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ABSTRACT
The exponential increase in cases and mortality of coronavirus disease (COVID-19) has called for a
need to develop drugs to treat this infection. Using in silico and molecular docking approaches, this
study investigated the inhibitory effects of Pradimicin A, Lamivudine, Plerixafor and Lopinavir against
SARS-CoV-2 Mpro. ADME/Tox of the ligands, pharmacophore hypothesis of the co-crystalized ligand
and the receptor, and docking studies were carried out on different modules of Schrodinger (2019-4)
Maestro v12.2. Among the ligands subjected to ADME/Tox by QikProp, Lamivudine demonstrated
drug-like physico-chemical properties. A total of five pharmacophore binding sites (A3, A4, R9, R10,
and R11) were predicted from the co-crystalized ligand and the binding cavity of the SARS-CoV-2
Mpro. The docking result showed that Lopinavir and Lamivudine bind with a higher affinity and lower
free energy than the standard ligand having a glide score of �9.2 kcal/mol and �5.3 kcal/mol, respect-
ively. Plerixafor and Pradimicin A have a glide score of �3.7 kcal/mol and �2.4 kcal/mol, respectively,
which is lower than the co-crystallized ligand with a glide score of �5.3 kcal/mol. Molecular dynamics
confirmed that the ligands maintained their interaction with the protein with lower RMSD fluctuations
over the trajectory period of 100 nsecs and that GLU166 residue is pivotal for binding. On the whole,
present study specifies the repurposing aptitude of these molecules as inhibitors of SARS-CoV-2 Mpro

with higher binding scores and forms energetically stable complexes with Mpro.
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1. Introduction

The emergence of COVID-19 has put the whole world in a
standstill for more than 60days. The disease originated from
Wuhan (Hubei, China) in December 2019 (Liu et al., 2020)
and spread to the rest of the world, and was then declared a
global pandemic in February 2020. COVID-19 is caused by
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2), a member of the coronavirus family. They are the largest
known RNA viruses made up of positive single-stranded RNA
and are subdivided into alpha, beta, gamma and delta coro-
naviruses (Shereen et al., 2020; Huynh et al., 2012). This set
of viruses have been documented to have a zoonotic origin
from bats, mice or domestic animals and are linked with
severe respiratory illness in humans (Ye et al., 2020; Moore
and June, 2020). The SARS-CoV was first implicated as the
causative agent of the severe acute respiratory syndrome
outbreaks between 2002/2003 in the Guangdong area of
China (Zhong et al., 2003; Zhong, 2004), and the Middle East
respiratory coronavirus (MERS-CoV) in 2012 (de Groot et al.,
2013). SARS-CoV-2, another variant of this devastating virus

family has forced the human race to be on lockdown as a
preventive measure to avoid disease transmission (contrac-
tion and spreading of the disease). The disease symptoms
include but are not limited to fever, dry cough, sore throat
and difficulty breathing. As of 29 May 2020, there are 5
701337 confirmed cases and 357 688 mortalities due to this
alarming infection have been reported from 216 countries
(WHO, 2020).

Unfortunately, there is neither a specific drug nor vaccine
approved for the treatment or modulation of immune
response against this infection, yet the infection and mortal-
ity rates are steadily increasing. Angiotensin-converting
enzyme-2 (ACE2) receptor in the host was identified as one
of the receptors that the spike protein of SARS-CoV-2 interact
with during infection, and was explored as a potential target
for treatment of COVID-19. Chloroquine and its derivative
Hydroxychloroquine were the first drugs to be repurposed
for use in the treatment of COVID-19 (Omar et al., 2020).
Although these drugs were potent in inhibiting SARS-CoV,
and showed no serious health effects when used for
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treatment of malaria and autoimmune diseases (Vincent
et al., 2005), they are now red flagged for use in COVID-19
(Mehra et al., 2020). The efficacy of these drugs (Colson
et al., 2020) together with Lopinavir/Ritonavir (Lim et al.,
2020), and Remdesivir (Wang et al., 2020) are currently
undergoing investigation and clinical trials. However, the
World Health Organization (WHO) have suspended the use
of Chloroquine and Hydroxychloroquine after they were
reported to have serious side effects including cardiac tox-
icity (Mehra et al., 2020). As the world is gradually easing
their lockdown restrictions, there are concerns about the
possibility of the infections increasing exponentially, hence
there is an urgent need to identify and develop drug candi-
dates and vaccines for the treatment and containment of
SARS-CoV-2 infections. Notably, traditional drug discovery
and development pipeline are time-consuming, very costly
and often associated with high clinical failure (Aruleba,
2018). Therefore, employing computational drug discovery
tools for this raging infectious agent is of paramount import-
ance. In silico techniques can augment the opportunities for
designing, verifying activity, and developing new drug and
vaccine candidates within a short space of time. In this
regard, bioinformatic tools have been utilized extensively in
many interesting studies; and recently for the SARS-CoV-2
(Elmezayen et al., 2020; Gupta et al., 2020; Bhattacharya
et al., 2020).

The virus main protease (Mpro) is one of the best charac-
terized drug targets because its inhibition blocks viral replica-
tion (Zhang et al., 2020). Holistically, the Mpro is highly
promising as no human protease has a similar cleavage path-
way, thus making it a non-probable toxic agent (Zhang
et al., 2020). The interaction of this enzyme and several com-
pounds as inhibitors have shown promising results
(Khaerunnisa et al., 2020; Muralidharan et al., 2020; Ton et al.,
2020). Furthermore, Mpro is highly conserved among the cor-
onavirus family showing 40–44% of sequence homology
(Muralidharan et al., 2020). Inhibiting the virus replication
and maturation in the host cells by blockade of the enzym-
atic activity of the SARS-CoV-2 Mpro could potentially give
the patients a fighting chance. Hence, we have employed in
silico molecular docking to explore whether Lamivudine,
Pradimicin A, Plerixafor, and Lopinavir could inhibit the Mpro

of the SARS-CoV-2 and used molecular dynamics simulation
to validate the stable and strong binding interaction
between the protein and the ligands with the aim of provid-
ing structural basis for rational drug discovery.

2. Materials and methods

2.1. Data selection

The SARS-CoV-2 Mpro receptor with Protein Database (PDB)
ID: 6W63 and the potential ligands: Pradimicin A (PubChem
ID: 5479145), Lamivudine (PubChem ID: 60825), Plerixafor
(PubChem ID: 65015), and Lopinavir (PubChem ID: 92727)
were used in this study. The ligands were downloaded from
NCBI PubChem database in 3D conformer (SDF) format at
(https://www.ncbi.nlm.nih.gov/pccompound) while the crys-
tallized 3D structure of the receptor in complex with co-

crystallized ligand: X77, PDB ID:6W66 was retrieved from pro-
tein data bank at http://www.rcsb.org/pdb/home/home.do.
The Mpro selection is as a result of the presence of an inhibi-
tor ligand (X77) at the active site. The antiviral drug,
Lopinavir served as control in this study.

2.2. Adme/tox analysis

To determine whether the ligands can easily gain access to
the target site in Mpro after entering the blood stream, the
QikProp module in the Schrodinger-2019-4 software package
was used to evaluate the 3D molecular structures of the
ligands’ pharmacokinetic properties. With respect to
Lipinski’s rule of five, the absorption, distribution, metabol-
ism, excretion and toxicity (ADME/T) properties were pre-
dicted (Ligprep and Macromodel, 2011).

2.3. Ligand preparation

These compounds were further subjected to ligand prepar-
ation (LigPrep) prior to docking. LigPrep is a robust collection
of tools designed to prepare high quality, all-atom 3D struc-
tures for large numbers of drug-like molecules, starting with
2D or 3D structures in spatial data file (SDF) or Maestro for-
mat (Release, 2017). In order to generate a single, low-
energy, 3D structure with correct chiralities for each success-
fully processed input structure, the ligands were subjected to
preparation by LigPrep tool. This tool is also capable of gen-
erating multiple structures from input structure with various
ionization states, tautomers, stereochemistries, and ring con-
formations, and eliminate molecules using specified criteria.
The ligands for this study were also prepared by optimizing
geometries through OPLS_2005 force field and Ionization of
possible state were generated at pH 7.0 ± 2.0 by Epik
(Greenwood et al., 2010). Desalt and generate tautomers
were also selected and the stereoisomer computation was
checked to retain specific chiralities (vary other chiral cen-
ters) and to generate at most 32 conformations per ligand.

2.4. Receptor preparation

Excellent docking studies require both accurate software and
starting structures (Fadaka et al., 2020). Experimentally-
derived structures can waste time and resources or produce
false result if not corrected. Schr€odinger’s Protein Preparation
Wizard is designed to ensure structural correctness at the
onset of a project, equipping them with a high-confidence
structure ideal for use with a wide variety of modeling appli-
cations (Sastry et al., 2013). Because the typical structure file
of the receptor obtained from the PDB is not suitable for
immediate use in molecular modeling calculations, the pro-
tein preparation wizard was used to prepare the receptor
(PDB ID: 6W63). Following the previously reported method
(Fadaka et al., 2019), the Protein Preparation Wizard was
used for the following: remove alternate conformation,
remove HetAtoms from the protein structure, add hydrogen
atoms, correct missing or incorrectly specified residues,
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detect and correct valence violations, optimize protonation
state and hydrogen positions.

2.5. Generation of pharmacophore hypothesis (model)

An energy-optimized pharmacophore (e-pharmacophore)
model combines the advantages of structure-based and lig-
and-based drug-design theories, and can be used to rapidly
screen ligands based on pharmacophore properties (Salam
et al., 2009; Negi et al., 2014). Using the ‘Develop
Pharmacophore hypothesis’ option in Maestro v12.2 tasks
view mode, pharmacophore sites were generated from the
receptor with redocked co-crystalized ligand (Mpro-X77) com-
plex, preserving a maximum of seven pharmacophore fea-
tures as default. Pharmacophore chemical properties include:
hydrogen-bond acceptor (A), represented as vectors, hydro-
gen-bond donor (D) as projected points, aromatic ring (R) as
ring, positive ionizable (P), and negative ionizable (N)
(Veeramachaneni et al., 2015). Explicit matching was required
in the e-pharmacophore approach for generation of the
most energetically favorable site. The hypothesis settings
were configured to treat atoms as projected points with a
radii scaling factor of 0.50 and limit excluded volume shell
to 5.0 Å.

2.6. Docking study

Glide uses a hierarchical series of filters to search for possible
locations of the ligand in the active-site region of the recep-
tor. This is done by ligand ranking via high-throughput vir-
tual screening (HTVS). Three modes of sampling ligand
conformational and positional degrees of freedom are avail-
able to determine the optimal ligand orientation relative to a
rigid protein receptor geometry (Repasky et al., 2007).
Flexible ligand docking with Glide, optionally includes ligand
constraints or ligand molecular similarities. Docking grid of
the receptor’s active site was detected using the PDB file of
the coordinates with the receptor grid generation tool in
maestro v12.2. This site defines the area around the active
site in term of co-ordinates x, y and z. The receptor grid box
resolution was centered at coordinates �20.57, 18.10, and
�26.99 corresponding to x, y and z-axis, respectively.
Docking and calculations were run in the extra precision (XP)
mode of Glide (Schr€odinger, 2018).

2.7. Prime MM-GBSA calculation

The free binding energies of ligand docked complexes were
computed using the molecular mechanic-generalized Born sur-
face area (MM-GBSA) (Huang et al., 2006) with specific parame-
ters. Based on the docking score and MM/GBSA binding-free
energy, Jin et al. (Jin et al., 2011) developed correlation model
between docking scores or calculated binding-free energies
and experimental pIC50 values. The Prime module in Maestro
was employed to calculate the MM-GBSA energy of Glide XP
docked complex. The OPLS_2005 force field in conjunction
with GBSA continuum model (Yu et al., 2006) was used to cal-
culate energies of complexes of ligands following the equation

reported by Lyne et al. (Lyne et al., 2006) and according to our
previous study (Fadaka et al., 2020).

2.8. Molecular dynamic simulation

The docked complexes were subjected to MD simulation using
Desmond module of Schr€odinger software with OPLS 2005
force field. The protein–ligand complex was bounded with a
predefined TIP3P water model (Jorgensen et al., 1983) in ortho-
rhombic box. The volume of the box was minimized and the
overall charge of the system was neutralized by adding Naþ

and Cl- ions. The temperature and pressure were kept constant
at 310 Kelvin and 1.01325 bar using Nose–Hoover thermostat
(Hoover, 1985) and Martyna–Tobias–Klein barostat (Zhong,
2004) methods. The simulations were performed using NPT
ensemble by considering number of atoms, pressure and time-
scale. During simulations, the long–range electrostatic interac-
tions were calculated using Particle–Mesh–Ewald method
(Essmann et al., 1995). RMSD plots for the backbone atoms for
both the protein and ligand bound protein were generated to
decipher the relative stability of the ligand in the binding
pocket of the Mpro. The results were analyzed and visualized by
simulation interaction diagram and MS-MD trajectory analysis.

3. Results

3.1. Ligands’ structures

The chemical 2D structures of the four ligands (Figure 1)
were obtained from PubChem database. In essence, the
database is a public repository composed of numerous vali-
dated chemical entities and their biological activities (Kim
et al., 2016).

3.2. Pharmacokinetic and toxicological properties
prediction

Based on the Lipinski’s rules of five, the pharmacokinetic
properties (ADME) of Pradimicin A, Lamivudine, Plerixafor,
and Lopinavir were calculated using the QikProp module in
the Schrodinger-2019-4-software package. Here, Lipinski
stated that a drug/compound would be orally bioavailable if
it follows the following criteria such as molecular weight <

500 amu, Hydrogen bond acceptor sites < 10, Hydrogen
bond donor sites < 5, and Lipophilicity value LogP � 5. The
result of the present study showed that only lamivudine sat-
isfied Lipinski’s rules, which indicated good oral bioavailabil-
ity (Table 1).

3.3. Docking study

Extra precision docking was used to investigate favorable
interactions between the selected ligands and the SARS-CoV-
2 Mpro. The redocked X77 replicated the binding pose and
orientation of the crystal ligand, and indicated that it was
successful in mimicking the native pose (Figure 2). Using the
same docking approach, the Mpro receptor was docked with
the four ligands (Figure 1). Pradimicin A, Lamivudine, and
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Plerixafor were considered for docking studies. An FDA-
approved anti-viral drug Lopinavir was also docked to correl-
ate the docking scores and interactions (Figure 3).

The results revealed that Pradimicin A was properly posi-
tioned into the binding cavity constructed by polar amino
acids: GLN192 THR190 GLN189 ASN142 THR45 SER46 THR26
THR25 THR24; hydrophobic amino acids: ALA191 PRO168
LEU167 MET165 CYS44 MET49; and charged amino acids:
GLU166 with binding energy of �2.4 kcal/mol (Figure 3(A)).
The binding parameters of the ligands together with the
number of hydrogen bonds and the residues within the dis-
tance of 4 Ao are presented in Table 2. From the 2D inter-
action result, CYS44 exhibited bi-hedral H-bonding with
hydroxyl group of oxane ring (tetrahydropyran) of Pradimicin
A and other oxygen group showed H-bonding with GLN189
(Figure 3(A)).

Lamivudine was properly positioned into the binding cav-
ity constructed by polar amino acids: ASN 142 SER144,
hydrophobic amino acids: LEU141 PHE140 CYS145 MET165

LEU167, charged amino acids: GLU166; with binding energy
�5.3 kcal/mol. The hydroxyl and Oxo groups of lamivudine
exhibited bi-hedral H-bonding with GLU166. The amine
group and keto groups of the ring structure were also
involved in hydrogen bonding with PHE140 (Figures 3(B) and
Ye et al., 2020and Table 2).

Lopinavir was properly docked into the binding cavity of
the receptor as constructed by polar amino acids: GLN192
THR190 GLN189 ASN142 SER144 THR25 THR45 SER46; hydro-
phobic amino acids: PRO168 LEU167 MET165 PHE140 LEU141
CYS145 VAL42 CYS44 TYR54 PRO52 MET49; Charged amino
acids: ASP187 GLU166; and glycine: GLY143 with binding
energy of �9.2 kcal/mol (Figure 3). Among the residues of
Lopinavir and Mpro, three H-bonds where involved between
the residues GLU166 and GLN189 and the interacting atoms
of Lopinavir (Figure 4 and Table 2).

Plerixafor interacted with the binding cavity constructed
by polar amino acids: ASN142 THR25 THR169; hydrophobic
amino acids: CYS145 LEU27 MET49 CYS44 VAL42 MET165
LEU167 PRO168; charged amino acids: GLU166 and glycine
amino acids: GLY170 with a binding energy of �3.7 kcal/mol.
Two amine groups showed bilateral H-bonding with GLU166
and other bonds with CYS145 and ASN142 (Figure 3(D) and
Figure 4).

3.3.1. Calculation of prime MM-GBSA
To predict the binding mode and binding free energy (DGbind),
the Prime MM-GBSA simulation was calculated for

Figure 1. 2D structures of proposed Mpro ligands.

Table 1. Docking results with pharmacological properties of the
studied ligands.

Ligand Molecule ROF MW QPlogKhsa PSA

Lopinavir 92727 1 628.8 0.562 130.95
Pradimicin A 5479145 3 840.78 �1.137 335.54
Plerixafor 65015 2 502.78 0.375 64.555
Lamivudine 60825 0 229.26 �0.758 100.229
X77 145998279 1 479.75 �0.059 82.45

ROF: Lipinski’s Rule of Five; M.W: Molecular Weight of compounds (130.0 to
725.0 g/mol); QPlogKhsa: Prediction of binding to human serum albumin
(�1.5 to 1.5); and PSA: polar surface area.
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Mpro–ligands and Mpro–co-crystalized ligand complexes utiliz-
ing Maestro v12.2 (Table 2). The DGbind (kcal/mol) of all the
interactions were reported in order to understand the binding

affinities between the ligands and the receptor to provide an
insight into the stability of the ligands in the active site of Mpro

using the molecular mechanics-generalized Born surface area

Figure 2. Validation of the docking algorithm of Mpro (6W63) and the co-crystalized ligand (X77) and the Ephamacophore hypothesis. A) The receptor; B) pose of
the redocked co-crystalized ligand; C) amino acid residues of the binding cavity D) 2D of ligand interaction; E) The pharmacophore model; F) Co-crystalized ligand
modeled pharmacophore.

Figure 3. Molecular docking study of the ligands to the receptor. A) Ligands; B) Receptor; C) ligand-receptor complex (binding poses); D) 2D interactions.
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(MMGBSA) method. We computationally estimated the binding
energy of the co-crystalized ligand to be �48.56 kcal/mol. The
binding energy of lopinavir (�85.83 kcal/mol) to the Mpro
appears to be the lowest among the ligands estimated fol-
lowed by plerixafor (�75.78 kcal/mol). Pradimicin and lamivu-
dine showed relatively higher (�45.89 and �34.94 kcal/mol,
respectively) when compared to the co-crystalized ligand. The
binding free energy determination, based on Prime MM-GBSA,
established the stability of Mpro-ligands complexes.

3.4. Molecular dynamic analysis

The simulation interaction diagram of Schrodinger suit was
used to analyze and survey the protein-ligand interactions
for the desmond molecular dynamic trajectory carried out on
Mpro and the studied ligands’ complexes. The stability of
Mpro, co-crystalized ligand and test ligands complexes were
evaluated through 100 nanoseconds (nsec) molecular
dynamics simulations (Figures 5–de Groot et al., 2013).
Methods comprising virtual screening, molecular docking,

Table 2. Binding interactions of the ligands with the active site of SARS-CoV-2 main protease (PDB ID: 6W63) along with their binding scores (kcal/mol).

Ligand Glide Gscore Dock score DGbind (kcal/mol) Hydrophobic residues (No) of H-bonds (4 Å)

Co-crystalized
ligand

�5.3 �5.3 �48.60 PRO168, LEU167, MET165, PHE140, LEU141, CYS145, CYS44,
MET49, PRO52, TRY54, LEU27

(3) 2GLU166, GLY143

Pradimicin A �2.4 �1.4 �45.90 ALA191, PRO168, LEU167, MET165, CYS44, MET49 (3) 2Cys44, GLN189
Plerixafor �3.7 �2.4 �75.80 LEU141, PHE140, CYS145, MET165, LEU167 (3) 2GLU166 ASN142, CYS145
Lamivudine �5.3 �5.3 �34.90 LEU141, PHE140, CYS145, MET165, LEU167 (4) 2GLU166, PHE140 HIE 163
Lopinavir �9.2 �9.2 �85.80 PRO168, LEU167, MET165, PHE140, LEU141, CYS145, VAL42,

CYS44, TYR54, PRO52, MET49
(3) 2GLU166, GLN189

Figure 4. Specific interactions observed between the residues of Mpro (PDB ID: 6W63) and the studied ligands within specific distances (4 Å).
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and molecular dynamics (MD) simulation are a widely used
method for the exploration of novel inhibitors against a tar-
get protein (Jani and Dalafave, 2012). MD simulation pro-
vides information regarding the time dependent behavior of
any molecular system by integrating Newton’s laws of
motion (Mandlik and Singh, 2016). The stability of the
docked complexes were determined by performing an MD
simulation as previously described (Al-Shabib et al., 2018;
AlAjmi et al., 2018). The protein-ligand root mean square
deviation (PL-RMSD) was used to measure the scaler distance
between Mpro and the ligands throughout the trajectory (100
nsecs) and also to evaluate the evolvement of the Ca protein
backbone as well as the protein and ligand RMSD over the
course of 100 nsecs period. All the protein frames were ini-
tially aligned on the reference frame backbone and then the
RMSDs were calculated based the Ca, the protein and the
ligands. Monitoring the RMSD of Mpro provided insights into
the structural conformation throughout the 100 nsecs.
Furthermore, it was used to evaluate the equilibration of the
complexes and its fluctuation directly to simulation within
the sum of thermal average.

Figures 5(A) and 6 shows the PL-RMSD of the co-crystal-
ized ligand (X77) and studied ligands, respectively, in the
active site of Mpro over the 100 nsecs simulation. This illus-
trates the super positioning or fitting as well as measuring
the RMSD using the protein and ligand’s heavy atoms. The
ligand RMSD shows the stability of X77 as well as the studied
ligands with respect to the protein binding pocket that is, the
internal fluctuation within the ligands’ structures is low. MD
simulation of the docked complexes protein backbone RMSD
plots indicate the stability of the ligands in the active site of
the Mpro. The ligands’ backbone RMSD plots indicate that all
the four ligands are comparable to the co-crystalized ligand
and maintained their interactions with Mpro.

The characterization of the local fluctuation of the protein
was further investigated using the protein root mean square
fluctuation (P-RMSF) as depicted in Figures 5(B) and 7. The
peaks indicate the areas of the protein that fluctuate the
most during the simulation period with respect to residue
location (the X-axis). Additionally, the ligands’ contacts were
shown in bars. This corresponds to the protein residues inter-
acting with the ligands. 31 residues of the Mpro were involved

Figure 5. MD simulation of Mpro-Co-crystalized ligand. A) Backbone RMSD of the co-crystalized Mpro-ligand; B; The RMSF plot of the docked complex. The fluctua-
tions indicate the flexibility in the docked complex; C) The Ligand Root Mean Square Fluctuation (L-RMSF). Useful for characterizing changes in the ligand atom
positions; D) Mpro-co-crystalized ligand contacts; E) Timeline representation of the interactions and contacts (H-bonds, Hydrophobic, and water bridges).
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in the contacts of pradimicin A and plerixafor. With respect to
14 contacts with the X77, lamivudine and lopinavir interacted
with 19 and 21 Mpro residues, respectively. Figure 5(C) shows
the Ligand RMSF which explains how the ligands fragment

interact with Mpro and the entropic role in their binding
events. Most of the atoms of the X77 (Figure 5(C)), plerixafor
and pradimicin A (not shown) showed a high degree of fluc-
tuation due to the fact that the atoms are solvent exposed

Figure 6. The RMSD plots of ligands-Mpro. The ligands appear to maintain their stability within the binding pocket as they show lower RMSD fluctuations over the
100 nsec simulation period.

Figure 7. The root mean square fluctuation (RMSF) of the.
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and are able to rotate easily around the atom bonds and
interact with water. Atoms of lamivudine and lopinavir (not
shown) are buried deeply in the binding pocket of Mpro with
less chance to rotate freely and thus, have lower fluctuation.

The timeline of the contacts of the residues of the Mpro to
X77 over the 100 nsecs period as well as the time of contact
(X-axis), the specific residues (Y-axis) and number of contacts
(color intensity) were shown in Figure 5(D). The Mpro-ligands
interaction was monitored throughout the simulation as pre-
sented in Figures 5(E) and 8 for the co-crystalized ligand as
well as the studied ligands, respectively. These interactions
or the amount of times the ligands made contact with Mpro

were categorized into four types: Hydrogen Bonds,
Hydrophobic, Ionic and Water Bridges (Ojo et al., 2020). The
result of the Mpro-ligands complexes were compared with
Mpro-co-crystalized ligand and observed that the contacts
made with Mpro were three namely; Hydrogen Bonds,
Hydrophobic, and Water Bridges. GLU166 was maintained
almost throughout the period of simulation with hydrogen
bond and water bridges. In comparison with the four ligands
used in this study, several amino acids were constantly in
contact with Mpro but the residues ASN142, GLY143, GLN189,
GLN192, and GLN166 were significantly in contact with Mpro.
Residues SER46 and ASN142 were significantly common to

Lopinavir, Pradimicin A, and Plerixafor maintained
90%contacts Mpro over the period of the simulation time.

4. Discussion

Computational biology entails in silico investigation which is
an essential arm of biotechnology focused at enhancing a
deeper insight of biomolecular interactions in order to
address cellular disease pathogenesis whilst having immense
contribution towards design and development of possible
therapeutic candidates (Abdullahi et al., 2017). Indeed, this
technique have assisted in identifying lead compounds for
various diseases (Aruleba et al., 2018; Shanmuga Priya et al.,
2018; Fadaka et al., 2019). On the other hand, the emergence
and sporadic spread of COVID-19 has called for the urgent
identification of novel drug and/or repurposing of existing
available chemotherapeutic agents against this pandemic.
The virus polyprotein encodes two proteases, the 3-C-like
protease (main protease) and a papain-like protease, both
are vital targets for drug discovery platforms against corona-
viruses (Kandeel and Al-Nazawi, 2020). Accordingly, the Mpro

is the most probable antiviral candidate due to its crucial
role in self-maturation and ensuing development of polypro-
teins (Muralidharan et al., 2020). Hence, we explored the

Figure 8. Protein-Ligand contacts of Mpro and all the ligands with their respective bond interactions.
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molecular implications of blocking the activity of Mpro using
compounds (Pradimicin A, Lamivudine, Plerixafor and
Lopinavir) that have been shown to possess pharmacological
activity against viruses.

In view of the aforementioned, we redocked the 6W63 with
its co-crystalized ligand using the Glide XP docking protocol.
With the receptor grid and extra precision option in the preci-
sion mode, X77 was docked into the active site of the SARS-
CoV-2 Mpro receptor. The Mpro-X77 redocked complex was
used as an input for the e-pharmacophore to generate a
hypothesis. The initial number for pharmacophore site gener-
ation was set to default; however, five pharmacophore sites
were predicted, and the final hypothesis consisted of three aro-
matic rings (R9, R10, and R11) and two H-bond acceptors (A3
and A4) as shown in Figure 2(E). The quantitative structure-
activity relationship (QSAR) of this enzyme (Mpro) also known
as novel 3C-like protease (3CLpro) was developed using a
multi-linear regression (MLR) based 2D-QSAR model for the
identification of important structural features responsible for
the inhibition of Mpro in SARS-CoV-2 infections using eight sig-
nificant descriptors classified as topological, 2D atom pair,
functional group count, and atom entered fragment descrip-
tors (Kumar and Roy, 2020). The study reported that molecules
or ligands consisting of features such as O-S fragments and thi-
ophene rings could contribute to higher Mpro enzyme inhibi-
tory activity, and the presence of pyridine rings, methylene
groups connected with the highly electronegative atoms,
imides (including thioimides) group, and N–O fragment may
lower the inhibitory activity for 3CLpro enzyme. Based on this
context, the features that negatively influence the inhibitory
activity against Mpro are not contained in the studied ligands’
structures and thus the ligands may have high Mpro enzyme
inhibitory activities.

Pharmacophore-based screening was performed against
the ligands in order to determine Mpro inhibitors with desired
chemical features and to compensate for the QSAR due to
limited dataset in this study. The generated hypothesis can
be used in a virtual-based screening study to generate add-
itional inhibitors of Mpro if they satisfy a minimum match of
four sites on the generated e-pharmacophore hypothesis.

Subsequently, molecular docking using the Glide molecu-
lar tool revealed that Lopinavir bound to the active site with
the highest affinity and lowest free energy with a Glide score
of �9.2 kcal/mol; suggesting that it could be a vital inhibitor
of protease activity of coronavirus (Ye et al., 2020). Following
Lopinavir in terms of excellent binding affinity for Mpro is
Lamivudine; having a glide score of �5.3 kcal/mol. Earlier
studies have shown this compound to be a potent anti-viral
agent and it has been proposed for COVID-19 treatment due
to its ability to impair DNA synthesis (Lai et al., 2020). Jarvis
et al. (Jarvis and Faulds, 1999) highlighted Lamivudine as an
excellent inhibitor of hepatitis B virus (HBV) replication and
suppresses viral replication in HIV patients. Interestingly,
Lamivudine fulfilled the five Lipinski’s rule in our study. In
light of the anti-viral activity of Plerixafor, we repurposed it
for the management of COVID-19. Plerixafor had a glide score
of �3.7 kcal/mol against the SARS-CoV-2 Mpro, a score lower
than the co-crystallized ligand. Nevertheless, this compound

is an antagonist to C-X-C chemokine receptor type-4 (CXCR4)
(Keating, 2011), with anti-HIV activities. It inhibits the attach-
ment of the virus to the host cell. Amongst all the docked
Mpro-ligand complexes, the Mpro-Pradimicin A complex had
the lowest binding affinity of �2.4 kcal/mol. However, it has
been shown to possess inhibitory activities against virus
infection/replication. Importantly, the anti-viral mechanism of
action of Pradimicin A is through binding to mannose residue
(Tanabe-Tochikura et al., 1990) and recent studies have docu-
mented anti-HIV (Balzarini et al., 2007) and anti-coronavirus
(Van der Meer et al., 2007) properties for this compound.

Finally, docking of the ligands with the Mpro revealed their
binding modes. To account for the flexibility of Mpro and
ligands and to evaluate their binding affinity with Mpro, the
MD simulation of the docked complexes were carried out at
three different time points (1.2 nsecs, 10 nsecs and 100 nsecs)
in order to avoid false positive result of the stability result (only
the 100 nsecs was reported in this study). Binding mode ana-
lysis revealed that the binding modes obtained after MD simu-
lation were more or less similar to that obtained after docking.
The presence of a large number of H bond acceptors, H bond
donors as well as hydrophobic groups in the ligands account
for the stability of the ligand inside the binding pocket of
Mpro. Based on the RMSD of the ligand-protein complexes, it
was confirmed that ligands maintained their interaction with
Mpro with lower root mean square fluctuations.

Globally, various research institutions and hospitals are on
a quest to identify suitable drug targets to stop/manage
SARS-CoV-2. However, using the traditional methods for
identification of drug targets for COVID-19 might not be
viable as the disease is already crippling the health care
resources. Hence, anti-viral drugs are repurposed for immedi-
ate attention. This have proven to be the most expensive
exercise as the drugs did not behave as hypothesized. As
such, Bioinformatics could serve as a tool to screen potential
drug activity before use. Accordingly, computational drug
design and repurposing has laid a foundation for researchers
to investigate various chemotherapeutic agents towards
identifying potent drug candidates for clinical trials.

5. Conclusion

Our study revealed that all the antiviral drugs had satisfac-
tory binding affinity for the SARS-CoV-2 Mpro. Amongst all
the inhibitors, Lopinavir had the best binding score while
pradimicin A had the lowest binding score for the SARS-CoV-
2 Mpro. These results were comparable after we used molecu-
lar dynamics simulation to validate the stability of all the lig-
and-receptor complexes. The ligands bound steadily to Mpro

active site and restricted the target movement. GLU166 was
found to be an important residue in the active site of Mpro

necessary for binding. Furthermore, Lamivudine warrants an
in-depth investigation taking into account its binding affinity
for Mpro and fulfilment of the Lipinski’s rule of five. It is
worth noting that this is the first report that indicated the
inhibitory effect of Pradimicin A and Plerixafor against the
Mpro, and could serve as potential drug candidates for
COVID-19 treatment. Overall, these data can be utilized in
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drug repurposing pipelines in the continued search for SARS-
CoV-2 therapy with high efficacy. The QSAR of these ligands
alongside other dataset is recommended for further analysis
in order to provide the structure features against the inhibi-
tory activities of the SARS-CoV-2 main protease (Mpro).

Acknowledgements

We would like to acknowledge the National Integrated
Cyberinfrastructure system, Center for High Performance Computing
(CHPC), Department of Science and Technology, Republic of South Africa
for the license to the Lengau cluster and other modules under the
Schrodinger suit. Additionally, we appreciate Dr. Samuel Egieyeh,
Department of Pharmacy, University of the Western Cape for the time
and guidance he invested in this paper to validate its accuracy.

Authors’ contributions

All authors have made significant contributions to the submission of the
article. A.O.F, R.T.A, and N.R.S.S conceived the concept and the design of
the study, A.K, A.M, and M.M supervised and provided the necessary
supports and software required for analysis. The analysis and data inter-
pretations were done collaboratively by all the authors while AOF, RTA,
and NRSS prepared the initial draft and also substantially revised the
manuscript. A.K, A.M, and M.M thoroughly revised the manuscript.
Finally, all authors read and approved the submitted version of the
manuscript for publication.

Disclosure statement

The authors declare no competing interests.

Funding

This is not applicable

ORCID

Adewale Oluwaseun Fadaka http://orcid.org/0000-0002-3952-2098
Nicole Remaliah Samantha Sibuyi http://orcid.org/0000-0001-
7175-5388
Ashwil Klein http://orcid.org/0000-0002-5606-886X
Abram Madimabe Madiehe http://orcid.org/0000-0002-3935-467X
Mervin Meyer http://orcid.org/0000-0002-8296-4860

References

Abdullahi, M., Olotu, F. A., & Soliman, M. E. (2017). Dynamics of allosteric
modulation of lymphocyte function associated antigen-1 closure-open
switch: unveiling the structural mechanisms associated with outside-
in signaling activation . Biotechnology Letters, 39(12), 1843–1851.
https://doi.org/10.1007/s10529-017-2432-0

AlAjmi, M. F., Rehman, M. T., Hussain, A., & Rather, G. M. (2018).
Pharmacoinformatics approach for the identification of Polo-like kin-
ase-1 inhibitors from natural sources as anti-cancer agents.
International Journal of Biological Macromolecules, 116, 173–181.
https://doi.org/10.1016/j.ijbiomac.2018.05.023

Al-Shabib, N. A., Khan, J. M., Malik, A., Alsenaidy, M. A., Rehman, M. T.,
AlAjmi, M. F., Alsenaidy, A. M., Husain, F. M., & Khan, R. H. (2018).
Molecular insight into binding behavior of polyphenol (rutin) with
beta lactoglobulin: Spectroscopic, molecular docking and MD simula-
tion studies. Journal of Molecular Liquids, 269, 511–520.

Aruleba, R. T. (2018). Identification and structural bioinformatics of drug-
gable proteins in schistosoma species. University of Zululand.

Aruleba, R. T., Adekiya, T. A., Oyinloye, B. E., & Kappo, A. P. (2018).
Structural studies of predicted ligand binding sites and molecular
docking analysis of Slc2a4 as a therapeutic target for the treatment
of cancer. International Journal of Molecular Sciences , 19(2), 386.

Balzarini, J., Van Laethem, K., Daelemans, D., Hatse, S., Bugatti, A.,
Rusnati, M., Igarashi, Y., Oki, T., & Schols, D. (2007). Pradimicin A, a
carbohydrate-binding nonpeptidic lead compound for treatment of
infections with viruses with highly glycosylated envelopes, such as
human immunodeficiency virus. Journal of Virology, 81(1), 362–373.
https://doi.org/10.1128/JVI.01404-06

Bhattacharya, M., Sharma, A. R., Patra, P., Ghosh, P., Sharma, G., Patra,
B. C., Lee, S. S., & Chakraborty, C. (2020). Development of epitope-
based peptide vaccine against novel coronavirus 2019 (SARS-COV-2):
Immunoinformatics approach. Journal of Medical Virology, 92(6),
618–631. https://doi.org/10.1002/jmv.25736

Colson, P., Rolain, J.-M., Lagier, J.-C., Brouqui, P., & Raoult, D. (2020).
Chloroquine and hydroxychloroquine as available weapons to fight
COVID-19. International Journal of Antimicrobial Agents, 55(4), 105932.

de Groot, R. J., Baker, S. C., Baric, R. S., Brown, C. S., Drosten, C.,
Enjuanes, L., Fouchier, R. A. M., Galiano, M., Gorbalenya, A. E., Memish,
Z. A., Perlman, S., Poon, L. L. M., Snijder, E. J., Stephens, G. M., Woo,
P. C. Y., Zaki, A. M., Zambon, M., & Ziebuhr, J. (2013). Commentary:
Middle East respiratory syndrome coronavirus (MERS-CoV):
Announcement of the Coronavirus Study Group. Journal of Virology,
87(14), 7790–7792. https://doi.org/10.1128/JVI.01244-13
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