zquez-M%C3%A1rquez%2C+D.+Pi%C3%B1ero%2C+K.+Oyama%2C+B.+Usadel%2C+J.+N%C3%BA%C3%B1ez-Farf%C3%A1n%2C+Genomic+signatures+of+the+evolution+of+defence+against+its+natural+enemies+in+the+poisonous+and+medicinal+plant+Datura+stramonium+%28Solanaceae%29%2C+Scientific+reports%2C+11+%282021%29+1-19.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B24%5D.+I.+De-la-Cruz%2C+A.+Hallab%2C+U.+Olivares-Pinto%2C+R.+Tapia-L%C3%B3pez%2C+S.+Vel%C3%A1zquez-M%C3%A1rquez%2C+D.+Pi%C3%B1ero%2C+K.+Oyama%2C+B.+Usadel%2C+J.+N%C3%BA%C3%B1ez-Farf%C3%A1n%2C+Genomic+signatures+of+the+evolution+of+defence+against+its+natural+enemies+in+the+poisonous+and+medicinal+plant+Datura+stramonium+%28Solanaceae%29%2C+Scientific+reports%2C+11+%282021%29+1-19.&btnG=
https://www.nature.com/articles/s41598-020-79194-1
https://doi.org/10.2174/157340911795677602
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B25%5D.+X.-Y.+Meng%2C+H.-X.+Zhang%2C+M.+Mezei%2C+M.+Cui%2C+Molecular+docking%3A+a+powerful+approach+for+structure-based+drug+discovery%2C+Current+computer-aided+drug+design%2C+7+%282011%29+146-157.&btnG=
https://www.ingentaconnect.com/content/ben/cad/2011/00000007/00000002/art00008
https://doi.org/10.1016/j.molliq.2021.117758
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sahebi+U.%2C+Gholami%2C+H.%2C+Ghalandari%2C+B.%2C+Badalkhani-khamseh%2C+F.%2C+Nikzamir%2C+A.%2CDivsalar%2C+A.%2C+Evaluation+of+BLG+ability+for+binding+to+5-FU+and+Irinotecan+simultaneously+under+acidic+condition%3A+A+spectroscopic%2C+molecular+docking+and+molecular+dynamic+simulation+study%2C+Journal+of+Molecular+Liquids%2C+2021%2C+344%3A117758+%5BCrossref%5D%2C+%5BGoogle+Scholar%5D%2C+%5BPublisher%5D&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0167732221024831
https://doi.org/10.1002/jcc.21334
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B27%5D.+O.+Trott%2C+A.J.+Olson%2C+AutoDock+Vina%3A+improving+the+speed+and+accuracy+of+docking+with+a+new+scoring+function%2C+efficient+optimization%2C+and+multithreading%2C+Journal+of+computational+chemistry%2C+31+%282010%29+455-461.&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21256
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B28%5D.+G.M.+Morris%2C+R.+Huey%2C+W.+Lindstrom%2C+M.F.+Sanner%2C+R.K.+Belew%2C+D.S.+Goodsell%2C+A.J.+Olson%2C+AutoDock4+and+AutoDockTools4%3A+Automated+docking+with+selective+receptor+flexibility%2C+Journal+of+computational+chemistry%2C+30+%282009%29+2785-2791.&btnG=
https://onlinelibrary.wiley.com/doi/full/10.1002/jcc.21256
https://doi.org/10.22034/EJST.2022.2.10
https://ejst.samipubco.com/article_137288.html
https://doi.org/10.22034/EJST.2022.2.7
https://ejst.samipubco.com/article_136992.html
https://doi.org/10.22034/jcr.2023.366462.1198
https://www.jchemrev.com/article_166679.html

Ramazani A., & Tadayon N., / Chem. Methodol, 2023, 7(11) 883-903

diagrams of protein-ligand interactions, Protein
engineering, Design and Selection, 1995, 8:127
[Crossref], [Google Scholar], [Publisher]

[30]. Van Der Spoel D. Lindahl E., Hess B,
Groenhof G., Mark A.E., Berendsen H.]., GROMACS:
fast, flexible, and free, Journal of Computational
Chemistry, 2005, 26:1701 [Crossref], [Google
Scholar], [Publisher]

[31]. Humphrey W., Dalke A., Schulten K., VMD:
visual molecular dynamics, Journal of Molecular
Graphics, 1996, 14:33 [Crossref], [Google
Scholar], [Publisher]

[32]. Wang ]., Wang W., Kollman P.A,, Case D.A,
Automatic atom type and bond type perception in
molecular mechanical calculations, Journal of
Molecular Graphics and Modelling, 2006, 25:247
[Crossref], [Google Scholar], [Publisher]

[33]. Sousa da Silva A.W., Vranken W.F., ACPYPE-
Antechamber python parser interface, BMC
Research Notes, 2012, 5:1 [Crossref], [Google
Scholar], [Publisher]

[34]. Wang ]., Cieplak P., Kollman P.A., How well
does a restrained electrostatic potential (RESP)
model perform in calculating conformational
energies of organic and biological molecules?,
Journal of Computational Chemistry, 2000,
21:1049 [Crossref], [Google Scholar], [Publisher]

[35]. Esfandiarpour R., Badalkhani-Khamseh F.,
Hadipour N.L. Exploration of phosphorene as
doxorubicin nanocarrier: An atomistic view from
DFT calculations and MD simulations, Colloids
and Surfaces B: Biointerfaces, 2022, 215:112513
[Crossref], [Google Scholar], [Publisher]

[36]. Barratt E., Bingham R.J., Warner D.J,
Laughton C.A., Phillips S.E., Homans S.W., Van der
Waals interactions dominate ligand- protein
association in a protein binding site occluded
from solvent water, Journal of The American
Chemical Society, 2005, 127:11827 |[Crossref],
[Google Scholar], [Publisher]

[37]. Meng X.Y., Zhang HX., Mezei M. Cui M,
Molecular docking: a powerful approach for
structure-based  drug  discovery, Current
Computer-aided Drug Design, 2011, 7:146
[Crossref], [Google Scholar], [Publisher]

[38]. Kumar K.S. Rao A.L., Rao M.B., Design,
synthesis, biological evaluation and molecular
docking studies of novel 3-substituted-5-[(indol-
3-yl) methylene]-thiazolidine-2,
derivatives, Heliyon, 2018, 4 [Crossref], [Google
Scholar], [Publisher]

[39]. Silverman R.B., Holladay M.W., The organic
chemistry of drug design and drug action,
Press, 2014 [Google Scholar],

4-dione

Academic
[Publisher]

HOW TO CITE THIS ARTICLE

DOI: https://doi.org/10.48309/chemm.2023.422059.1732
URL: https://www.chemmethod.com/article 183350.html

Neda Tadayon, Ali Ramazani*. Molecular Docking and Dynamics Analysis of COVID-19 Main Protease Interactions with
Alkaloids from Hyoscyamus Niger and Datura Stramonium. Chem. Methodol., 2023, 7(11) 883-903

903 |Page


https://doi.org/10.1093/protein/8.2.127
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B29%5D.+A.C.+Wallace%2C+R.A.+Laskowski%2C+J.M.+Thornton%2C+LIGPLOT%3A+a+program+to+generate+schematic+diagrams+of+protein-ligand+interactions%2C+Protein+engineering%2C+design+and+selection%2C+8+%281995%29+127-134.&btnG=
https://academic.oup.com/peds/article-abstract/8/2/127/1561050
https://doi.org/10.1002/jcc.20291
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B30%5D.+D.+Van+Der+Spoel%2C+E.+Lindahl%2C+B.+Hess%2C+G.+Groenhof%2C+A.E.+Mark%2C+H.J.+Berendsen%2C+GROMACS%3A+fast%2C+flexible%2C+and+free%2C+Journal+of+computational+chemistry%2C+26+%282005%29+1701-1718.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B30%5D.+D.+Van+Der+Spoel%2C+E.+Lindahl%2C+B.+Hess%2C+G.+Groenhof%2C+A.E.+Mark%2C+H.J.+Berendsen%2C+GROMACS%3A+fast%2C+flexible%2C+and+free%2C+Journal+of+computational+chemistry%2C+26+%282005%29+1701-1718.&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/jcc.20291
https://doi.org/10.1016/0263-7855(96)00018-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Humphrey+W.%2C+Dalke%2C+A.%2CSchulten%2C+K.%2C+VMD%3A+visual+molecular+dynamics%2C+Journal+of+molecular+graphics%2C+1996%2C+14%3A33+%5BCrossref%5D%2C+%5BGoogle+Scholar%5D%2C+%5BPublisher%5D&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Humphrey+W.%2C+Dalke%2C+A.%2CSchulten%2C+K.%2C+VMD%3A+visual+molecular+dynamics%2C+Journal+of+molecular+graphics%2C+1996%2C+14%3A33+%5BCrossref%5D%2C+%5BGoogle+Scholar%5D%2C+%5BPublisher%5D&btnG=
https://www.sciencedirect.com/science/article/abs/pii/0263785596000185
https://doi.org/10.1016/j.jmgm.2005.12.005
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B32%5D+J.+Wang%2C+W.+Wang%2C+P.A.+Kollman%2C+D.A.+Case%2C+Automatic+atom+type+and+bond+type+perception+in+molecular+mechanical+calculations%2C+Journal+of+molecular+graphics+and+modelling%2C+25+%282006%29+247-260.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1093326305001737
https://doi.org/10.1186/1756-0500-5-367
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B33%5D+A.W.S.+Da+Silva%2C+W.F.+Vranken%2C+ACPYPE-Antechamber+python+parser+interface%2C+BMC+research+notes%2C+5+%282012%29+1-8.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B33%5D+A.W.S.+Da+Silva%2C+W.F.+Vranken%2C+ACPYPE-Antechamber+python+parser+interface%2C+BMC+research+notes%2C+5+%282012%29+1-8.&btnG=
https://link.springer.com/article/10.1186/1756-0500-5-367
https://doi.org/10.1002/1096-987X(200009)21:12%3C1049::AID-JCC3%3E3.0.CO;2-F
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B34%5D+J.+Wang%2C+P.+Cieplak%2C+P.A.+Kollman%2C+How+well+does+a+restrained+electrostatic+potential+%28RESP%29+model+perform+in+calculating+conformational+energies+of+organic+and+biological+molecules%3F%2C+Journal+of+computational+chemistry%2C+21+%282000%29+1049-1074.&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/1096-987X(200009)21:12%3C1049::AID-JCC3%3E3.0.CO;2-F
https://doi.org/10.1016/j.colsurfb.2022.112513
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B35%5D+R.+Esfandiarpour%2C+F.+Badalkhani-Khamseh%2C+N.L.+Hadipour%2C+Exploration+of+phosphorene+as+doxorubicin+nanocarrier%3A+An+atomistic+view+from+DFT+calculations+and+MD+simulations%2C+Colloids+and+Surfaces+B%3A+Biointerfaces%2C+215+%282022%29+112513.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0927776522001965
https://doi.org/10.1021/ja0527525
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B36%5D.+E.+Barratt%2C+R.+J.+Bingham%2C+D.+J.+Warner%2C+C.+A.++Laughton%2C+S.+E.+Phillips%2C+S.+W.+Homans%2C2005.+Van+der+Waals+interactions+dominate+ligand-protein+association+in+a+protein+binding+site+occluded+from+solvent+water.+J.+Am.+Chem.+Soc.+127%2C+11827%E2%80%9311834.&btnG=
https://pubs.acs.org/doi/abs/10.1021/ja0527525
https://doi.org/10.2174/157340911795677602
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B37%5D.+X.+Y.+Meng%2C+H.+X.+Zhang%2C+M.+Mezei%2C+M.C+ui%2C+2011.+Molecular+docking%3A+a+powerful+approach+for+structure-based+drug+discovery.+Curr+Comput-Aid+Drug+7%2C+146%E2%80%93157.&btnG=
https://www.ingentaconnect.com/content/ben/cad/2011/00000007/00000002/art00008
https://doi.org/10.1016/j.heliyon.2018.e00807
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B38%5D.+Kumar+KS.+Rao+AL%2C+Rao+MVB.+2018.+Design%2C+synthesis%2C+biological+evaluation+and+molecular+docking+studies+of+novel+3-substituted-5-%5B%28Indol-3-yl%29+methylene%5D-thiazolidine-2%2C+4-dione+derivatives.+Heliyon.+4%3Ae00807.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B38%5D.+Kumar+KS.+Rao+AL%2C+Rao+MVB.+2018.+Design%2C+synthesis%2C+biological+evaluation+and+molecular+docking+studies+of+novel+3-substituted-5-%5B%28Indol-3-yl%29+methylene%5D-thiazolidine-2%2C+4-dione+derivatives.+Heliyon.+4%3Ae00807.&btnG=
https://www.sciencedirect.com/science/article/pii/S2405844018322096
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=%5B39%5D.+R.B.+Silverman%2C+M.W.+Holladay%2C+Chapter+3-Receptors%2C+The+Organic+Chemistry+of+Drug+Design+and+Drug+Action%2C+3+%282014%29+123-163&btnG=
https://books.google.com/books?hl=en&lr=&id=yAbUAgAAQBAJ&oi=fnd&pg=PP1&dq=%5B39%5D.+R.B.+Silverman,+M.W.+Holladay,+Chapter+3-Receptors,+The+Organic+Chemistry+of+Drug+Design+and+Drug+Action,+3+(2014)+123-163&ots=2OtrTQzxXr&sig=-3eTyVSpkcL65z8oWLUDqc2bhdI#v=onepage&q&f=false
https://doi.org/10.48309/chemm.2023.422059.1732
https://www.chemmethod.com/article_183350.html

