EL Khatabi et al., Biolmpacts, 2022, 12(2), 107-113
doi: 10.34172/bi.2021.22143
http://bi.tbzmed.ac.ir/

CrossMark a [Publish Free)
aickfor updates ccess

Molecular docking, molecular dynamics simulation, and ADMET
analysis of levamisole derivatives against the SARS-CoV-2 main
protease (M*™)

Khalil EL Khatabi'~, Ilham Aanouz', Marwa Alaqarbeh?, Mohammed Aziz Ajana', Tahar Lakhlifi', Mohammed
Bouachrine"*

'Molecular Chemistry and Natural Substances Laboratory, Faculty of Science, Moulay Ismail University of Meknes, Morocco
*National Agricultural Research Center, Al-Baqa 19381, Jordan
*EST Khenifra, Sultan MoulaySliman University, Benimellal, Morocco

Article Info

Biolmpactss

Article Type:
Original Article

Article History:
Received: 15 May 2020
Revised: 13 Aug. 2020
Accepted: 16 Aug. 2020
ePublished: 2 Oct. 2021

Keywords:
COVID-19
SARS-CoV-2
Levamisole
Molecular docking

Molecular dynamics simulation

In silico ADMET

Introduction

Abstract

Introduction: The new species of
coronaviruses (CoVs), SARS-CoV-2,
was reported as responsible for an
outbreak of respiratory disease. Scientists R
and researchers are endeavoring to |{ )\3’© -
develop new approaches for the effective | - %)
treatment against of the COVID-19
disease. There are no finally targeted
antiviral agents able to inhibit the SARS-
CoV-2 at present. Therefore, it is of
interest to investigate the potential uses of levamisole derivatives, which are reported to be antiviral
agents targeting the influenza virus.

Methods: In the present study, 12 selected levamisole derivatives containing imidazo[2,1-b]thiazole
were subjected to molecular docking in order to explore the binding mechanisms between these
derivatives and the SARS-CoV-2 MP® (PDB: 7BQY). The levamisole derivatives were evaluated
for in silico ADMET properties for wet-lab applicability. Further, the stability of the best-docked
complex was checked using molecular dynamics (MD) simulation at 20 ns.

Results: Levamisole derivatives and especially molecule N°6 showed more promising docking
results, presenting favorable binding interactions as well as better docking energy compared to
chloroquine and mefloquine. The results of ADMET prediction and MD simulation support the
potential of the molecule N°6 to be further developed as a novel inhibitor able to stop the newly
emerged SARS-CoV-2.

Conclusion: This research provided an effective first line in the rapid discovery of drug leads
against the novel CoV (SARS-CoV-2).
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virus and severe acute respiratory syndrome (SARS) virus

In late December 2019, the entire world has witnessed
an unexpected outbreak of novel coronavirus disease-19
(COVID-19). The virus started in Wuhan city, China has
rapidly turned out to be a global pandemic and got spread
worldwide very fast.! The virus is recognized to be a
considerable threat to the global health systems. As of the
13" of July 2020, the novel coronavirus has infected about
4.5 million patients all over the world with a mortality
rate reaching approximatively 6.7%.> SARS-CoV-2 is one
of the three single strand-RNA beta-coronaviruses in
addition to the Middle East respiratory syndrome (MERS)

identified as highly developing viruses.> Coronaviruses
(CoVs) are an etiological factor of severe infections
belonging to a large family of viruses causing disorders in
the respiratory tract infections in both humans and other
mammals.* In addition to the respiratory tract, the virus
can also cause disorders in the digestive tract. The virus is
transmitted primarily from an infected human to another
through saliva, viral droplets after sneezing and coughing,
or touching an infected surface. Severe pneumonia, fever,
sore throat, sneezing, cough, loss of taste and smell are
the symptoms of coronavirus infection.”® As the most
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effective way to strengthen the immune defense against the
SARS-CoV-2, prophylactic vaccines should have essential
roles.” Live attenuated or killed whole virus vaccines,
recombinant protein vaccine, li-Key peptide COVID-19
as subunit protein vaccine, multi-epitope vaccine,
DNA- and mRNA-based vaccines, convalescent sera or
plasma therapy, and S-trimer are examples of vaccine
candidates to be considered for more rapid development
of prophylactics and reinforce immunity system against
SARS-CoV-2 virus with minimum side-effects.!***

At this time, no specific drugs or treatments are available
for this virus reported. Repurposing medication seems to
be the only way to develop potent drugs to control the
pandemic and stop viral infection. Levamisole is a drug
having important immunomodulatory properties and was
reported in the literature to be one of the most potent drug
families in the fight against influenza virus antiviral agents
is considered to be an attractive target for an antiviral
drug.” Glirsoy et al evaluated the levamisole derivatives
against DNA and RNA viruses, using diverse cell-based
assays infected with influenza B virus or influenza, A/
H3N2 and A/HINL1.” Therefore, this work evaluates
the levamisole derivatives as a potential inhibitor of the
SARS-CoV-2 M"™* through computational studies such as
molecular dockingand ADMET prediction. The molecular
docking results of the studies compounds were compared
to the docked molecules chloroquine and mefloquine
which have been originally developed for viral inhibition.
Chloroquine is at present experiencing for the treatment
of SARS-CoV-2."° It is an amino quinolone derivative
indicated to treat malaria as well as rheumatoid arthritis,
HIV, and prophylaxis of Zika virus,"” while mefloquine is
an antimalarial drug acting as a blood schizonticides that
has the potential to be applied to inhibit the erythrocytic
forms of plasmodium species and some sorts of influenza
viruses.'® The docking of the levamisole, chloroquine, and
mefloquine was performed using the same protease (PDB:
7BQY) to provide molecular insights into the stability of
the complexes.

Consequently, one levamisole derivative with higher
affinity was prioritized and proceeded to a detailed analysis
through molecular docking, then compared to the docked
molecules Chloroquine and Mefloquine. MD simulations
were applied through RMSD, RMSE, and Rg properties to
identify the stabilization of the protein-ligand complexes.
The prioritized molecule showed more promising results
as a potential inhibitor which provided a suitable basis
for in vivo and in vitro anti-viral studies for further drug
discovery research against SARS-CoV-2 disease.

Materials and Methods

Data collection

Ligands

A series of 12 selected Levamisole derivatives previously
assessed for their antiviral activities were collected from
literature,” and were subjected to molecular docking
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Fig. 1. Chemical structure of the levamisole.

study. The chemical structure of the levamisole is shown in
Fig. 1. The selected levamisoles containing imidazo[2,1-b]
thiazole moiety were prepared by Giirsoy et al*® and
evaluated against diverse DNA and RNA viruses, using
different cell-based assays cells infected with influenza
B virus or influenza A/H3N2 and A/HINI. The general
chemical structures reported as antiviral agents are
depicted in Fig. 2, while chemical groups representing n,
R, and R, for 12 Levamisole derivatives are available in
Table 1.

Energy minimization

The 3D structures of ligands were built using SYBYL-X
2.0 (Tripos Inc., St. Louis, USA). They were energetically
minimized using Tripos force field,” Gasteiger-Huckel
charges, and Powell method.?

Receptor

The crystal structure of SARS-CoV-2 MP* (PDB: 7BQY,
resolution: 1.7A),2° which reacts in such a way to affect the
host cells like the parabronchial epithelial and pulmonary
cell, was obtained from the protein databank.

The 7BQY protein is classified as a viral protein and
involved two chains, A and B, which subordinate to form
a homodimer by a crystallographic 2-fold symmetry axis.
Chain A was employed for macromolecule preparation of
a sequence of 306. The original ligand for 7BQY is (E,4S)-
4-azanyl-5-[(3S)-2-oxidanylidenepyrrolidin-3-yl]pent-2-
enoic acid.

Molecular docking studies
Molecular docking is powerful in silico approach,
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Fig. 2. General chemical structure for the levamisole derivatives with
varying R, and R, groups.
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Table 1. Chemical groups representing n, R, and R, for 12 Levamisole
derivatives were reported as potent antiviral agents

Molecule  Number of sample (n) R, R,
1 1 - -
2 2 H -
3 2 CH, -
4 2 C,H,0H(4-) -
5 2 - -
6 2 H -
7 2 CH, -
8 2 C,H,0H(4-) CH,
9 1 - CH,
10 2 H CH,
11 2 CH, CH,
12 2 C,H,0H(4-) CH,

performed using Surflex-Dock module in SYBYL-X
v2.0,%! to investigate the binding interaction of compounds
and forecast the optimized conformation of a ligand and
protein target. The preparation of the protein structure
was done by removing water molecules and other atoms
and adding polar hydrogen atoms. The 12 molecules were
docked in the active site of the protein, and the ligand-
receptor interactions were studied.”” # The Total-score
of Surflex-Dock was used to represent binding affinities,
which was selected as the docking result. The total Surflex-
Dock score was expressed in -log10 (Kd) units.

ADMET prediction

The pharmacokinetics ADMET (absorption, distribution,
metabolism, excretion, and toxicity) properties of the
12 selected levamisole derivatives were predicted using
pKCSM and admetSAR predictor.”**

MD simulations

To further confirm the reliability of molecular docking
and reveal the binding mode and conformational changes
during the interaction between the ligand (compound 6)
and receptor protein, molecular dynamics simulations
of the complex was carried out using GROMACS 5.1.4
software.”® ¥ Protonation and minimization steps were
applied for the system using GROMOS96 43A1 force
field to avoid space crashes. The molecular topology files
parameters for the ligand were generated using PRODRG
server.”® The docked complex was solvated and immersed
in water cubic boxes with 12 A as a margin distance. Four
ions of Na* were added to neutralize the systems. The
energy minimization was carried on the system through
5000 steps of the steepest descent minimization to eliminate
the weak van der Waals contacts. The system was further
equilibrated to carry out 20 ns MD simulations while the
pressure and temperature were set at latm and 300 K,
respectively. All covalent bonds including heavy atom-H

were constrained by the LINCS algorithm. MD simulation
was run for 20000 ps for the docked complex, writing
coordinates every two ps interval. Finally, the resulting
trajectories of simulated systems were saved for detailed
analysis. The root-mean-square deviation (RMSD), root-
mean-square fluctuation (RMSF), and radius of gyration
(Rg) were analyzed throughout the trajectory using the
gmxrms, RMSE and gyrate, respectively, the built-in
function of the GROMACS software. The graphs plotting
was made by the QtGrace.22 program.

Results

A molecular docking study was performed to explore the
binding affinity, the binding types, and the active amino
acid residues of studied molecules in the target enzyme.
The twenty-two selected molecules, chloroquine and
Mefloquine were docked into the binding site of SARS-
CoV-2 main protease and evaluated for their affinity. The
binding affinity values of the 12 selected compounds are
reported in Table 2.

The best (or lowest) energy level of molecules originating
from the contribution of various interactions with the
SARS-CoV-2 MP* (PDB: 7BQY) is observed for molecule
N°6 (Table 2). This molecule could have more inhibitory
potential of the studied enzyme than the complexes
formed with the reference molecules Chloroquine and
Mefloquine. The results of the re-docked Chloroquine
and Mefloquine molecules and their position in the
SARS-CoV-2 MP™are shown in Figs. 3 and 4, respectively.
Consequently, the chosen molecule was prioritized and
proceeded to a detailed analysis as shown in Fig. 5.

ADME and toxicity prediction

It is necessary to carry out the applicability of the 12
selected compounds especially molecule N°6 as antiviral

Table 2. The binding affinity values of the12 selected levamisole derivatives

N° Binding affinity (kcal/mol)
1 -2.73
2 -2.28
3 -2.79
4 -1.41
5 -2.46
6 -3.20
7 -1.69
8 -2.44
9 -2.30
10 -2.45
11 -2.54
12 -2.70
Chloroquine -3.07
Mefloquine -2.88
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Interactions
- Conventional Hydrogen Bond D Carbon Hydrogen Bond

Fig. 3. Interactions between Chloroquine and SARS-CoV-2 MP®,
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Fig. 4. Interactions between Mefloquine and SARS-CoV-2 MPr.

Interactions

I:I van der Waals I:I Alkyl
- Conventional Hydrogen Bond D Pi-Alkyl

D Pi-Donor Hydrogen Bond

Fig. 5. Interactions between molecule N°6 and SARS-CoV-2 MPr,

agents using virtual properties before the experiment.
The ADMET properties were predicted, the results are
presented in Table 3.

MD simulation

To assure the structural stability of the protein-ligand
complex in the binding site of SARS-CoV-2 M™ and
analyze the conformational changes of the system, the
selected molecule N°6 was prioritized and subjected to

20000 ps MD simulations. As result, several important
dynamics properties of the simulated complex were
generated.

The root-mean-square deviation (RMSD), the root-
mean-square fluctuation (RMSF), and the radius of
gyration (Rg) were evaluated to gain an insight into the
overall stability of the complex during the simulation as
shown in Figs. 6A, 6B, and 6C, respectively.

110 | Biolmpacts, 2022, 12(2), 107-113



Computational approaches to identify potent antiviral agents against SARS-CoV-2 protease

Table 3. The ADMET properties of the 12 selected Levamisole derivatives

Absorption Distribution Metabolism CYP Excretion Toxicity

Human intestinal VDss (human) 2D6 3A4  1A2 2C19 2C9 2D6 3A4 Total Clearance .

absorption (% absorbed)  (logL/Kg) Substrate Inhibitor (log mL/min/kg) AMES  Carcinogens
1 83.826 -0.481 No Yes Yes Yes Yes No Yes 0.931 No No
2 83.438 -0.484 No Yes Yes Yes Yes No Yes 0.885 No No
3 83428 -0.328 No Yes No Yes Yes No Yes 0.776 No No
4 86.061 0.240 No Yes No Yes Yes No Yes 0.766 No No
5 8443 -0.526 No Yes Yes No Yes No Yes 0.913 No No
6  84.042 -0.528 No Yes No No Yes No Yes 0.864 No No
7 84114 -0.365 No Yes No Yes Yes No Yes 0.820 No No
8  86.767 0.229 No Yes No Yes Yes No Yes 0.805 No No
9 92273 0.392 No Yes Yes Yes Yes No No 0.711 No No
10 91.884 0.405 No Yes Yes Yes Yes No Yes 0.698 No No
11 91.905 0.314 No Yes No Yes Yes No Yes 0.689 No No
12 89.56 0.276 No Yes No Yes Yes No Yes 0.653 No No

VDss: volume of distribution at steady state. CYP: cytochrome P450. AMES: bacterial reverse mutation.

Discussion

Based on the further analysis of the docking results,
hydrogen bonds and some non-classical hydrogen bonds
could be also observed for the Chloroquine binding
process. The hydrogen bond was generated with residue
Cys145 at a distance of 2.67 A, while the aliphatic chain
was in carbon-hydrogen bond contact with His163,
Glul66, Phe140, and Asn142.

Mefloquine is involved in hydrogen bond interactions
with Cys145 and Asnl42. The piperidine ring of
Mefloquine forms non-classical hydrogen bonds with
His163 and Leul41, while halogen interaction is created
only with GIn189 because of the fluorine atom (F). The
unfavorable donor-donor interaction is observed with
Gly143 amino acid. Fig. 5 shows the interaction pose of
the active molecule (with low energy), which is mentioned
as molecule N°6 in the present study. Docking study of
molecule N°6 in SARS-CoV-2 M™ shows more number
and type of favorable interactions in comparison with
Chloroquine and Mefloquine of the studied enzyme
(H-Bond, Van der Waals, p-Donor Hydrogen Bon, alkyl,

0.4 T T T T T

and p-alkyl interaction). The presence of hydrogen
bonding and hydrophobic interactions could impact the
structure and the function of the protease and play a key
role in stabilizing the complex conformation.

The molecule N°6 was able to be docked deeply within
the binding site of the SARS-CoV-2 MP, displaying as
results a favorable binding interaction as well as better
docking energy compared to Chloroquine and Mefloquine.
The results of the molecular docking study support the
potential of the molecule N°6 to be further developed as a
novel inhibitor of Coronavirus (SARS-CoV-2).

The tested molecules showed a high percentage of human
intestinal absorption ranged from 83.826% to 92.273%,
which were labeled to be fully absorbed by the human
enteric. Molecules with logVDss< -0.15 are considered
to be poorly distributed in tissues rather than in plasma.
The logVDss results in Table 3 show most of the tested
molecules were distributed in the plasma. For metabolism,
all molecules were predicted as substrates for the CYP450
3A4 subtype, which indicated may be well metabolized
by CYP 3A4. Moreover, all tested molecules could inhibit
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Fig. 6. Molecular dynamics simulation. (A) RMSD of the simulated system versus time. (B) RMSF of amino acid residues of the simulated system. (C) Radius

gyrate of the simulated system versus time.
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the 2C9subtype, whereas they could not inhibit the 2D6
subtype. Nevertheless, some of the cytochrome P450
subtypes might be inhibited by one or more of the tested
molecules. Based on the high values of total clearance, all
tested compounds could be filtered by renal and hepatic
tissues in a combinational way. The predicted toxicity
indicated all tested molecules were non-mutagenic and
non-carcinogen, indicating the safety of the molecules
which is important to develop an active drug.

The tested molecules demonstrated promising results of
computational pharmacokinetics and toxicity evaluations,
which could serve as promising inhibitors targeting SARS-
CoV-2 for further development. The molecule N°6which
exhibited the good potential to be a CoV inhibitor
compared to Chloroquine and Mefloquine showed a
reasonably good ADMET profile.

Fig. 6A displays the RMSD for heavy atoms of the
protein during 20000 ps, while Fig. 6B shows the RMSF
during 20000 ps. In the RMSD graph, the studied ligand
showed fluctuation during the initial simulations till about
10000 ps. A negligible deviation was detected between
10000 ps and 15000 ps, while stable dynamics were
observed thereafter throughout the simulation. It can be
clearly seen that the ligand reached equilibrium at a lower
RMSD value of 0.27 nm, indicating the good stability of
the system.

As depicted in Fig. 6B, the RMSF was also estimated to
assess the flexibility of the protein residues. The results
exhibited rigid flexibility of residue fluctuation profile
of the protein with an average RMSF of 0.2 nm. This
indicated that the binding of ligand to protein showed well
stable interaction and did not result in a large movement
in protein conformation. Rg plot was measured (Fig. 6C).
The Rg imparts the compactness of a structure throughout
the simulation. The Rg-time fluctuations were observed
almost constants within the acceptable range, mostly
maintained between 2.1 and 2.18 nm, indicating steady
conformation changes of the protein. The obtained results
revealed that the complex could keep stable throughout
the simulation and interact well with the SARS-CoV-2
main protease (M™°).

To summarize the above results, levamisole derivatives
and especially molecule N°6 showed more promising
results as a potential inhibitor able to stop the newly
emerged SARS-CoV-2 disease. Overall, this work might
provide valuable insights that have the potential to be
applied in designing novel SARS-CoV-2 inhibitors for
further drug discovery research.

Conclusion

Molecular docking was carried out for 12 levamisole
derivatives with the SARS-CoV-2 M (PDB: 7BQY). The
studied compounds were evaluated for in silico ADMET
prediction and the results showed a reasonably good
ADMET profile. Molecular docking results indicate that
the hydrogen bonds, van der Waals and hydrophobic

Research Highlights

What is the current knowledge?

v We expect that our approach; the structure-based
molecular docking and MD simulations, may provide new
promising avenues for optimizing and developing more
potent COVID-19 inhibitors.

v Levamisole derivatives with strong binding were prioritized
and proceeded to a detailed analysis through molecular
docking and MD simulations.

What is new here?

V Levamisole derivatives, especially molecule N°6 showed
more promising docking results compared to Chloroquine
and Mefloquine.

v Good ADMET prediction results for levamisole derivatives
were acquired.

interactions were proved to be of great importance in
ligand-receptor binding. The docked position of the
molecule N°6 showed strong interactions, which was
well stable during the 20 ns MD simulation, indicating
that molecule N°6 represents a good potential to be
coronavirus inhibitor with high binding affinity, which
could be a promising candidate for further drug discovery
research against SARS-CoV-2 disease.
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