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Abstract

Coronavirus disease (COVID-19) is an emerging pandemic that threatens the world since the early days of 2020. Development of
vaccines or new drugs against COVID-19 comprises several stages of investigation including efficacy, safety, and approval
studies. A shortcut to this delicate pathway is computational-based analysis of FDA-approved drugs against assigned molecular
targets of the coronavirus. In this study, we virtually screened a library of FDA-approved drugs prescribed for different thera-
peutic purposes against versatile COVID-19 specific proteins which are crucial for the virus life cycle. Three antibiotics in our
screening polymyxin B, bafilomycin A, and rifampicin show motivating binding stability with more than one target of the virus.
Another category of tested drugs is oral antiseptics of mouth rinsing solutions that unexpectedly exhibited significant affinity to
the target proteins employed by the virus for attachment and cell internalization. Other OTC drugs widely used and tested in our
study are heartburn drugs and they show no significant binding. We tested also some other drugs falling under the scope of
investigation regarding interference with a degree of severity of COVID-19 like angiotensin II blockers used as antihypertensive,
and our study suggests a therapeutic rather than predisposing effect of these drugs against COVID-19.
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Introduction

Since the early days of 2020, the world is gripped by a
COVID-19 pandemic caused by the highly contagious acute
respiratory syndrome coronavirus 2 (SARS CoV-2). First, an
unknown pneumonia case was detected in Wuhan, province
of Hubei in China on December 12, 2019, then a frequent
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number of cases complained of the related symptoms of dry
cough, fever, shortness of breath, and fatigue, that quickly
progressed into pneumonia ending up with acute respiratory
distress syndrome (ARDS) in 5% of the patients (Chen et al.
2020; Chan et al. 2020; Zhou et al. 2020; Huang et al. 2020).
On January 7, the Chinese Centers for Disease Control and
Prevention (CDC) announced that a novel coronavirus was
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Table 1 The chemical structures of the tested drugs
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identified after whole-genome sequencing of throat swabs and
samples obtained from the lower respiratory tract of patients
(Zhu et al. 2020; Lu et al. 2020). In February 2020, the World

Health Organization (WHO) named it coronavirus disease-19
(COVID-19) officially, then it declared a pandemic on
March 12, 2020 (World Health Organization 2020).
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Table 1 (Continued)
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By the 3rd of May, 2021, the total number of cases diag-
nosed with COVID-19 in the world exceeded 153 million,
while the total number of recovered cases was more than
131 million, whereas more than 3,200,000 deaths were report-
ed (Coronavirus Update (Live): https://www.worldometers.
info/coronavirus - Worldometer, 2021).

In response to this extraordinary pandemic, worldwide re-
search institutes are sprinting to find effective drugs or poten-
tial vaccines for COVID-19. There are over 150 vaccines and
more than 300 drugs that are under investigation for COVID-
19; however, till now, no approved treatments were fully
protocolled; on the other hand, mixed point of views regarding
efficacy and safety conflict the recently developed vaccines
(Pooladanda et al. 2020; Mullard 2020; Sharpe et al. 2020;
Thanh Le et al. 2020; Knoll and Wonodi 2020; Polack et al.
2020; Ramasamy et al. 2020; Voysey et al. 2020). Few vac-
cines have been successfully developed against COVID-19
(Forni and Mantovani 2021), but the major challenge is the
production of sufficient doses enough to vaccinate at least
50% of the world population in one hand and the fair distri-
bution among countries on the other hand, aside from the
emergence of mutated strains of SARS-CoV-2 virus in some
countries like the UK, South Africa, Brazil, and India which
may require further investigation to examine the effectiveness
of the developed vaccines against the emerged mutants of

COVID-19 (Gémez et al. 2021; Hu et al. 2021; Wise 2020;
Tegally et al. 2020). All the abovementioned challenges ne-
cessitate the design of potential and specific anti-COVID-19
drugs.

Computational aided analysis and virtual screening
through molecular docking of FDA-approved drugs rescued
long way of research to design novel drugs particularly during
periods of emerging pandemics, saved the time required for
safety and approval studies, and widened the data base avail-
able for screening (Murgueitio et al. 2012). Molecular docking
has been employed in structure-based drug design against
emerging viruses (Elhefnawi et al. 2012; Plewczynski et al.
2007; Zhou et al. 2008; Raj and Varadwaj 2016).

Based on reported or repurposed anti COVID-19 effects of
similar antiparasitic, antimicrobial drugs or drugs that belong
to the same medicinal or chemical category like macrolides
(Caly etal. 2020; Paccoud et al. 2020; Gautret et al. 2020; Pani
et al. 2020; Mahase 2020; Meyerowitz et al. 2020; Ren et al.
2020; Malek et al. 2020), we selected 20 drugs that were not
previously assigned by molecular docking against COVID-
19. We included in our study some OTC drugs prescribed
routinely for heartburn like ranitidine and famotidine, or a
common constituent as mucolytics in cough syrups or oral
antiseptics in lozenges and mouth washes like ambroxol,
bromhexine, chlorhexidine, domiphen, and dequalinium,

Table 2 The collective docking scores for the best pose for each of the tested drugs with the reported binding site of the four proteins

Protein: SR7Y 6LZG 6VSB 6W4H
Tested drug COVID-19 main novel coronavirus spike Prefusion 2019-nCoV NSP16-NSP10 Complex
protease enzyme receptor-binding domain spike glycoprotein from SARS-CoV-2
1- Ambroxol —5.522 —6.189 —4.821 —6.432
2- Bafilomycin A1 —7.622 -8.470 —6.591 —7.813
3- Bromhexine —5.450 —6.260 —4.841 —5.948
4- Chlorhexidine —-7.877 —-8.697 —6.588 —8.349
5- Dequalinium —8.168 —=7.720 —5.963 —7.938
6- Domiphen -7.079 -7.275 —5.860 —7.101
7- Famotidine —6.297 —6.331 -5.377 —6.666
8- Gemifloxacin —6.337 —7.442 —5.680 —7.230
9- Indomethacin —6.586 —6.804 —5.318 —6.503
10- Isoniazid -4.319 —4.612 —4.114 —4.963
11- Levamisole —5.006 —s5.389 —4.484 —5.018
12- Losartan —7.085 —7.764 —5.632 —7.533
13- Pentamidine —6.888 —7.304 —5.966 —7.265
14- Polymyxin B —9.388 —10.831 -7.393 —9.831
15- Proguanil =5.970 —6.232 —=5.050 =5.950
16- Pyrimethamine —5.352 —5.581 —4.641 =5.902
17- Ranitidine —6.312 —6.950 —5.324 —6.728
18- Rifampicin —-8.679 —8.049 —6.896 —7.824
19- Trimethoprim —6.393 —6.407 —5.138 —6.555
20- Valsartan —6.837 -7.979 -5.917 —7.879
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since many queries are coming up regarding possible protec-
tive or medicinal effect of these chemicals against SARS-
CoV-2 virus (Carrouel et al. 2020; Freedberg et al. 2020;
Janowitz et al. 2020; Sen Gupta et al. 2020). In the same
screening, we investigated competitive angiotensin II receptor
type 1 (ACE2 T1) antagonists losartan and valsartan that have
been widely used for treatment of high blood pressure, since
the SARS-CoV?2 virus binds to the ACE2 receptors, and more
concerns come up regarding the susceptibility of patients
using this kind of drugs to the novel coronavirus, SARS-
CoV-2 (Annweiler et al. 2020; Gurwitz 2020; Magrone et al.
2020; Wu et al. 2020; Marin 2020).

Methodology

Three-dimensional (3D) structures of all tested compounds
(Table 1) were drawn into ChemBioOffice suite, energy min-
imized to the lowest energy conformer; the crystallized

Fig. 1 3D binding modes of
drugs with the highest binding
scores with COVID-19 main
protease enzyme (pdb: SR7Y). a
Polymyxin B. b Rifampicin. ¢
Dequalinium chloride. d
Chlorhexidine

(b)
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protein structures of the novel coronavirus including
COVID-19 main protease (PDB ID:5R7Y) (Douangamath
et al. 2020), novel coronavirus spike receptor-binding domain
(PDB ID:6LZG) (Wang et al. 2020), prefusion 2019-nCoV
spike glycoprotein (PDB ID:6VSB) (Wrapp et al. 2020), and
the non structural protein complex NSP16-NSP10 Complex
(PDB ID:6W4H) (Rosas-Lemus et al. 2020) were obtained
from the protein data bank. The docking process was done
using Molecular Operating Environment software (MOE).
The compounds were prepared with the standard protocol
designated in MOE 2019.01. However, the energy of the
docked structures was minimized using MMF94FX forcefield
with a gradient RMS 0of 0.001 kcal/mol, then the protein struc-
ture was prepared by using the MOE LigX protocol. The
ligands were then docked in the binding site using the
Triangle Matcher placement method with 100 runs for each
ligand. Refinement was carried out using London dG
Forcefield and scored using the GBVI/WSA dG scoring sys-
tem. Finally, the resulting docking poses were visually

(d)
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inspected, and the pose of the lowest binding free energy value
was considered.

Results and discussion

We investigated in silico binding of these collection of drugs
against crucial proteins implicated in the life cycle of the novel
coronavirus including COVID-19 main protease SR7Y essen-
tial for processing the polyproteins that are translated from the
viral RNA, novel coronavirus spike receptor-binding domain
6LZG essential for attaching the virus particles to host cell
receptors, prefusion 2019-nCoV spike glycoprotein 6VSB
that initiates virus internalization by fusing virus membrane
to host cell membrane, and the non structural protein complex
NSP16-NSP10 Complex 6W4H from SARS-CoV-2 that
plays an important role in virus genome replication and eva-
sion from innate immunity.

Docking of the selected drugs against the COVID-19 main
protease enzyme SR7Y showed the best binding for the cyclic
non ribosomal antibiotic polymyxin B with the highest
docking score followed by the macrocyclic polyketide antibi-
otic rifampicin, then the quaternary ammonium compound
dequalinium chloride (Fig. 1). Also, the biguanide chlorhexi-
dine and the macrolide antibiotic bafilomycin Al showed

Fig. 2 3D binding modes of
drugs with the highest binding
scores with coronavirus spike-
binding domain complexed with
its receptor ACE2 (pdb: 6LZG). a
Polymyxin B. b Chlorhexidine, ¢
Bafilomycin Al. d Rifampicin

good binding as visualized by the predicted binding modes
(Fig. 1), while isoniazid and levamisole showed the least bind-
ing score with the target receptor (Table 2). Analysis of
modeled protein-ligand architecture of the best fit orientation
allowed to recognize the specific amino acids involved in the
ligand binding to get this stable complex; the binding simula-
tion of the high score tested compounds uncovered a package
of polar amino acids including Thr45, Ser 46, Thr25, Cys44,
His41, and Met49 that participate in these interactions and
constitute the binding pocket; most of the formed complexes
are stabilized via hydrogen bonding (Fig. 1). In line with our
findings, polymyxin B, rifampicin, and chlorhexidine have
been repurposed as SARS-CoV-2 main proteinase inhibitors
in other studies that followed comparable in silico approaches
(Maffucci and Contini 2020; Pathak et al. 2020; Sette-De-
Souza et al., 2021).

Looking at the docking simulation of the tested drugs
against the coronavirus spike receptor-binding domain com-
plexed with ACE2 receptor 6LZG, by analyzing the binding
scores for the best fitting poses of each drug (Table 2), we
found that polymyxin B again yielded a complex with the
highest binding affinity, followed by chlorhexidine,
bafilomycin Al, and rifampicin (Fig. 2). Amino acids
GIn102, Asn210, GIn98, and Glu208 were repeatedly detect-
ed in the binding models of different ligands. Preferential
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binding of polymyxin B and chlorhexidine was detected in
similar studies (Maffucci and Contini 2020; Sette-De-Souza
etal., 2021).

Next, we performed further docking simulation against
the essential internalization factor Prefusion 2019-nCoV
spike glycoprotein 6VSB. According to the docking
scores observed for the best fitting orientation (Table 2),
the ligands order regarding complex stability almost mim-
ic binding complexes obtained with the spike receptor-
binding domain 6LZG exhibiting the following order
polymyxin B, rifampicin, bafilomycin A, and chlorhexi-
dine (Fig. 3), which spot the light on possible roles of
these drugs to block virus attachment through binding
the viral spike proteins and virus internalization. The oth-
er drugs showed moderate to mild binding with the men-
tioned protein. The interacting amino acids that are mostly
involved in the ligand binding include Ala706, Asn717,
GIn1071, Glul072, and Asn1074.

Finally, we extended our docking screen of the twenty
drugs against the Crystal Structure of NSP16-NSP10
Complex from SARS-CoV-2 6W4H employed by the virus
to escape from the immune system. Several drugs showed
good binding with the assigned protein; however, the highest
docking scores were calculated for polymyxin B followed by
chlorhexidine, dequalinium chloride, valsartan, rifampicin,

Fig. 3 3D binding modes of
drugs with the highest binding
scores with Prefusion 2019-nCoV
spike glycoprotein (pdb: 6VSB).
a Polymyxin B. b Rifampicin. ¢
Bafilomycin Al. d Chlorhexidine

@ Springer

and bafilomycin A1 (Fig. 4); the amino acid interactions that
support the predicted binding include Asn6841, Tyr6930,
Tyr6845, Gly6871, Cyc6913, Ala6870, and Gly6869 that
configure the binding pocket through hydrogen bonding and
arene-arene stacking (Fig. 4). While most of the screening
approaches designed for COVID-19 commonly test the bind-
ing affinity of several candidates against a single COVID-19
substrate, our study utilized a wider approach where the same
candidate is tested against more than one substrate; the select-
ed functional proteins play key roles in the life cycle of the
virus from the entry and attachment to the cell membrane to
virus nucleic acid replication and virus maturation. Our study
mapped novel sites of interaction that were not identified by
other studies (Maffucci and Contini 2020; Pathak et al. 2020;
Sette-De-Souza et al., 2021). Based on our results, we hypoth-
esized that polymyxin B, the most promising candidate to-
gether with chlorhexidine in our screening, exhibits different
action mechanisms against SARS-CoV-2: (i) acting on viral
maturation; (ii) neutralizing spike glycoprotein, preventing the
attachment to the ACE-II receptors and virus internalization;
and (iii) acting on virus replication. All these mechanisms may
decrease pathogenicity in coronaviruses. Bafilomycin Al ap-
peared among the top 5 candidates that exhibit promising
affinity towards all the docked proteins (Table 2); similarly,
other studies found the same affinity of bafilomycin Al
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Fig. 4 3D binding modes of
drugs with the highest binding
scores with crystal structure of
NSP16-NSP10 complex from
SARS-CoV-2 (pdb code: 6W4H).
a Polymyxin B. b Chlorhexidine.
¢ Dequalinium chloride. d
Valsartan. e Rifampicin. f
Bafilomycin Al

against the same COVID-19 targets (Peele et al. 2021);,
on the other hand, other in vivo studies attribute the
ability of bafilomycin Al to suppress SARS-CoV-2 rep-
lication to its role as an inhibitor of endosomal acidifi-
cation and blocking endocytic uptake of the virus
(Shang et al. 2021). Finally and unexpectedly, the anti-
hypertensive drug valsartan that belongs to the angioten-
sin II receptor blockers shows a significant affinity to
virus proteins that are required for replication and
avoidance of innate immunity.

Our results while theoretically reveal unusual affinity
of some of these therapeutic compounds against SARS-
CoV-2 structural proteins and enzymes, further studied
by in vitro and in vivo assays, are essential to examine
possible effectiveness.

Conclusions

The COVID-19 pandemic has unified the universal efforts to
explore the underlying mechanisms behind virus transmis-
sion, virulence, replication, and pathogenesis. Most research
pipelines focused on the identification of drug able or vaccine
able viral proteins; however, until now, still, no approved
drugs were licensed. Current protocols employed for
COVID-19 depend on previously designed drugs for closely
related viruses or recently repurposed drugs such as chloro-
quine derivatives, azithromycin, and ivermectin. Following a
similar approach, we performed virtual screening of a library
of FDA-approved drugs; our study discriminated three prom-
ising macrocyclic antibiotics polymyxin B, bafilomycin A,
and rifampicin that show promising and consistent in silico
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binding to more than one protein target of SARS-CoV-2,
while other tested antimicrobials that belong to different cate-
gories like antituberculosis drugs or antiprotozoal drugs did
not show comparable affinity against the same targets.
Interestingly, the oral antiseptic chlorhexidine exhibits pro-
found binding affinity to viral proteins especially those re-
quired for virus attachments, internalization, and maturation;
taken together, our study suggests a protective role of oral
antiseptics and mouth rinsing and gargles containing chlor-
hexidine against COVID-19; on the other hand, OTC drugs
for heartburn like ranitidine and famotidine did not show in-
teresting binding scores while being investigated for possible
curative effect for COVID-19. Collectively, our findings,
while virtual and require further in vitro and in vivo studies
for validation, still provide a scientific basis for observational
studies and population screening that reports a significant re-
lationship between routine use of some of these tested medi-
cations and infection or prognosis of COVID-19.
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