
Repurposing of the approved small molecule drugs in order to inhibit
SARS-CoV-2 S protein and human ACE2 interaction through virtual
screening approaches

Hourieh Kalhora,b, Solmaz Sadeghic , Hoda Abolhasania,d,e , Reyhaneh Kalhora,f and Hamzeh Rahimib

aCellular and Molecular Research Center, Qom University of Medical Sciences, Qom, Iran; bMolecular Medicine Department, Biotechnology
Research Center, Pasteur Institute of Iran, Tehran, Iran; cDepartment of Medical Biotechnology, School of Advanced Technologies in
Medicine, Tehran University of Medical Sciences, Tehran, Iran; dSpiritual Health Research Center, Qom University of Medical Sciences, Qom,
Iran; eDepartment of Pharmacology, School of Medicine, Qom University of Medical Sciences, Qom, Iran; fDepartment of Genetics,
Colleague of Sciences, Kazerun branch, Islamic Azad University, Kazerun, Iran

Communicated by Ramaswamy H. Sarma

ABSTRACT
Most recently, the new coronavirus (SARS-CoV-2) has been recognized as a pandemic by the World
Health Organization (WHO) while this virus shares substantial similarity with SARS-CoV. So far, no
definitive vaccine or drug has been developed to cure Covid-19 disease, since many important aspects
about Covid-19 such as pathogenesis and proliferation pathways are still unclear. It was proven that
human ACE2 is the main receptor for the entry of Covid-19 into lower respiratory tract epithelial cells
through interaction with SARS-CoV-2 S protein. Based on this observation, it is expected that the virus
infection can be inhibited if protein-protein interaction is prevented. In this study, using structure-
based virtual screening of FDA databases, several lead drugs were discovered based on the ACE2-
binding pocket of SARS-CoV-2 S protein. Then, binding affinity, binding modes, critical interactions,
and pharmaceutical properties of the lead drugs were evaluated. Among the previously approved
drugs, Diammonium Glycyrrhizinate, Digitoxin, Ivermectin, Rapamycin, Rifaximin, and Amphotericin B
represented the most desirable features, and can be possible candidates for Covid-19 therapies.
Furthermore, molecular dynamics (MD) simulation was accomplished for three S protein/drug com-
plexes with the highest binding affinity and best conformation and binding free energies were also
computed with the Molecular Mechanics/Poisson–Boltzmann Surface Area (MM/PBSA) method. Results
demonstrated the stable binding of these compounds to the S protein; however, in order to confirm
the curative effect of these drugs, clinical trials must be done.
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Abbreviations: ACE2: Angiotensin Converting Enzyme 2; COVID-19: coronavirus disease 2019; FDA:
Food and Drug Administration; HBD: Hydrogen bond donor; HBA: Hydrogen bond acceptor; LBSV:
Ligand-based virtual screening; MD: Molecular dynamics; MM/PBSA: Molecular Mechanics/
Poisson–Boltzmann Surface Area; MW: Molecular weight; NPT: constant Number of particles, Pressure,
and Temperature; NTD: N-terminal domain; NVT: constant Number of particles, Volume, and
Temperature; PDB: Protein data bank; PDBQT: Protein data bank, partial charge and atom type; PSA:
Polar surface area; RB: Rotatable bonds; RBD: Receptor-Binding Domain; RMSD: Root Mean Square
Deviation; RMSF: Root Mean Square Fluctuations; SARS-CoV-2: Severe Acute Respiratory Syndrome
Coronavirus 2; SBVS: Structure-based virtual screening; DEele: Electrostatic contribution; DEvdw: Van
der Waals contributions; DGnonpol: Non-polar contributions; DGpol: Polar solvation contribution

1. Introduction

Coronaviruses are a genus of the Coronaviridae family;
belong to the Coronavirinae subfamily, and the order of
Nidovirales. They are categorized into four genera including
Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and
Deltacoronavirus (Shanmugaraj et al., 2020; Siddell et al.,
1983). They are enveloped viruses with a large plus-strand
RNA genome which are typically present among several spe-
cies of animals such as cows, bats, camels, cats, and avian.
They may transmit from animals to humans, a process
termed “spill over” (Mukhtar & Mukhtar, 2020; Shanmugaraj
et al., 2020). More recently, a new Betacoronavirus has been

found out provisionally named 2019 novel coronavirus
(2019-nCoV) (Elfiky, 2020b; Zhu et al., 2020). This virus is now
officially known as severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) which causes the COVID-19 disease.
This virus is probably originated from an animal repository
and has recently triggered the epidemic in humans because
of rapid transmission from human to human as well as its
high mortality rate (Elfiky, 2020a; Mukhtar & Mukhtar, 2020;
Wrapp et al., 2020). Therefore, inhibiting the SARS-CoV-2
virus has been a serious challenge for researchers and clini-
cians and they have become motivated to introduce and
develop vaccines and therapeutic antibodies as well as drugs
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against this virus. Hence, the first genome sequencing of
SARS-CoV-2 was published by Fan Wu et al. from china. They
performed Phylogenetic analysis of the whole-genome
sequence, containing 29,903 nucleotides, and reported that
the virus has 89.1% nucleotide similarity to a group of SARS-
like coronaviruses. Comparison of their conserved domains
revealed that the receptor-binding domain (RBD) of the spike
protein of SARS-CoV-2 was closely related to those of SARS-
CoVs (73.8–74.9% amino acid identity), which makes it capable
to use the human ACE2 (Angiotensin-Converting Enzyme 2)
receptor for cell entry (Wu et al., 2020). Additionally, recent
studies have shown that the ACE2 is also the receptor for
SARS-CoV-2’s entry into lower respiratory tract epithelial cells,
(Agostini et al., 2018; Chang et al., 2020; Morgenstern et al.,
2005; Shang et al., 2020; Wrapp et al., 2020; Xu et al., 2020).

Designing novel drugs against a new virus through
experimental techniques is very time-consuming; however, it
is required to find an effective drug immediately to treat the
infection and decrease death cases. Therefore, it seems to be
logical to search for potential therapeutics among previously
approved drugs.

Based on the above statement, in this study, potential
agents were identified to inhibit the interaction of RBD domain
of the SARS-CoV-2 with ACE2 receptor by using virtual screen-
ing approaches. Our results showed that among the studied
drugs, Diammonium Glycyrrhizinate, Digitoxin, Ivermectin,
Rapamycin, Rifaximin, and Amphotericin B might be effective
therapeutics for the treatment of Covid-19 infection due to their
better binding affinities and conformations. Lastly, MD simula-
tion analysis and binding free energy calculations were accom-
plished for SARS-CoV-2-RBD/Diammonium Glycyrrhizinate,
SARS-CoV-2-RBD/Digitoxin, and SARS-CoV-2-RBD/Ivermectin
complexes, which had the highest binding affinity and the best
conformations. Results of this study indicated that in silico
approaches can be effectively used to develop a drug discovery
pipeline using FDA approved drug databases, and it may lead
to introduce novel potentials for the old drugs.

2. Materials and methods

Virtual screening approaches are extensively being applied in
designing and development of new drugs. In this regard,
one of the most common virtual screening techniques is
structure-based virtual screening (SBVS) which only needs
the three-dimensional structure of the interested protein and
identifying its potential binding pockets to choose drugs,
which interact strongly with these binding pockets, from
large databases (Kalhor, Rahimi, et al., 2020; Kalhor, Sadeghi,
et al., 2020; Shiri et al., 2018, 2019).

2.1. Receptor selection and preparation

In the SBVS method, identification and preparation of the
target receptor is an essential step. Hence, the crystallo-
graphic structure of SARS-CoV-2 S protein (RBD domain) in
complex with ACE2 (PDB entry: 6VW1) was applied for
molecular docking studies (Shang et al., 2020). Also, other

complexes of the SARS-CoV/ACE2 (PDB IDs: 6acj, 6acg, 6ack,
2ajf) ( F. Li et al., 2005; Song et al., 2018 ) were used for
structural alignment analysis. Subsequently, the selected
SARS-CoV-2-RBD was prepared as known receptor using
AutoDock Tools 4.2. First, water molecules were removed,
and then atoms were adjusted to the AutoDock atom types.
In the next step, bond orders were assigned, and hydrogen
atoms and Gasteiger-Marsili charges were added to the crys-
tal structure. In order to conduct molecular docking, the
receptor structure was prepared in the PDBQT format (Morris
et al., 2009).

2.2. Binding pocket selection and grid box preparation
for docking studies

In order to perform virtual screening, the binding pocket of
SARS-CoV-2- RBD was selected based on the binding pocket
inferred from the crystallographic structure of SARS-CoV-2/
ACE2 complex. To determine the main residues involved in
the binding regions, the crystal structure was studied using
PDBsum web tool and LigPlotþ software (Laskowski, 2009;
Laskowski & Swindells, 2011). Accordingly, Tyr449, Tyr453,
Lus455, Phe456, Ala475, Gly476, Phe486, Asn487, Tyr489,
GLn493, Gly496, Gln498, Tyr500, Asn501, Gly502 and Tyr505
residues were chosen as the reference amino acids for virtual
screening. By using AutoDock Tools4.2, Grid box for docking
studies was predicted into X¼ 26Å, Y¼ 42Å, Z¼ 26Å grid
points, and the grid spacing was 1 Å.

2.3. Ligand selection and preparation

In this work, two different FDA approved drug databases
were downloaded from the zinc database15 (1681 com-
pounds) and used for virtual screening, including FDA
Approved drugs in per DrugBank(https://zinc.docking.org/
substances/subsets/fda/) and FDA-approved-Drug-Library
(1364 compounds). All compounds in this FDA-approved-
Drug-library have well-characterized biological activity, clear
targets, safety, and bioavailability properties which could sig-
nificantly make drug development and optimization faster
and easier. Also, since it covers various research areas, it is
an comprehensive and ideal library for drug repurposing
(https://www.targetmol.com/compound-library/FDA-approve
d-Drug-Library) In this study, by using AutoDock version
4.2, each drug of the databases was prepared as follows:
non-polar hydrogen bonds were merged, Gasteiger-Marsili
charges were added, atoms were adjusted to the AutoDock
atom types, and the rotatable bonds were assigned, then
were saved in the PDBQT format. Finally, drugs were con-
verted to the SDF using Open Babel software (O’Boyle
et al., 2011) to be prepared for docking with the receptor.

2.4. Virtual screening and molecular docking studies

In this step, approximately all of the FDA approved drugs
from two databases were docked in the selected binding
pocket using AutoDock Vina (Koes et al., 2013) . (http://
smina.sf.net). Subsequently, based on the highest binding
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affinity, the result of docking was sorted and then were clus-
tered based on the structural similarities and physicochemi-
cal features by ChemMine Web Tools (http://chemmine.ucr.
edu/). Afterward, the selected drugs’ physiochemical proper-
ties were evaluated using OSIRIS Data Warrior (Sander et al.,
2015). Ultimately, the potential drugs were chosen against
the binding pocket of SARS-CoV-2-RBD.

2.5. Molecular dynamics simulation

In order to evaluate the conformational changes of the
selected drugs in complex with SARS-CoV-2-RBD, Molecular
Dynamics (MD) simulations were performed by Gromacs ver-
sion 5.1.2 for a period of 100 ns. Firstly, topology file and
force field parameters of the selected drugs were produced
for Gromacs utilizing the PRODRG server (Sch€uttelkopf & Van
Aalten, 2004). After that, the topology file of the receptor
was generated using pdb2gmx and the united-atom
GROMOS 96 43A1 force field (Abraham et al., 2015). In the
next step, the receptor/ligand complexes were solvated in a
rectangular box with SPC (simple point charge) water mole-
cules with a 10 Å marginal radius (Van Tilbeurgh et al., 1999).
In order to make the simulation system electrically neutral,
we replaced solvent molecules with Cl� or Naþ ions. Then,
Particle Mesh Ewald (PME) summation was considered to
obtain the long range electrostatic interactions (Darden
et al., 1993). The Linear Constraint Solver (LINCS) algorithm
was used for covalent bond constraints (Hess et al., 1997).
The system was relaxed with several energy minimization
steps. Subsequently, the system was balanced for 500 ps
using NVT (constant Number of particles, Volume, and
Temperature), following another 500 ps using NPT (constant
Number of

particles, Pressure, and Temperature) ensembles at 300 K.
Thermostat and barostat of the system were adjusted
through the V-rescale22 and Parrinello–Rahman barostat
algorithms, respectively (Bussi et al., 2007; Parrinello &
Rahman, 1981). Finally, the balanced systems were simulated
for a period of 100 ns with 2 fs time steps. The resulted tra-
jectories of the MD simulations were used for fur-
ther processing.

2.6. Binding energy analysis using MM-PBSA approach

The interaction free energies of each receptor-ligand com-
plex were evaluated using Molecular Mechanics/
Poisson–Boltzmann Surface Area (MM/PBSA) method. In this
study, the last 1000 ps of the MD trajectories were used for
the calculation of binding free energies, van der Waals
energy, electrostatic energy, surface accessible surface area,
and polar solvation energy, by using the equations as
described by Kumari et al. (2014).

2.7. Visual presentations

Three dimensional structures of the protein and receptor/lig-
and complexes were visualized using PyMOL software, also
the hydrophobic interactions and hydrogen bonds between

protein and compounds were analyzed using discovery stu-
dio software (DeLano, 2002; Visualizer, 2017).

3. Results

3.1. Analysis of the structure of SARS-CoV-2-RBD/ACE2
complex and identification of binding pocket

It is well proved that the active form of SARS-CoV-2 spike (S)
glycoprotein contains important structural domains; NTD (N-
terminal domain), RBD (receptor binding domain), SD1/SD2
(subdomain1/2), and S2 domain. The RBD of SARS-CoV-2 S
has efficient role in the binding to human ACE2 enzyme. The
SARS-CoV-2 S is closely related to SARS-CoV S which also
binds to ACE2 through RBD (Shang et al., 2020). According
to the previous studies, the ACE2 binding site of SARS-RBD
including; Tyr436, Tyr440, Tyr442, Lus443, Lus472, N473, Tyr
475, Gly482, Tyr484, Thr486, Thr487, Gly488, Ile489, Tyr491,
and Gln492 residues and the SARS-RDB binding site of ACE2
including; Gln24, Thr27, Phe28, Asp30, Lys31, His34, Asp38,
Tyr41, Gln42, Lus45, Lus79, Met82, Tyr83, Gln325, Gly326,
Asn330, Lys353, A355 were key residues that were involved
in SARS-RBD/ACE2 interactions (Song et al., 2018).
Interestingly, the ACE2 binding site of SARS-CoV-2 -RBD
including; Tyr449, Tyr453, Lus455, Phe456, Ala475, Gly476,
Phe486, Asn487, Tyr489, Gln493, Gly496, Gln498, Thr500,
Asn501, Gly502 and Tyr505 residues and the SARS-CoV-2-
RBD binding site of ACE2 including; Ser19, Gln24, Thr27,
Phe28, Lys31, His34, Glu35, Glu37, Asp38, Tyr41, Gln42,
Lus45, Lus79, Met82, Tyr83, Asn330, Lys353, Gly354, Asp355,
Arg357, and Arg393 were recognized as the key residues
which were involved in SARS-CoV-2-RBD/ACE2 interactions
(Shang et al., 2020). Consistent with this findings, superim-
position of SARS-CoV-2-RBD/ACE2 (PDB ID: 6vw1) and SARS-
RBD/ACE2 (PDB ID: 6cag) complexes demonstrated that the
secondary structure of residues involved in SARS-CoV-2-RBD
binding site were highly similar to SARS-RBD binding site, so
that both SARS-CoV-2 and SARS similarly interact with
human ACE2 (Figure 1A). Taken together, the aforemen-
tioned residues of SARS-CoV-2 were selected as the binding
pocket which was located in the RBD, so this selected bind-
ing pocket was applied for further virtual screening.

3.2. Structure-based virtual screening and identification
of potential inhibitors of protein-protein interaction

In order to conduct structure-based virtual screening (SBVS),
approved drugs libraries (FDA databases) was used to select
potential drugs which may bind to the RBD of SARS-CoV-2.
Molecular docking between the binding sites of SARS-CoV-2-
RBD and selected libraries was performed by applying
AutoDock Vina. Results were sorted based on the binding
affinity. The binding affinity threshold was set as �10 kcal/
mol. After analyzing the result, 20 drugs were found against
the binding pocket with the binding affinity higher than
�10 kcal/mol. To remove drugs with identical structure, they
were grouped based on the structure similarity using
ChemMine Web Tools. Eventually, a library with 12 hit drugs
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with highest binding affinity and best conformations were
chosen as hit drugs and recruited for further analysis.

3.3. Analysis of the complexes of selected lead drugs
with SARS-CoV-2-RBD

To select the best lead drugs, interactions between selected
hit drugs with SARS-CoV-2-RBD, binding affinity and number

of hydrogen bonds as well as interacting residues were
studied. Subsequently, drugs with the highest binding affin-
ity and hydrogen bonds were chosen from the hit drugs as
the potential lead drugs (Table 1). As it can be deduced
from the results Diammonium Glycyrrhizinate showed the
highest binding affinity (-11.7545 kcal/mol), and, Digitoxin,
Ivermectin, Rapamycin, Rifaximin, and Amphotericin B fol-
lowed average ranged from �11.2534 to �10.5021 (kcal/
mol), respectively.

Figure 1. Sequence and structure alignment of SARS-CoV and SARS-CoV-2-RBDs and their important residues in the interaction with ACE2: (A) Sequence alignment
of SARS-CoV and SARS-CoV-2-RBDs. Red boxes indicate ACE2-interacting residues common in both SARS CoV and SARS-CoV-2, and green boxes indicate unique
interacting residues in each. (B) Structural alignment of SARS-CoV-2 (gray) and SARS-CoV (blue) RBDs in complex with ACE2 (purple). Binding residues are colored
in green, red and yellow in SARS-CoV-2, SARS-CoV, and ACE2, respectively. Close-up view of interacting residues (labeled and shown in stick representation) of
ACE2 (C) and SARS-CoV-2 (D).
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Moreover, the two-dimensional structure of the selected
lead drugs as well as their predicted binding modes in com-
plex with SARS-CoV-2-RBD were analyzed using pyMOL and
discovery studio softwares, respectively.

The Diammonium Glycyrrhizinate small molecule consists
of two parts: (1) a Glycoside segment, and (2) a triterpene
segment (Figure 2A). Analysis of the docking results revealed
that seven hydrogen bonds were formed between hydroxyl
(OH) and oxygen (—O— and C¼O) of Glycoside segment of
Diammonium Glycyrrhizinate and Gln493 (angle O—H—
N¼ 160.83�, distance ¼ 2.17 Å), Ser494 (angle O—H—
O¼ 154.98�, distance ¼ 2.25 Å), Ser494 (angle O—H—
O¼ 142.66�, distance ¼ 2.12 Å), Gly496 (angle HO—H—
N¼ 104.99�, distance ¼ 2.92 Å), Tyr449 (angle O—H—
O¼ 91.46�, distance ¼ 2.86 Å), Gln498 (angle O—H—
O¼ 156.37�, distance ¼ 3.15 Å), Tyr505 (angle O—H—
O¼ 89.91�, distance ¼ 4.75 Å) residues. Also, one hydrogen
bond was formed between triterpene segment of
Diammonium Glycyrrhizinate and Tyr489 (angle O—H—
O¼ 78.84�, distance ¼ 5.38 Å) residue in the binding pocket
of SARS-CoV-2-RBD (Figure 2B). In addition, the triterpene
segment of the docked compound was embedded in a
hydrophobic pocket formed by Tyr489, Asn487 and Phe486
residues (Figure 2C).

The structure of Digitoxin small molecule also consists of
two parts: (1) a Glycoside segment and (2) a Steroid segment
(Figure 3A). Detailed study of docking results of Digitoxin
revealed the presence of six hydrogen bonds formed
between hydroxyl (OH) and oxygen of Glycoside segment
from Digitoxin and Tyr453 (angle O—H—O¼ 83.70�, distance
¼ 2.83 Å), Lys403 (angle O—H—N¼ 152.02�, distance ¼
3.40 Å), Lys403 (angle HO—H—N¼ 102.20�, distance ¼
3.79 Å), Asp406 (angle O—H—O¼ 77.42�, distance ¼ 3.24 Å),
Gln409 (angle HO—H—N¼ 153.49�, distance ¼ 2.22 Å),
Val417 (angle O—H—N¼ 99.65�, distance ¼ 3.35 Å) residues.
Additionally, one hydrogen bond was formed between
hydroxyl of Steroid segment from Digitoxin and Gly485
(angle O—H—O¼ 83.41�, distance ¼ 2.86 Å) residue in the
binding pocket of SARS-CoV-2-RBD (Figure 3B). In addition,
Steroid segment of the docked compound was embedded in
a hydrophobic pocket formed by Tyr489, Glu484, Gly485 and
Phe486 residues (Figure 3C).

The structure of Ivermectin small molecule consists of two
parts: (1) a Glycoside segment, and (2) a Macrolide segment
(Figure 4A). The analysis of Ivermectin demonstrated that
five hydrogen bonds were formed between hydroxyl (OH)

and oxygen of Ivermectin and Tyr453 (angle HO—H—
O¼ 141.06�, distance ¼ 2.43 Å), Leu492 (angle O—H—
O¼ 82.36�, distance ¼ 3.87 Å), Gln493 (angle HO—H—
N¼ 118.86�, distance ¼ 3.19 Å), Ser494 (angle O—H—
O¼ 72.42�, distance ¼ 4.26 Å) and Asn501 (angle O—H—
N¼ 107.00�, distance ¼ 4.49 Å) residues in the binding
pocket of SARS-CoV-2-RBD (Figure 4B). In addition, the
docked compound was embedded in a hydrophobic pocket
formed by Gln493, Asn501, Tyr505 and Tyr449 residues
(Figure 4C).

The structure of Rapamycin small molecule consists of
two parts: (1) a Cyclohexanol segment and (2) a Polyene
macrolide segment (Figure 5A). Based on the docking results,
eight hydrogen bonds were formed between hydroxyl (OH)
and oxygen (—O— and C¼O) from Rapamycin and Arg408
(angle O—H—N¼ 153.87�, distance ¼ 3.92 Å), Asp406 (angle
O—H—O¼ 49.79�, distance ¼ 4.19 Å), Lys403 (angle O—H—
N¼ 136.74�, distance ¼ 1.98 Å), Lys403 (angle HO—H—
N¼ 84.97�, distance ¼ 2.82 Å), Tyr489 (angle O—H—
O¼ 137.13�, distance ¼ 5.09 Å), Gln493 (angle O—H—
N¼ 151.31�, distance ¼ 3.57 Å), Ser494 (angle O—H—
O¼ 64.76�, distance ¼ 3.09 Å), Tyr453 (angle HO—H—
O¼ 81.97�, distance ¼ 2.98 Å residues, and one hydrogen
bond was formed between N of piperidine from Rapamycin
and Tyr505 (angle N—H—O¼ 111.26�, distance ¼ 5.60 Å)
residue in the binding site of SARS-CoV-2-RBD (Figure 5B). In
addition, the docked compound was embedded in a hydro-
phobic pocket formed by Tyr453, Gly416, Val417, Leu455,
Phe456 and Gln409 residues (Figure 5C).

The structure of Rifaximin small molecule consists of two
parts: (1) Macrolide segment, and (2) a Naphto
Imidazopyridine segment (Figure 6A). Four hydrogen bonds
were formed between hydroxyl (OH) and oxygen (—O— and
C¼O) of Rifaximin and Tyr453 (angle O—H—O¼ 123.49�, dis-
tance ¼ 3.02 Å), Gln493 (angle HO—H—N¼ 119.47�, distance
¼ 2.71 Å), Gln493 (angle O—H—N¼ 140.94�, distance ¼
4.16 Å), Gln493 (angle O—H—O¼ 68.92�, distance ¼ 4.56 Å)
residues, and two hydrogen bonds were formed between N of
amine and pyridine from Rifaximin and Ser494 (angle N—H—
O¼ 161.38�, distance ¼ 4.27 Å) and Tyr449 (angle N—H—OH
¼129.54�, distance ¼ 4.35 Å) residues in the binding pocket of
SARS-CoV-2-RBD (Figure 6B). Moreover, the docked compound
was embedded in a hydrophobic pocket formed by Gln493,
Tyr505, Tyr453 and Tyr449 residues (Figure 6C).

Like all the previously mentioned drugs, the structure
of Amphotericin B small molecule consists of two parts: (1)

Table 1. Evaluation of the binding affinity (kcal/mol) and interacting residues in the SARS-CoV-2- RBD/drug complexes.

Name drug
binding affinity

(kcal/mol) HB-AAsa NH-AAsb

Diammonium Glycyrrhizinate �11.7545 Tyr449,Gln493, Ser494, Gly496,Gln498, Tyr505 Tyr453,Gly485,Phe486, Asn487,Tyr489,Tyr495, Asn501
Digitoxin �11.2534 Lys403,Asp406,Gln409, Val417,Gly485 Arg408,Ile418,Tyr453, Cys488,Glu484,Gly485,

Phe486,Asn487,Cys488, Tyr489
Ivermectin �10.8697 Tyr453,Leu492,Gln493, Ser494,Asn502 Lys403,Tyr449,Lys452, Phe490,Tyr495,Gly502, Tyr505
Rapamycin (Sirolimus) �10.5657 Lys403,Asp406,Arg408, Tyr453,Tyr489,

Glu493, Ser494
Glu409,Gly416,Val417, Ile418,Tyr421,Tyr449,

Leu455,Phe456,Tyr495, Gly496
Rifaximin �10.5365 Tyr449,Tyrs453,Gln493, Ser494 Lys403,Leu455,Tyr495, Gly496,Tyr505
Amphotericin B �10.5021 Tyr449,Lys452,Tyr453, Gln493,Ser494 Leu455,Phe456,Glu484, Phe490
aHydrogen bonds forming Amino Acids, bNon-bonded contacts forming Amino Acids.
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a Glycoside segment, and (2) a Polyene macrolide segment
(Figure 7A). Analysis of Amphotericin B/SARS-CoV-2-RBD
complex showed that two hydrogen bonds were formed
between amine group of Glycoside segment from
Amphotericin B and Lys452 (angle N—H—N¼ 116.47�, dis-
tance ¼ 4.46 Å) and Leu492 (angle N—H—O¼ 94.10�, dis-
tance ¼ 4.87 Å) residues, and three hydrogen bonds were
formed between hydroxyl (OH) group of Glycoside seg-
ment of Amphotericin B and Leu492 (angle O—H—
O¼ 114.46�, distance ¼ 3.19 Å), Gln493 (angle O—H—
N¼ 104.23�, distance ¼ 3.71 Å), Ser494 (angle HO—H—
N¼ 110.36�, distance ¼ 2.47 Å) residues. Also, five hydro-
gen bonds were formed between hydroxyl (OH) group of
Polyene macrolide segment from Amphotericin B and
Ser494 (angle O—H—O¼ 59.47�, distance ¼ 3.40 Å), Ser494
(angle HO—H—O¼ 137.85�, distance ¼ 2.37 Å), Ser494
(angle O—H—O¼ 116.63�, distance ¼ 2.40 Å),Tyr449 (angle
O—H—O¼ 135.84�, distance ¼ 4.66 Å), Gln493 (angle
HO—H—N¼ 153.01�, distance ¼ 3.13 Å), Tyr453 (angle O—
H—O¼ 153.22�, distance ¼ 4.59 Å) residue in the binding
pocket of SARS-CoV-2-RBD (Figure 7B). In addition, the
docked compound was embedded in a hydrophobic

pocket formed by Leu492, Leu455, Phe456 and Tyr449 resi-
dues (Figure 7C).

3.4. Evaluation of the physiochemical properties of the
lead drugs

In this study, several important physiochemical parameters of
the selected lead drugs were evaluated using OSIRIS Data
Warrior; including molecular weight (MW), LogP, LogS, num-
ber of hydrogen bond donors (HBD), number of hydrogen
bond acceptors (HBA), polar surface area (PSA), and number
of rotatable bonds (Rb). The results showed that the majority
of lead drugs possessed following physicochemical proper-
ties; MW< 1000, �9 <LogS < �5, 0.3 <cLogP < 6.5, HBD<
12, HBA< 18, PSA< 320A�, and RB< 8. Detailed calculation
of these parameters is tabulated in Table 2. It is well docu-
mented that 90% of orally active compounds follow
Lipinski’s rule of five (RO5) .Currently, the RO5 is one of the
most important factors in choosing hits and leads. The RO5
asserts following criteria for an orally active compound: MW
< 500Da, logp < 5, HBA < 10, and HBD < 5 (Lipinski et al.,

Figure 2. Two-dimensional structure of Diammonium Glycyrrhizinate and three-dimensional illustration of itsinteraction with the ACE2 binding pocket of SARS-
CoV-2-RBD. (A) Representation of 2 D structure of Diammonium Glycyrrhizinate small molecule in complex. The green, light green, and pink spheres represent resi-
dues involved in hydrogen bond interactions, the hydrophobic interactions, and Pi-Alkyl interactions, respectively. (B) Hydrogen bonds in protein-ligand complex
are shown as yellow dotted lines. (C) 3 D illustration of Diammonium Glycyrrhizinate (stick representation) in the binding pocket of SARS-CoV-2-RBD (surface repre-
sentation) (PDB ID: 6vw1).
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2012). As it can be deduced from Table 2, these lead drugs
do not fallow the RO5 but have been proved to be poten-
tially successful drugs. Digitoxin and Rifaximin had lower MW
than other drugs. Also, the number of HBA, HBD and Rb in
Digitoxin were lower than other drugs. Ivermectin and
Rapamycin were identical in both HBA, and HBD.
Interestingly, the predicted results of drug likeness properties
of the lead drugs were considerably high, except
Diammonium Glycyrrhizinate (-4.291) and Amphotericin B
(-0.137); however, Rifaximin was predicted to be mutagenic
and tumorigenic.

3.5. Molecular dynamic simulation analysis

In the present study, to assess conformational behavior, sta-
bility, and flexibility of the docked complexes, MD simula-
tions were accomplished for three complexes with the
highest binding affinity and best conformations: SARS-CoV-2-
RBD/Diammonium Glycyrrhizinate, SARS-CoV-2-RBD/Digitoxin,
and SARS-CoV-2-RBD/Ivermectin complexes. RMSD (Root
Mean Square Deviation) value was computed considering
the proteins backbone with respect to the initial

conformations. RMSD plots for three SARS-CoV-2-RBD/drug
complexes during 100 ns of simulations are showed in Figure
8A. It can be seen that the RMSD value of SARS-CoV-2-RBD/
Diammonium Glycyrrhizinate complex was in the range of
0.08 to 0.4 nm, and reached its steady state at� 0.35 nm
from 60000ps to 100000 ps. the RMSD value for SARS-CoV-2-
RBD/Digitoxin complex was fluctuated from 0.09 to 0.38 nm
and reached its steady state at 0.24 nm between 10000 and
50000 ps, then slightly increased and persisted at �0.32 nm
from 70000ps till the end of the simulation, while the RMSD
value for SARS-CoV-2-RBD/Ivermectin complex was in range
of about 0.09 to 0.30 nm at the first 10000 ps, however it
decreased and remained stable at 0.24 nm from 10000 to
100000 ps, except between 70000 and 80000ps timescale.
The pattern of changes in RMSD was almost similar for three
complexes; nonetheless, SARS-CoV-2-RBD/Ivermectin complex
displayed the least fluctuation of RMSD plot during MD
simulations.

Rg (Radius of gyration) value was calculated as an indica-
tor of stability and also protein structure compactness. As
depicted in Figure 8B, SARS-CoV-2-RBD/Ivermectin complex
had the least Rg value, but it exhibited the highest fluctu-
ation at the first 25000 ps. The result showed that the Rg

Figure 3. Two-dimensional structure of Digitoxin and three-dimensional illustration of its interaction with the ACE2 binding pocket of SARS-CoV-2-RBD (A)
Representation of 2 D structure of Digitoxin small molecule in complex. The green, light green, and pink spheres represent residues involved inhydrogen bond
interactions, the hydrophobic interactions, and Pi-Alkyl interactions, respectively (B) Hydrogen bonds in protein-ligand complex are shown as yellow dotted lines.
(C) 3 D illustration of Digitoxin (stick representation) in the binding pocket of SARS-CoV-2-RBD (surface representation) (PDB ID: 6vw1).
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plot of SARS-CoV-2-RBD/Diammonium Glycyrrhizinate fluctu-
ated more than Ivermectin and Digitoxin complexes.

Numbers of hydrogen bonds (H-bonds) were calculated to
investigate the stability of H-bonds between SARS-CoV-2-
RBD/drug complexes during MD simulations (Figure 8C). As it
can be deduced from the results, SARS-CoV-2-RBD/
Diammonium Glycyrrhizinate possessed 0-4 H-bonds, SARS-
CoV-2-RBD/Digitoxin had 0-7 H-bonds, and SARS-CoV-2-RBD/
Ivermectin complexes presented 0-5 hydrogen bonds.
However, in all of the complexes, two H-bonds were
observed in average which were strongly stable (especially,
in the SARS-CoV-2-RBD/Diammonium Glycyrrhizinate com-
plex) throughout MD simulations.

RMSF (Root Mean Square Fluctuation) value was com-
puted from the trajectories of each complex to evaluate the
flexibility of individual residues (Figure 8D). The RMSF plot of
complex structures uncovered that all residues fluctuated
between 0.05 and 0.5 nm in Diammonium Glycyrrhizinate,
0.05 nm and 0.45 nm in Digitoxin, and 0.05 nm and 0.47 nm
in Ivermectin. The RMSF plot of complexes showed that all
residues located in the binding pocket of SARS-CoV-2-RBD
had fluctuations between 0.08 nm and 0.43 nm, which

indicates that the selected drugs kept close contact with
their binding pocket throughout MD simulations.

3.6. Binding free energy calculations

The MM/PBSA method is applied to evaluate the interactions
between SARS-CoV-2-RBD and Diammonium Glycyrrhizinate,
Digitoxin, and Ivermectin drugs. Free binding energy of the
all SARS-CoV-2-RBD/drug complexes was calculated for the
last 1000 ps trajectories and the results of energy compo-
nents of the complexes are given in Table 3. Diammonium
Glycyrrhizinate, Digitoxin, and Ivermectin presented binding
energy of �182.900, �133.789 and �89.360 kJ/mol, respect-
ively, suggesting Diammonium Glycyrrhizinate having the
highest affinity for SARS-CoV-2-RBD. Subsequently, van der
Waals (DEvdw), electrostatic (DEele), polar solvation energy
(DGpol), and nonpolar interactions (DGnonpol) were com-
puted to evaluate the most significant interaction term
which impacts the calculated binding energy.

As it can be deduced from Table 3, DEvdw and DGnonpol
played remarkable roles in the formation of these complexes;

Figure 4. Two-dimensional structure of Ivermectin and three-dimensional illustration of its interaction with the ACE2 binding pocket of SARS-CoV-2-RBD. (A)
Representation of 2 D structure of Rifaximin small molecule in complex. The green, light green and pink spheres represent residues involved in hydrogen bond
interactions, the hydrophobic interactions, and Pi-Alkyl interactions, respectively (B) Hydrogen bonds in protein-ligand complex are shown as yellow dotted lines.
(C) 3 D illustration of Ivermectin (stick representation) in the binding pocket of SARS-CoV-2-RBD (surface representation) (PDB ID: 6vw1).
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however, van der Waals interactions showed more impact on
the binding of SARS-CoV-2-RBD to the selected drugs.
Therefore, it suggests the importance of the non-covalent
interactions in these complexes.

4. Discussion

Recently, a new and highly pathogenic coronavirus (SARS-
CoV-2) has caused a pandemic in the world known as Covid-
19 disease (Kandeel & Al-Nazawi, 2020). Although, different
drugs based on clinical presentation have been used against
Covid-19 infection, no drug or vaccine has yet been
approved to treat this novel human coronavirus because of
its unknown pathogenesis. Hence, the outbreak of Covid-19
has become a global challenge. Rational drug discovery can
identify quick, testable and novel drugs out of the approved
small molecule (Jin et al., 2020). It is approved that the bind-
ing of SARS-CoV-2 S protein to human ACE2 leads to facili-
tate its infection like SARS-CoV (Rismanbaf, 2020). In this
regard, superimposition of SARS-CoV-2-RBD and SARS-CoV-
RBD complexes with ACE2 disclosed that the residues of the
ACE2 involved in the interaction with RBD were identical in
both SARS-CoV-2 and SARS-CoV (Gln24, Thr27, Phe28, Lys31,

His34, Asp38, Tyr41, Gln42, Lus45, Lus79, Met82, Tyr83,
Asn330, Lys353, and Asp355). Similarly, the main interacting
residues of the RBD domain of SARS-CoV-2 (Tyr449, Tyr453,
Asn487, Tyr489, Gly496, Thr500, Gly502 and Tyr505 residues)
were also identical to SARS-CoV (Figure 1A). In addition, MSA
studies showed that these binding pockets are highly con-
served in both SARS-CoV-2 and SARS-CoV (data not shown).
Therefore, it can be suggested that the binding pocket of
SARS-CoV-2 to ACE2 might be a potential target for drug dis-
covery to disrupt the viral S protein/ACE2 interface. In this
regard, we implemented SBVS approach and molecular dock-
ing studies to identify more effective drug for treating Covid-
19 infection. The molecular docking was accomplished
between flexible residues of the selected binding pocket of
SARS-CoV-2-RBD (Tyr449, Tyr453, Lus455, Phe456, Ala475,
Gly476, Phe486, Asn487, Tyr489, Gln493, Gly496, Gln498,
Thr500, Asn501, Gly502 and Tyr505 residues) and selected
FDA drug libraries using AutoDock Vina tools; docking results
were sorted based on the binding affinity. The results of
SBVS approach proved that this strategy was efficient in
detecting lead drugs with highest binding affinity and best
conformations. These lead drugs from our screening are:
Diammonium Glycyrrhizinate (pubchem CID: 656656),

Figure 5. Two-dimensional structure of Rapamycin and three-dimensional illustration of its interaction with the ACE2 binding pocket of SARS-CoV-2-RBD. (A)
Representation of 2 D structure of Rapamycin small molecule in complex. The green, light green and pink spheres represent residues involved in hydrogen bond
interactions, the hydrophobic interactions, and Pi-Alkyl interactions, respectively (B) Hydrogen bonds in protein-ligand complex are shown as yellow dotted lines.
(C) 3 D illustration of Rapamycin (stick representation) in the binding pocket of SARS-CoV-2-RBD (surface representation) (PDB ID: 6vw1).
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Digitoxin (pubchem CID: 441207), Ivermectin (pubchem CID:
6321424), Rapamycin (pubchem CID: 5284616), Rifaximin
(pubchem CID: 6436173), and Amphotericin B (pubchem CID:
5280965) (Table 1). The detailed analysis of 2 D structure of
the selected lead drugs demonstrated that two classes of
drugs were obtained in silico; (1) Glycosides (Diammonium
Glycyrrhizinate and Digitoxin) and (2) macrolides (Ivermectin,
Rapamycin, Rifaximin, Amphotericin B). Glycosides are mole-
cules attached to sugar which binds to functional groups
(aglycone) through a glycosidic bond. Glycosides are
grouped based on the chemical nature of the aglycane.
Aglycone segment in the Diammonium Glycyrrhizinate struc-
ture is a triterpenoid, while in the Digitoxin structure is a
steroidal nucleus, which involved in the glycosidic linkage via
oxygen atom (O-glycosides). Based on the glycoside’s agly-
cone type, they not only demonstrate various physicochemi-
cal properties, but also have different therapeutic uses
(Thakur & Raj, 2017; Tinku Gupta, 2018).

Also, results showed that Ivermectin, Rapamycin,
Rifaximin, and Amphotericin B have macrocyclic ring (Figures
4A, 5A, 6A, 7A), the most successful classes of macrocyclic
drugs in clinical practice. The macrolides drugs are natural
products mostly extracted from Streptomyces spp. They

consist of a large macrocyclic lactone ring, which may be
attached to one or more deoxy sugars. Some macrolides
have antiparasite, antibiotic, and antifungal activity (Yu &
Sun, 2013). Taken together, it seems that drugs with
Glycoside and macrolide segments have a great potential to
inhibit the interaction of SARS-CoV-2 with ACE2 and can be
applied as favorable pharmacophore models for further stud-
ies which aim to discover novel therapeutic drugs against
Covid-19 infection.

Analysis of the docking results showed that Diammonium
Glycyrrhizinate had the highest binding affinity.
Diammonium glycyrrhizinate, a traditional Chinese medicine
(TCM), is extracted and purified from licorices (Glycyrrhiza
glabra). It is known for its anti-inflammatory effects, resist-
ance to biologic oxidation and membranous protection.
Glycyrrhiza glabra is able to reduce inflammatory injury via
suppression of NF-jB, TNF-a (Feng et al., 2007). Several stud-
ies reported that this compound have potential anti-viral
effect against a wide range of viruses including HSV-1
(Utsunomiya et al., 1995), CMV (Numazaki et al., 1994), VZV
(Baba & Shigeta, 1987), HBV (Sato et al., 1996), HCV (Arase
et al., 1997), HIV (Ito et al., 1988), influenza virus (Utsunomiya
et al., 1997), Epstein-Barr virus (Lin, 2003), and interestingly,

Figure 6. Two-dimensional structure of Rifaximin and three-dimensional illustration of its interaction with the ACE2 binding pocket of SARS-CoV-2-RBD. (A)
Representation of 2 D structure of Rifaximin small molecule in complexs. The green, light green and pink spheres represent residues involved in carbon hydrogen
bond interactions, the hydrophobic interactions, and Pi-Alkyl interactions, respectively (B) Hydrogen bonds in protein-ligand complex are shown as yellow dotted
lines. (C) 3 D illustration of Rifaximin (stick representation) in the binding pocket of SARS-CoV-2-RBD (surface representation) (PDB ID: 6vw1).
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SARS-CoV (Cinatl et al., 2003). In the 2003, J Cinat et al. pub-
lished that glycyrrhizin is one of the most potent inhibitors
of SARS-CoV replication in Vero cells. Glycyrrhizin not only
inhibits virus replication, but also hinders adsorption and
penetration of the virus—early steps of the replicative cycle.
Furthermore, glycyrrhizin can induce nitrous oxide synthase
and production of nitrous oxide in macrophages.
Intriguingly, it is well documented that nitrous oxide inhibits
replication of viruses (Cinatl et al., 2003).

The next highlighted lead drug, Digitoxin, is a cardiac
glycoside that inhibits Na-K pump ATPase activity. Currently,
it has been reported that this compound have anti-viral

action against both DNA and RNA viruses such as
Cytomegalovirus, Herpes simplex, Influenza, and Coronavirus
(Amarelle & Lecuona, 2018; Athanasios et al., 2020;
Mohammadi et al., 2001). In the study, Pollard etal reported
that Digitoxin might be effective therapeutics for the treat-
ment of both influenza and COVID-19 through reduced
expression of cytokines such as TNFa, GRO/KC, MIP2, MCP1,
TGFb, and IFNg (Pollard et al., 2020). Also, there are various
theoretical studies in the literature which have aimed to
identify potential inhibitors against SARS-CoV-2 virus using
structure-based virtual screening of different databases.
Interestingly, several studies have recommended Digitoxin as

Figure 7. Two-dimensional structure of Amphotericin B and three-dimensional illustration of its interaction with the ACE2 binding pocket of SARS-CoV-2-RBD. (A)
Representation of 2 D structure of Amphotericin B small molecule in complex. The green, light green and pink spheres represent residues involved in carbon hydro-
gen bond interactions, the hydrophobic interactions, Pi-Alkyl interactions, respectively (B) Hydrogen bonds in protein-ligand complex are shown as yellow dotted
lines. (C) 3 D illustration of Amphotericin B (stick representation) in the binding pocket of SARS-CoV-2-RBD (surface representation) (PDB ID: 6vw1).

Table 2. Evaluation of physicochemical properties and toxicity risk parameters of selected lead drugs using OSIRIS Data Warrior.

Name
drug

Physicochemical properties Toxicity risks parameters

MWa CLPb CLSc HBAd HBDe PSAf RBg DLh MUTi TUMj

Diammonium Glycyrrhizinate 857.000 0.982 �5.144 16 8 267.04 7 �4.291 NO NO
Digitoxin 764.946 2.747 �6.086 13 5 182.83 7 3.325 NO NO
Ivermectin 1736.18 5.410 �6.61 14 3 170.06 8 5.231 NO NO
Rapamycin (Sirolimus) 914.182 6.510 �6.713 14 3 195.43 6 2.378 NO NO
Rifaximin 785.888 5.843 �9.904 14 5 198.38 3 6.195 High high
Amphotericin B 924.087 0.323 �5.077 18 12 319.61 3 �0.137 NO NO
a Molecular weight (g/mol),b cLogP(lipophilicity),c cLogS(solubility), d H-bond acceptors,eH-bond donors , f Polar Surface Area(A2), g Rotatable bonds, h Drug like-
ness, iMutagenic, j Tumorigenic.
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Figure 8. Analysis of MD simulations results: (A) RMSD plots of the SARS-CoV-2-RBD/drug complexes during100 ns of simulations. (B) Rg plots of the SARS-CoV-2-
RBD/drug complexes during MD simulations. (C) The number of H-bonds between the SARS-CoV-2-RBD and drugs. (D) RMSF of backbone Ca atoms of the com-
plexes versus residue number in the sequence, the binding pocket is shown in the red box. In all plots, SARS-CoV-2-RBD/Diammonium Glycyrrhizinate, SARS-CoV-2-
RBD/Digitoxin, and SARS-CoV-2-RBD/Ivermectin complexes are indicated as yellow, green, and gray, respectively.
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a favorable drug, For instance, de Oliveira etal performed vir-
tual screening calculations of SWEETLEAD library, and they
found Digitoxin as one of the top-scoring compounds (de
Oliveira et al., 2020). In same way, the Sekhar used molecular
docking based virtual screening of SuperDRUG2 database. In
his docking calculations, Digitoxin was found as a candidate
drug for inhibiting SARS-CoV-2 virus (Sekhar, 2020).
According to molecular docking studies and literature-review,
Digitoxin can be considered as a potential drug against
Covid-19.

The next selected compound, Ivermectin, is an antiparasit
which previously shown to have broad-spectrum antiviral
activity against both DNA and RNA viruses in vitro (G€otz
et al., 2016; Lundberg et al., 2013; Tay et al., 2013; Wagstaff
et al., 2012) . Recently, it has been reported that this com-
pound can inhibit Covid-19, and with a single addition to
Vero-hSLAM cells 2 h post infection with SARS-Cov-2 was
able to cause �5000-fold reduction in viral RNA at 48 h (Caly
et al., 2020). According to the results, the three of the high-
lighted leads are related to well-known antibiotics;
Rapamycin, Rifaximin, and Amphotericin B. Rapamycin which
is a macrolide compound produced by Streptomyces hygro-
scopicu that is used to treat a rare lung disease called lym-
phangioleiomyomatosis. This compound has
immunosuppressant functions in humans and plays an
important role in preventing the rejection of kidney trans-
plants, also it inhibits activation of T cells and B cells by
reducing their sensitivity to IL-2 through mTOR inhibition (J.
Li et al., 2014). It has been reported that the Rapamycin can
be a potent inhibitor for HCV RNA replication as well as pri-
mary human hepatocytes (St€ohr et al., 2016). Likewise, Yadi
Zhou et al. reported that this compound can be a candidate
drug against Covid-19, in virtual screening (Zhou et al.,
2020). Another antibiotic of the selected lead drugs is
Rifaximin, a gastrointestinal-selective antibiotic, with a broad
spectrum of antimicrobial activity. This compound is cur-
rently approved for treating traveler’s diarrhea, irritable
bowel syndrome, and hepatic encephalopathy (Shayto et al.,
2016). Also, Amphotericin B is another antibiotic produced
by Streptomyces nodosus which is a macrocyclic antifungal
agent belongs to a chemical class of polyene antifungal
drugs. In fact, this compound is an antifungal agent with a
broad spectrum of activity against many fungal species
(Alobid et al., 2001). There is an interesting report that claims
using Amphotericin B could significantly improve the anti-
viral properties of Rifamycin derivatives in murine cell lines;
more probably through increasing the cell membrane per-
meability (Hackett et al., 1972).The detailed analysis of

interactions between SARS-Cov-2-RBD binding pocket resi-
dues and the selected lead drugs is presented in Figures
2–7. In all cases lead drugs are anchored by the hydrogen
bonds with at least one of these critical binding residues,
Tyr449, Tyr 453, Gln493, and Ser494, However, Diammonium
Glycyrrhizinate and Rapamycin showed higher hydrogen
bonds than the other selected lead drugs. Although, the
number of hydrogen bonds was considerable, hydrophobic
interactions were the most frequent interactions in com-
plexes. Moreover, our results indicated that all selected lead
drugs could efficiently bind to SARS-CoV-2-RBD. On the
whole, these leads can selectively interact with the RBD bind-
ing residues of SARS-CoV-2 S protein and can result in the
prevention of Covid-19 infection through blocking ACE2-
binding pocket of SARS-CoV-2 S protein.

It has been observed that about 90% of orally active com-
pounds follow RO5. In this study important physicochemical
properties of the selected lead drugs were calculated by
OSIRIS Data Warrior software (Table 2). The result demon-
strated that these drugs do not fallow the RO5, but they
have been applied for treating some disease, so they are
proved to be safe for human. likewise, Silvio Roggo has
reported some natural products which do not fallow the RO5
but are proved to be potentially successful drugs, so he has
suggested that natural products can be exempted from RO5
(Roggo, 2007).

In this study, MD simulation of Diammonium
Glycyrrhizinate and Digitoxin as well as Ivermectin drugs in
complex with SARS-CoV2-RBD was performed. As it has been
mentioned previously, Digitoxin and Ivermectin drugs dis-
played significantly favorable results, in silico and in vitro.
Here, for the first time, we identified Diammonium
Glycyrrhizinate as potential natural drug to inhibit the inter-
action of SARS-CoV-2-RBD with ACE2, based on the SBVS
approach. Therefore, these three drugs, which had the best
features, were selected for conducting MD simulations. RMSD
values of Ivermectin, Digitoxin, and Diammonium
Glycyrrhizinate remained less than 0.3 nm, 0.36 nm and
0.4 nm, throughout the simulation periods, respectively
(Figure 8A). These results indicated the convenient stability
of the complexes. Also, Rg values of complexes were dimin-
ished during MD simulations especially during the last
30000 ps (Figure 8.B). The pattern of changes in RMSF plots
was almost similar for three complexes (Figure 8D).
Comparing results obtained from MD simulations revealed
that these drugs could form stable complexes with SARS-
CoV-2-RBD. Analysis of the energy components revealed that
Ivermectin had the least binding free energy (-89.360 kJ/mol)
compared to the Diammonium Glycyrrhizinate (-182.900 kJ/
mol) and Digitoxin (-133.789 kJ/mol) complexes. Therefore, it
seems that Diammonium Glycyrrhizinate and Digoxin dis-
played significantly favorable interactions with SARS-CoV-2-
RBD.Considering the need for dealing with the worldwide
spread of Covid-19 infection, the lead drugs identified here
would be reasonable initial compounds for experimental sur-
veys in limiting Covid-19’s virus-/host interactions and may
be noteworthy for the researchers interested in identifying
novel small-molecule therapeutics.

Table 3. Evaluation of the binding free energies (kJ/mol)) and energy compo-
nents (kJ/mol)) in the SARS-CoV-2-RBD/drug complexes.

Name
drug DEvdwa DEeleb DGpolc DGnonpold DGbinde

Diammonium
Glycyrrhizinate

�201.495 �11.734 44.418 �14.418 �182.900

Digitoxin �192.755 �1.784 76.812 �16.042 �133.789
Ivermectin �131.07 �3.956 53.812 �8.146 �89.360
aEvdw, van der Waals contribution; bDEele, electrostatic contribution; cDGpol,
polar solvation energy; dDGnonpol, nonpolar solvation energy; eDGbind, bind-
ing energy; DGbind¼DEvdwþDEeleþDGpolþDGnonpol.
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5. Conclusion

In this study, based on structure-based virtual screening of
clinically approved drugs and the crystallographic structure
of SARS-CoV-2-RBD, several lead drugs were identified. The
results obtained from docking pose analysis and molecular
interactions between SARS-CoV-2-RBD and the lead drugs
demonstrated that Diammonium Glycyrrhizinate, Digitoxin,
Ivermectin, Rapamycin, Rifaximin, and Amphotericin B drugs
had better binding affinities and conformation than other
drugs, subsequently, among the selected lead drugs, MD
simulation and binding free energy calculation were accom-
plished for three complexes with highest binding affinity:
Diammonium Glycyrrhizinate and Digitoxin and Ivermectin.
All three drugs were formed stable complexes with SARS-
CoV-2-RBD during simulation periods. Additionally, binding
free energy analysis showed that Diammonium
Glycyrrhizinate had the lowest free energy of binding in
SARS-CoV-2-RBD complex. The results of this study can be
utilized for selecting candidate drugs for in vitro and in vivo
surveys, and also can provide information for next studies.
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