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The human-to-human transmitted respiratory illness in COVID-19 affected by the pathogenic Severe
Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2), which appeared in the last of December
2019 in Wuhan, China, and rapidly spread in many countries. Thereon, based on the urgent need for ther-
apeutic molecules, we conducted in silico based docking and simulation molecular interaction studies on
repurposing drugs, targeting SARS-CoV-2 spike protein. Further, the best binding energy of doxorubicin
interacting with virus spike protein (PDB: 6VYB) was observed to be �6.38 kcal/mol and it was followed
by exemestane and gatifloxacin. The molecular simulation dynamics analysis of doxorubicin, Reference
Mean Square Deviation (RMSD), Root Mean Square fluctuation (RMSF), Radius of Gyration (Rg), and for-
mation of hydrogen bonds plot interpretation suggested, a significant deviation and fluctuation of
Doxorubicin-Spike RBD complex during the whole simulation period. The Rg analysis has stated that
the Doxorubicin-Spike RBD complex was stable during 15,000–35,000 ps MDS. The results have sug-
gested that doxorubicin could inhibit the virus spike protein and prevent the access of the SARS-CoV-2
to the host cell. Thus, in-vitro/in-vivo research on these drugs could be advantageous to evaluate signif-
icant molecules that control the COVID-19 disease.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction ing to many countries. As soon as possible the virus has been iden-
Coronavirus Disease 2019 (COVID-19) is caused by a virus from
an unknown source to a human of China and continuously spread-
tified as Severe Acute Respiratory Syndrome, Corona Virus 2 (SARS-
CoV-2), and more commonly the disease is known as COVID-19,
and the virus is also known as the 2019 novel Corona Virus
(2019-nCoV) (Zhou et al., 2020; Wang et al., 2020; Ali et al.,
2021; Rehman et al., 2020a). A large number of humans have
affected soon and therefore the World Health Organization con-
firmed this disease as a pandemic. As of 09 April 2021, 133 146
550 confirmed cases of COVID-19, and 2 888 530 deaths have been

reported by the World Health Organization (WHO) https://www.

who.int/emergencies/diseases/novel-coronavirus-2019. It is
thought that the virus is originated from the bat and its similarity
with SARS has been reported well (Lu et al., 2020; Ansari et al.,
2020a; Ansari et al., 2020b). The targets of virus-like protease, pep-
tidase, and spike protein have been identified for drug discovery
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including vaccine development as well as to manage the disease.
Many natural compounds against these targets have been screened
by computational biologists and suggested for further in vitro and
in vivo evaluation against the virus (WHO, 2020; Lu et al., 2020;
Prajapat et al., 2020).

One of the targets of SARS-CoV-2 is spike protein belong to class
I fusion glycoprotein. The spike protein helps the virus for attach-
ment via the Angiotensin-converting enzyme 2 (ACE-2) receptor
and fuses with the involvement of the S2 domain of protein facili-
tating the entry of the pathogen into the host cell (Khan et al.,
2020). The ACE-2 receptor interacts with the S1 subunit of glyco-
protein and assisted the virus attachment. Subsequent to the
attachment protein goes under some conformational changes
resulted in the fusion of membrane and entry of the virus into
the host cell using the S2 domain of virus surface protein (Wan Y
et al., 2020; Li et al., 2005). With the union of spike proteins, the
virus pathogen seems as a trimeric form that provided a crown-
like appearance, due to this it is commonly known as a coronavirus
(Belouzard et al., 2012). It has been reported that the S1 domain of
spike protein and dipeptidyl peptidase-4 (DPP4) for Middle East
Respiratory Syndrome Corona Virus (MERS-CoV) and host receptor
ACE-2 for SARS-CoV-2 involved in viral and host cell membrane
fusion and facilitate the S2 domain-mediated entry to the host cell
(Rehman et al., 2020b; Jamal et al., 2021). Moreover, the host cell
produces an immunological response against the virus S protein.
It is thought that spike protein is a potential target for drug discov-
ery and research (Li, 2016). The hydroxychloroquine, chloroquine,
and antiviral drugs like favipiravir, remdesivir, ritonavir, lopinavir,
and oseltamivir have been studied by computational docking to
screen out their potential against virus SARS-CoV-2 spike protein.

Vaccination therapy has been developed and used recently to
treat COVID-19 disease. FDA- approved some repurposing drugs
have been tested with nanoparticles (NPs) as adjuvants. NPs tech-
nological tested combination has been reported with some serious
side effects and continuous efforts are going on in search of new
molecules as well as a new therapy. The anticovid-19 therapeutic
potential of some natural molecules like Berbamine, cepharan-
thine, fangchinoline, and tetrandrine), saponins and triterpenes
(glycyrrhizin), glycyrrhizinic acid, anthraquinones (hypericin),
saikosaponins, (rutin and quercetin like flavonoids and FDA
approved some repurposing drugs have been described (Gomez
et al., 2021). The significant interacting potential of doxorubicin
against SARS-CoV-2 main protease through docking and simula-
tion studies was also reported (Jamal et al., 2021). Urolithin, an
active chemical of pomegranate has been reported to interact with
virus protease and peptidase more significantly as compared to
repurposing drugs (Ahmad et al., 2020).

The interaction studies with spike protein, molecular dynamics
simulation, and potential of drug candidates like doxorubicin yet
not have been reported. Therefore, this study is the first study to
find out the potentiality of the Food and Drug Administration
(FDA) approved drugs to manage the COVID-19 disease more
significantly.
2. Material and methods

2.1. Drug compounds preparation

The physicochemical and 2 Dimensional (2D) structural infor-
mation of FDA approved drugs azithromycin (CID:447043), dox-
orubicin (CID:31703), exemestane (CID:60198), gatifloxacin
(CID:5379), sulbactam (CID:130313), and tobramycin
(CID:36294) (Table 1) were accessed and downloaded from Pub-
Chem Database provided by National Center for Biotechnology

Information (NCBI) (https://pubchem.ncbi.nlm.nih.gov/). The 2D
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drugs chemical structure need to be further converted to Protein
Data Bank (PDB) (https://www.rcsb.org/) (Berman et al., 2000)
files, hence the 2D files were converted into three dimensional
(3D) PDB files using Open Babel online platform (O’Boyle et al.,
2011) and further, prepared 3D spike protein PDB file was energy
minimized by choosing the CHARMm forcefield from the simula-
tion module in Discovery Studio Visualizer 2020 (Brooks et al.,
2009; Dassault Systèmes BIOVIA, 2020).
2.2. Spike protein preparation as a receptor

The 3D structures of SARS-CoV-2 spike ectodomain (open state)
(PDB: 6VYB with Resolution: 3.20 Å) (Fig. 1) (Walls et al., 2020)
was accessed and downloaded from the PDB database (Berman
et al., 2000). In order to prepare a downloaded 3D crystal structure
for molecular docking-based interaction studies, it is required to
remove the water molecules and HETATM from the native 3D
structure. Also, active site of the pre-bonded ligand molecules
was taken after visualizing the 3D structure and active site of the
amino acid residues information found in order to utilized during
docking of the drugs on the analyzed binding site. Further, all edit-
ing of 3D structure and energy minimization was done after imple-
menting CHARMm forcefield by simulation protocol available in
Discovery Studio Visualizer 2020 (Brooks et al., 2009; Dassault
Systèmes BIOVIA, 2020).
2.3. Drugs-spike protein interaction analysis

MGL tool AutoDock 4.2 has been utilized for the calculation of
binding affinity between drug compounds and spike protein. Auto-
Dock molecular docking method follows Lamarckian Genetic Algo-
rithm (LGA) as a scoring function. Molecular docking methods
followed by searching the top conformation of drug compounds
and receptor (i.e. protein or enzyme) complex by utilizing the fol-
lowing formula in order to calculate the final binding energy (DG).

DG binding ¼ DGgaussþ DGrepulsionþ DGhbond

þ DGhydrophobic þ DGtors

Here, DG gauss: attractive term for dispersion of two gaussian
functions, DGrepulsion: square of the distance if closer than a
threshold value, DGhbond: ramp function - also used for interac-
tions with metal ions, DGhydrophobic: ramp function, DGtors:
proportional to the number of rotatable bonds (Morris et al.,
1998; Jamal, 2020).

Furthermore, water molecules were deleted from the selected
SARS-CoV-2 spike protein (PDB: 6VYB) native PDB file. Hydrogen
atoms were added, Kollman united charges, and solvation parame-
ters were also implemented to the spike protein. drug compounds
were charged by Gasteiger charge. The Grid box was set to cover the
maximum part of the spike protein and drug compounds. The val-
ues were set to 60 � 60 � 60� in X, Y, and Z-axis of a grid point. The
values for XYZ coordinates were set as 175.032, 253.721, and
217.497, respectively. The default grid points, spacing was set as
0.375 Å. The default LGA parameters population size (ga_pop_size),
energy evaluations (ga_num_generation), mutation rate, crossover
rate and step size were set to 150, 2500000, 27000, 0.02, 0.8 and
0.2 Å, respectively. Finally, 10 LGA runs were executed (Morris
et al., 2009; Haneef et al., 2014). After LGA execution, the spike
protein and drug compounds complexes were prepared after
extraction of the total binding energy and inhibition constants data
from the AutoDock output files. 3D visualization analysis of the
complexes and observation of different types of interactions was
performed using Discovery Studio Visualizer 2020 (Dassault
Systèmes BIOVIA, 2020; Jamal, 2020).

https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/


Table 1
Details of selected drugs with their physicochemical information for the molecular interaction analysis.

S.
No.

Drug Name Molecular
Formula

Molecular
Weight

Chemical Structure SMILES IDs PubChem
IDs

Azithromycin C38H72N2O12 749 g/mol CCC1C(C(C(N(CC(CC(C(C(C(C(C(=O)O1)C)OC2CC(C(C(O2)C)O)(C)
OC)C)OC3C(C(CC(O3)C)N(C)C)O)(C)O)C)C)C)O)(C)O

CID:447043

Doxorubicin C27H29NO11 543.5 g/mol CC1C(C(CC(O1)OC2CC(CC3 = C2C(=C4C(=C3O)C(=O)C5 = C(C4 = O)
C(=CC = C5)OC)O)(C(=O)CO)O)N)O

CID:31703

Exemestane C20H24O2 296.4 g/mol CC12CCC3C(C1CCC2 = O)CC(=C)C4 = CC(=O)C = CC34C CID:60198

Gatifloxacin C19H22FN3O4 375.4 g/mol CC1CN(CCN1)C2 = C(C = C3C(=C2OC)N(C = C(C3 = O)C(=O)O)
C4CC4)F

CID:5379

Sulbactam C8H11NO5S 233.24 g/mol CC1(C(N2C(S1(=O) = O)CC2 = O)C(=O)O)C CID:130313

Tobramycin C18H37N5O9 467.5 g/mol C1C(C(C(C(C1N)OC2C(C(C(C(O2)CO)O)N)O)O)OC3C(CC(C(O3)CN)
O)N)N

CID:36294

Fig. 1. Showing the 3D crystal structure of SARS-CoV-2 spike ectodomain structure
(open state) (PDB: 6VYB).
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2.4. MDS experimentation

Based on the final intermolecular interaction energies output
generated from the AutoDock tool, we have selected the
Doxorubicin-Spike protein receptor-binding domain (RBD) com-
plex needs to be further analyzed through MDS. Hence, the MDS
4562
has performed for 50 (ns) simulation using GROningen MAchine
for Chemical Simulations (GROMACS) tool 2018 version developed
by the University of Groningen, Netherlands (Van Der Spoel et al.,
2005).

pdb2gmx module was used to generate the required Spike RBD
(PDB:6VYB) topology file followed by CHARMM27 all-atom force-
field selection. Also, doxorubicin topology files were prepared
and downloaded from the SwissParam server (Zoete et al., 2011).

A triclinic-shaped water molecules-filled solvation unit cell was
built. Addition of Na+ and Cl� ions was done for stabilization of the
system followed by energy minimization. Equilibrium setup of the
system containing Doxorubicin-Spike RDB complex required and it
was done followed by two-step ensembles NVT (constant number
of particles, pressure, and temperature) and NPT (constant number
of particles, pressure, temperature) (Jamal et al., 2021). All neces-
sary ensembles deliver control over temperature, pressure cou-
pling provides steadfastness and stabilization of the system
during the whole simulation (Gupta et al., 2020). GORMACS have
many inbuilt packages, for Doxorubicin-Spike RBD complex MDS
analysis, gmx rms was utilized for Root Mean Square Deviation
(RMSD) (Kufareva and Abagyan, 2012), gmx rmsf for Root Mean
Square fluctuation (RMSF), gmx gyrate for the complete assess-
ment of Radius of Gyration (Rg) (Kuzmanic and Zagrovic, 2010)
and gmx hbond for the calculation of numbers of hydrogen-bond
(Hbond) formed during the interaction. In the last, after 50 ns
MDS, output trajectory files analyzed and graph plots were gener-
ated using Xmgrace program (Turner, 2005).



Qazi Mohammad Sajid Jamal, V. Ahmad, Ali H Alharbi et al. Saudi Journal of Biological Sciences 28 (2021) 4560–4568
3. Results

Molecular interaction analysis needs pre-processing and editing
of datasets downloaded from the structural database before pro-
viding them as an input for the AutoDock tool. Therefore, required
preparation of drug compounds and native spike protein 3D struc-
ture (PDB: 6VYB) were edited and energy minimized by CHARMm
forcefield by Discovery Studio Visualizer 2020 (Brooks et al., 2009;
Dassault Systèmes BIOVIA, 2020).

Molecular docking results further analyzed on the basis of bind-
ing energy, inhibition constants, and Hbond formation while drug
compounds interact with spike protein as a receptor (Ferreira et al.,
2015). The molecular interaction results of repurposing drugs with
virus spike protein, observed by docking experimentation are rep-
resented in Table 2. The repurposing drugs showed significant
binding interaction efficiency with SARS-CoV-2 spike protein and
could interfere with the virus entry into the host cell.

Azithromycin interacted to spike protein (PDB: 6VYB) with total
intermolecular energy �4.60 kcal/mol, inhibition constant 832.15
uM, 4 Hbonds (A:ARG214:HH21 - :UNK1:O20, :UNK1:H - A:
TYR28:O, :UNK1:C31 - A:ASP215:OD1, :UNK1:C31 - A:ASP215:
OD2) formed with lengths of 1.72, 1.67, 3.11 and 2.98 Angstrom
(Å), respectively. Ala27, Tyr28, Thr29, Asn30, Trp64, Arg214, and
Asp215 amino acid residues are involved in hydrophobic interac-
tion (Table 2). The interacting amino acid could be involved in
the formation of a binding pocket for azithromycin. Moreover, azi-
thromycin has also been reported to interact with ACE-2 receptor
as hydroxychloroquine significantly (Oldenburg and Doan, 2020).

Doxorubicin showed a significant binding affinity with
�6.38 kcal/mol, inhibition constant 98.42 uM, and 5 Hbonds (:
UNK1:H66 - A:ASP215:OD2, :UNK1:H67 - A:ASP215:OD1, :UNK1:
H65 - A:TYR28:O, :UNK1:C6 - A:ASP215:OD2, :UNK1:C2 - A:
ASP215:OD1) formed with the lengths of 1.83, 2.31, 1.80, 3.30
and 3.42 Å, respectively. Tyr28, Thr29, Asn30, Phe32, Phe59,
Trp64, Arg214, Asp215, Gln218 amino acids were involved in
hydrophobic interaction (Fig. 2a, b, Table 2). Also, other interac-
tions were observed. Thr29 was forming Amide Pi-stacked. Asn30
was involved in Pi-Sigma bond and Phe32 and Phe59 were
involved in Pi-Alkyl contacts (Fig. 2b). Exemestane has shown a
binding affinity �5.49 kcal/mol, inhibition constant 94.22 uM, sin-
gle Hbond (A:ARG214:HH11 - :UNK1:O11) formed with the length
of 2.02 Å. Phe140, Ala27, Trp64, Phe65, His66, Ile68, Arg214 amino
acids were involved in hydrophobic interaction (Fig. 2c, d, Table 2).
After analyzing complex interaction it was also found that Ala27,
Trp64, His66, Ile68 were forming Alkyl and Pi-Alkyl bonds
(Fig. 2d). Gatifloxacin interacted with �5.54 kcal/mol, inhibition
constant 476.05 uM, 2 Hbonds (:UNK1:H38 - A:ASP215:OD2 and
A:TYR28:HN - :UNK1) with the length of 1.74 and 2.66 Å. Ala27,
Tyr28, Thr29, Asn30, Trp64, Arg214, Asp215 amino acids were
involved in hydrophobic interaction (Fig. 2e, f, Table 2). Apart from
traditional conventional bonds other types of interactions were
also observed. Ala27 was forming the Pi-Alkyl bond. Tyr28 was also
involved in Pi-Lone pairing and Arg214 was forming a halogen-
fluorine interaction (Fig. 2f).

Sulbactam showed binding energy �5.47 kcal/mol, inhibition
constant 112.85 uM, and 4 Hbonds (A:ALA27:HN2 - :UNK1:O13,
A:ALA27:HN3 - :UNK1:O14, A:HIS66:HN - :UNK1:O7, :UNK1:H23
- A:TRP64:O) formed with the lengths of 1.96, 1.75, 2.02 and
2.01 Å, respectively. Ala27, Thr63, Trp64, Phe65, His66 amino acids
were involved in hydrophobic interaction (Table 2).

Binding energy has also been observed during Tobramycin and
spike protein interaction. It was �5.25 kcal/mol, inhibition constant
52.94 mM and 10 Hbonds (A:ASN30:HN - :UNK1:O19, A:ARG214:
HH21 - :UNK1:O14, :UNK1:H49 - A:TYR28:O, :UNK1:H50 - A:
TYR28:O, :UNK1:H53 - A:ASP215:OD2, :UNK1:H66 - A:ASP215:
4563
OD1, :UNK1:H66 - A:LEU216:O, :UNK1:H67 - A:ASP215:OD1, :
UNK1:C4 - A:ASP215:OD2, :UNK1:C12 - A:TYR28:O) formed with
the length of 2.05, 2.82, 2.10, 2.95, 1.90, 2.35, 2.21, 2.08, 3.75 and
3.05 Å, respectively. Tyr28, Thr29, Asn30, Phe32, Trp64, Leu212,
Arg214, Asp215, Leu216, Pro217, Gln218 amino acids were
involved in hydrophobic interaction (Table 2). It was also observed
that Leu212 and Pro217 were involved in Alkyl interaction.

Besides the ionic interactions as positively and negatively
charged amino acids are observed to interact with spike protein.
Moreover, it was also facilitated by the hydrophobic interaction
due to Trp64, involved in Pi-Alkyl interaction. Thus, the interacting
bonds are believed to form the stronger interaction to stabilize the
drug-spike protein complex and could beneficial to stop the entry
of the virus into the host cellular system using these drugs.

At the next level, 50 ns MDS output shown that RMSD values
were ranged between 2.5 and 3.0 nm (Fig. 3a). RMSF calculation
per residues has shown an average value between 0.5 and
1.5 nm. Few fluctuations were observed at 300–350 and the high-
est fluctuation was observed around 460–480 amino acid residues
regions (Fig. 3b). The hydrogen bond plot showed the formation of
1–4 hydrogen bonds during the 20,000–45,000 ps period (Fig. 3c).
The radius of gyration analysis provides the details of the assess-
ment of the compactness and stability of spike protein structure
during the whole simulation period due to the availability of drug
compounds. The observed value of Rg was between 3.75 and
5.50 nm. The Rg plot showed that the most of time compactness
was maintained with the value near 5.0 nm except sudden
decrease at the time of 30,000–40,000 ps (Fig. 3d) after that regain
stability until 50,000 ps.

4. Discussion

The interaction energies analyzed from the in silico study of
SARS-CoV-2 spike protein (PDB: 6VYB) with repurposing drugs
were found high (7–8 (<4–5.5 kcal/mol) as compared to previously
reported antiviral drugs Ritonavir, Oseltamivir, Remdesivir, Riba-
virin, Chloroquine, Hydroxychloroquine, Favipiravir (<4–5.5 kcal/-
mol) (Narkhede et al., 2020).

The virus spike protein, a glycoprotein identified, binds with
ACE-2 receptors and facilitates the entry of SARS-CoV-2 into the
host cell. Then, bonded complex, spike protein-ACE-2 undergone
some conformational changes to perform fusions supported by
spike surface protease, TM protease serine 2 (TMPRSS2) and help
the virus to activate the spike protein which facilitates the access
of SARS-CoV-2 into the host cell (Pandey et al., 2020). The spike
protein has been recognized with S1 and S2 domains which facili-
tate the binding and fusion respectively. (Huang et al., 2020).

This study signified that doxorubicin, exemestane, and gati-
floxacin significantly interacting with the binding as well as the
fusion domain of spike protein. Doxorubicin has been observed
with maximum binding interaction with S protein. Recently,
Jamal et al. (2021) also described the virus protease and peptidase
inhibitory potential of doxorubicin.

The docking results indicated that the inhibitory potential of
screened drugs could be due to hydrogen bonding and the involve-
ment of many amino acids that facilitate the covalent, ionic as well
as hydrophobic interaction. Angiotensin convertase enzyme 2 and
its receptor work as a cellular doorway for SARS-CoV-2 entrance in
the host cell through facilitating binding of the spike protein. The
protein modeling of the RBD of the virus spike protein described
that spike protein has interacted significantly with humanoid
ACE-2. Moreover, ACE-2 protein expressed HeLa cells were
reported more susceptible to COVID-19 infection while HeLa cells
lacking ACE-2 protein expression they were found infection free
with the virus (Xu et al., 2020).



Table 2
Showing docking results of selected drugs with receptor SARS-CoV-2 spike protein (PDB: 6VYB). Where vdW = Van der Waals, Hbond = Hydrogen bond, and desolv
Energy = desolvation energy and in Hbond name column UNK1 = selected drug compounds.

S.
No.

Drug Name Final
Intermolecular
Energy
(Kcal/mol)

vdW + Hbond + desolv
Energy (Kcal/mol)

Electrostatic
Energy
(Kcal/mol)

Inhibition
Constant

Hbond
name

Hbond
length
(Angstrom)

Residues involved in
hydrophobic interaction

1. Azithromycin �4.60 �4.83 +0.23 832.15 uM A:ARG214:
HH21 - :
UNK1:O20

1.72 Ala27,Tyr28,Thr29,Asn30,Trp64,
Arg214,Asp215

:UNK1:H - A:
TYR28:O

1.67

:UNK1:C31 -
A:ASP215:
OD1

3.11

:UNK1:C31 -
A:ASP215:
OD2

2.98

2. Doxorubicin �6.38 �5.35 �1.04 98.42 uM :UNK1:H66 -
A:ASP215:
OD2

1.83 Tyr28,Thr29,Asn30,Phe32,Phe59,
Trp64,Arg214,Asp215,Gln218

:UNK1:H67 -
A:ASP215:
OD1

2.31

:UNK1:H65 -
A:TYR28:O

1.80

:UNK1:C6 -
A:ASP215:
OD2

3.30

:UNK1:C2 -
A:ASP215:
OD1

3.42

3. Exemestane �5.49 �5.37 �0.12 94.22 uM A:ARG214:
HH11 - :
UNK1:O11

2.02 Ala27,Trp64,Phe65,His66,Ile68,
Arg214

4. Gatifloxacin �5.54 �3.62 �1.92 476.05 uM :UNK1:H38 -
A:ASP215:
OD2

1.74 Ala27, Tyr28,Thr29,Asn30,Trp64,
Arg214,Asp215

A:TYR28:HN
- :UNK1

2.66

5. Sulbactam �5.47 �3.05 �2.42 112.85 uM A:ALA27:
HN2 - :
UNK1:O13

1.96 Ala27,Thr63,Trp64,Phe65,His66

A:ALA27:
HN3 - :
UNK1:O14

1.75

A:HIS66:HN
- :UNK1:O7

2.02

:UNK1:H23 -
A:TRP64:O

2.01

6. Tobramycin �5.25 �4.80 �0.46 52.94 mM A:ASN30:HN
- :UNK1:O19

2.05 Tyr28,Thr29,Asn30,Phe32,Trp64,
Leu21,Arg214,Asp215,Leu216,
Pro217, Gln218A:ARG214:

HH21 - :
UNK1:O14

2.82

:UNK1:H49 -
A:TYR28:O

2.10

:UNK1:H50 -
A:TYR28:O

2.95

:UNK1:H53 -
A:ASP215:
OD2

1.90

:UNK1:H66 -
A:ASP215:
OD1

2.35

:UNK1:H66 -
A:LEU216:O

2.21

:UNK1:H67 -
A:ASP215:
OD1

2.08

:UNK1:C4 -
A:ASP215:
OD2

3.75

:UNK1:C12 -
A:TYR28:O

3.05
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Fig. 2. Showing the 3D interaction of SARS-CoV-2 spike protein (in rainbow color with ribbon pattern) with a (Doxorubicin), c (Exemestane) and e (Gatifloxacin). b
(Doxorubicin), d (Exemestane), and f (Gatifloxacin) showing 2D graphical representation amino acid residues involved in hydrophobic interaction (shown by different color in
a sphere) and different color dotted line showing different types of bonding including hydrogen bonds formation during drug and spike protein interaction. All drug
compounds shown by grey color in the center with stick pattern. 3D and 2D graphics were generated by Discovery Studio Visualizer 2020.
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The drugs have been found to interact with the receptor-
binding domain of the S1 unit but the exact interacting amino acid
between ACE-2 and S1 needs to be explored (Chen et al., 2020). The
docking analysis was found that the doxorubicin drug has the high-
est docking interaction to counter COVID-19 through spike protein,
4565
followed by exemestane and gatifloxacin. Doxorubicin has also
represented potential interaction that could be involved to interact
with many macromolecules, and inhibit macromolecular biosyn-
thesis required for activation and fusion. Doxorubicin, exemestane,
and gatifloxacin could interact strongly with the spike S1 domain



Fig. 3. Graphical representation showing a RMSD plot of Doxorubicin-Spike RBD complex deviation during 50 ns period; b RMSF plot with fluctuation per residue; c
Hydrogen bond plot showing formation of hydrogen bonds during 50000 ps period; d Radius of gyration (Rg) plot showing compactness of Spike RBD molecule during 50 ns
simulation. Where nm = nanometer; ns = nanoseconds; ps = picoseconds.
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of the virus to offer greater stability to the complex that could facil-
itate to inhibit the attachment and entry of SARS-CoV-2 into the
host cell. Recently, spike protein’s RBD model was tested to neu-
tralize the SARS-CoV-2 with repurposing drugs like Azithromycin
(Macrolides), Doxycycline, antiviral drugs like Tenofovir, Oseltami-
vir, Telbivudine, Zanamivir, Stavudine, Zalcitabine, Remdesivir -
ATPase analog), synthetic peptide Colistin and Emblicanin A, natu-
ral compounds (Toor et al., 2021).

The docking studies with spike protein and hydroxychloro-
quine, chloroquine have also been reported with significant inter-
action to interact with spike protein. Since these drugs have been
approved by FDA, it is suggested that studied drugs could be used
against COVID-19 alone or in combination with other drugs (Al-
Bari, 2017; Yao et al., 2020; Gautret et al., 2020). Previously con-
ducted in vitro and clinical trial studies on COVID-19 patients
explored the significant efficacy of combination drugs Azithromy-
cin and Hydroxychloroquine against COVID-19 disease. The
recently reported docking interaction of Hydroxychloroquine also
supported the observed results of this study.
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Furthermore, 50 ns MDS experimentation observed parameters
like RMSD, RMSF, Rg, and formation of hydrogen bonds plot inter-
pretation, revealed deviation and fluctuation of the Doxorubicin-
Spike RBD complex during the whole simulation period. Observed
RMSD values were between 2.5 and 3.0 nm after 5 ns complex
gained stability until 25 ns after that small fluctuation observed
between 25 and 30 ns but again around 35 ns until 50 ns stability
regained by Doxorubicin-Spike RBD complex. Overall Rg analysis
suggested that the Doxorubicin-Spike RBD complex was stable
during 15,000–35,000 ps MDS with some fluctuations.

5. Conclusion

The interaction of doxorubicin was much high with the spike
protein as compared to the other analyzed drugs. The computa-
tional studies provided possible types of bonds involved in the
doxorubicin-spike complex that favors the stable bindings and pro-
motes pathogen entry and multiplication. The drug doxorubicin
has the highest binding energy (binding affinity) with COVID-19



Qazi Mohammad Sajid Jamal, V. Ahmad, Ali H Alharbi et al. Saudi Journal of Biological Sciences 28 (2021) 4560–4568
spike protein which was validated with RMSD, RMSF, Rg, and
Hbond plots data generated by MDS analysis. Thus, further
research on doxorubicin could be beneficial to manage disease by
inhibiting the spike protein RBD mediated viral entry to the host
cell. So, we suggest conducting in vitro and in vivo antiviral poten-
tial of these drugs against the virus could be effective in the pre-
vention of COVID-19.
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