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Molecular docking was applied to investigate interactions between 1638 approved drugs, SARS-CoV-2 virus proteins (spike, non-
structural proteins NSP3, NSP7, NSP8, NSP9, NSP10, NSP12, NSP15, NSP16, and NSP10-NSP16 complex), and the human angiotensin-
converting enzyme 2 (ACE2) protein and its Spike@ACE2 complex. Structures of these approved drugs were fully optimized using the
universal force field (UFF), and their lowest energy conformations were used for docking on the (co)crystallized structures of the target
proteins taken from the protein data bank (PDB). The docking procedure was performed in two stages, and the results were evaluated based
on four docking scores (ranking indices), which were used to measure the comparative affinities of the studied drugs towards the SARS-
CoV-2 virus proteins. Details of the positions, orientations, and interactions of the first three highest-ranked drugs in the binding pocket of
the COVID-19 spike, NSP7, and human ACE2 proteins (as representatives) were visualized and analyzed. Based on the results of this
molecular docking study, vazegepant, dasabuvir, vitamin E, fosamprenavir, raltegravir, canagliflozin, biliverdin, and imatinib drugs can be

considered promising for further molecular mechanics/dynamics simulations and clinical studies to improve the screening process.

Keywords: COVID-19, Spike and NSP proteins, Repurposing, Molecular docking, ACE2, Ranking indices

INTRODUCTION

transmissible infectious disease COVID-19 emerged as a
global disaster due to the absence of vaccination or any

COVID-19 is an acronym standing for corona (CO) virus
(VI) disease (D) that emerged in 2019 (19). In the early stage

definite drugs that could be used for effective treatment.
Since its emergence, COVID-19 has spread worldwide very

of the epidemic, the strongly contagious SARS-CoV-2 virus
was known as the 2019 novel coronavirus abbreviated as
2019-nCoV. Further studies showed that this virus was linked
to the virus family of the severe acute respiratory syndrome
(SARS) and thus was named SARS-CoV-2. This virus is
similar to some types of common cold viruses [1]. The novel
*Corresponding authors. E-mail:  sabzyan@sci.ui.ac.ir;
f ghasemi@amt.mui.ac.ir

quickly and become a pandemic by infecting about 633
million people (7/11/2022), out of which more than 6.5
million have lost their lives. These data can be compared with
what was reported for SARS (774 deaths in 2003) and MERS
(866 deaths during 2012-2020) [2]. Intensive efforts by
health researchers in many countries have so far resulted in
the preparation, successful tests, registration, and application
of several vaccines, including Pfizer-BioNTech, Moderna,
AstraZeneca, Sputnik V, Sinovac, Sinopharm, Covaxin,
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Novavax, Janssen/Johnson&Johnson, and Baharat Biotech.
In addition, a number of other vaccines, such as COVlIran
Barakat, Cuba-Iran Soberana, Fakhra, and Razi-Cov-Pars
have been approved and are being used locally. To date, more
than 12.4 billion doses of these vaccines have been
successfully administered [1].

Accurate knowledge of SARS-CoV-2 virus genome
components, including its structural and functional proteins
and their response to any proposed drugs, is necessary for the
development of any successful treatment protocol. The
single-strand RNA of the coronavirus genome contains
~30000 nucleotides and consists of two large genes. One of
these genes encodes four structural proteins, namely, spike
(S), membrane (M), nucleocapsid, (N), and envelope (E)
proteins, and the other encodes 16 non-structural proteins
(NSP1-NSP16). The viral surface proteins S, E, and M are
embedded in the lipid bilayer. The membrane protein (M)
plays a central role in organizing coronavirus structure since
its abundance is the highest among the viral surface proteins.
The envelope protein E is a small membrane protein
composed of 76-109 amino acids and minor components of
the virus particle. A model structure of the COVID-19 virus
surface is shown in Fig. 1. The set of 16 non-structural
proteins (NSPs) are arranged inside the virus and are not
shown in Fig. 1.

The spike (S) glycoprotein is known to mediate the
attachment of the SARS-CoV-2 virus to the human host cell-
surface receptor (angiotensin-converting enzyme 2, ACE2).
This attachment is a primary step towards the fusion of the
membranes of the SARS-CoV-2 virus and human cell, which
eventually leads to the entry of the virus into the human host
cell. The spike glycoprotein contains 1273 amino acids and
consists of two S1 and S2 protein domains (subunits), which
function in the recognition and fusion processes, respectively
[3]. The COVID-19 virus (SARS-CoV-2) has two proteases,
named the papain-like protease (PLP™) and the chymotrypsin-
fold main protease (MP™ or 3CLP™). In the vital proteolytic
process, MP® (3CLP™®) protease releases the functional
proteins spike, membrane, envelope, nucleoprotein, replicas,
and polymerase from the virus polyproteins [3]. The PLP®
enzyme manages the processing of the viral polyproteins for
the generation of the functional replicase complex, which is
an essential step in the spread of the virus [4].
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Fig. 1. A model structure of the Covid-19 virus surface. The

surface proteins spike (S), membrane (M), and envelope (E)
are highlighted in blue, yellow, and red, respectively. This
model was taken with permission from Dr. Janet Iwasa of the
Department of Biochemistry, University of Utah (color
online).

To date, a number of drug groups, including (i)
favipiravir, amantadine, baloxavir marboxil, oseltamivir,
umifenovir, zanamivir, and molnupiravir, (ii) PF-00835231
and ribavirin, (iii) remdesivir and galidesivir, and (iv)
indinavir, ivermectin, tipranavir, and Tenofovir (v), have
been examined, prescribed, and used as part of the COVID-
19 treatment based on their relative success in the treatment
of some relevant viruses, including influenza, SARS-COV-
1, Ebola, and HIV, respectively [5]. Recent clinical reports
have shown that none of these drugs provided satisfactory
results to be nominated as specific and definite drugs for
curing or controlling the propagation of COVID-19 [6-7]. It
is worth noting that the antiviral molnupiravir has been
reported to be effective and safe in reducing the risk of severe
engagement and mortality in high-risk groups infected with
mild to moderate COVID-19.

Achieving the most appropriate and effective COVID-19
treatment via routine experimental methods is very expensive
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and time-consuming and sometimes requires several years of
research to reach the stage of clinical approval [8].
Furthermore, experimental methods of drug discovery and
development are always associated with a certain risk of
infection for researchers. Obtaining a complete molecular
picture of the drug-target interactions requires physical
presence in the laboratory and delivery of the viral species in
different which risk of

contamination. An alternative method to effectively screen

experiments, increases the
appropriate drugs for treating COVID-19 is to apply
computational techniques to design and engineer new drugs
and investigate the feasibility of the application of already
approved drugs. This latter approach, also known as drug
repurposing or drug repositioning, is a cost-effective method
to battle any new rapidly spreading diseases, specifically
those caused by viruses. The much shorter time required in
computational techniques compared to that in experimental
approaches is an advantage for screening approved and
available drugs to evaluate their potential applications for
the treatment of COVID-19. Moreover, computational
techniques allow researchers to predict the adverse effects
and potential risks associated with candidate drugs. The
results of such computational studies, however, need clinical
trials for overall evaluations and final approval.

Molecular docking is one of the commonly used
structure-based methods for the evaluation of drug-protein
binding (Gibbs free energies). For this purpose, the energies
of non-covalent protein-ligand interactions, including van der
Waals and coulomb and hydrogen bond interactions, are
calculated. In these calculations, various positions,
orientations, and conformations of the proposed drug
molecule in the binding site(s) of the receptor macromolecule
(protein) are considered. The most probable positions,
orientations, and conformations are then scored based on the
calculated affinities.

A large number of molecular docking and molecular
dynamics (MD) simulation studies have been carried out so
far to identify prospective effective drugs inhibiting the
SARS-CoV-2 virus. In an early study, a molecular docking
method was used for the virtual screening of some novel
clinically approved drugs considered to play the role of
coronavirus protease inhibitors [9]. In this docking study, the
structure of COVID-19 MP™ (3CLP™) extracted from XRD
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data was used and the relative affinities of the drugs towards
COVID-19 M (3CLP™) were evaluated. Among the drugs
considered in the screening, saquinavir and beclabuvir were
identified as the most effective candidates for the treatment
of COVID-19. In another recent study, molecular docking
was used to identify disulfiram (DSF) derivatives as probable
inhibitors against SARS-CoV-2 (PLP®) [10]. In the period
between the two above-mentioned studies, many studies have
been carried out employing computational molecular
docking approaches to find effective inhibitors of SARS-
CoV-2 proteins MP™ (3CLP™), PLP™, spike (S), and a few non-
structural proteins. These studies, which have focused on
different approved drugs and their derivatives, have led to the
identification of potential inhibitors against COVID-19
disease [11-48]. A summary of some of these studies is given
in Table S1 (Supplementary Materials). In addition, some
studies have employed MD simulation to investigate the
intermolecular stability and dynamics of the complexes
between the COVID-19 proteins and some drugs proposed as
their inhibitors [11-25]. For example, in one study, the
interactions between drug-like compounds and existing
approved drugs with MP (3CLP™) were investigated using
In addition, MD
simulations were carried out on five selected compounds to
validate their stabilities and interactions with MP™ (3CLP")

[11]. To our knowledge, no comprehensive study has

high-throughput molecular docking.

reported on the molecular docking study of the interactions
between the approved drugs and all important proteins of
COVID-19 at the same time. Different researchers have used
different sets of COVID-19 proteins in their studies.

In the present study, the interactions between the
approved drugs and the COVID-19 proteins, including spike
(S), non-structural proteins NSP3, NSP7, NSP8, NSP9,
NSP10, NSP12 (two sites), NSP15, NSP16, and a protein pair
complex (NSP10-NSP16), were investigated using molecular
docking. In addition, the interactions between the approved
drugs and the human host cell ACE2, as the directly attacked
protein by the guest COVID-19 spike protein, and its
complex with the spike protein (i.e., Spike@ACE2) were
examined. The drugs used in the present study were ranked
based on four ranking indices calculated based on their
interaction free energies. Details of these docking studies and
their results are described and discussed below.
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MATERIALS AND
(COMPUTATIONAL DETAILS)

METHODS

Ligands Preparation

Two-dimensional molecular structures of a total number
of 2200 compounds, registered as investigated and approved
drugs, were taken in SDF format from the PubChem and
DrugBank databases. These drugs included, but were not
limited to, antitumor, anti-diabetic, antimalarial, and antiviral
agents. In a preliminary screening stage, the approved drugs
with polypeptide structures, those with molecular weights
above 700 g mol!, and those prescribed for cancer and
nervous disorders were removed from the initial list of
compounds. To evaluate and rank the efficiencies of the
remaining 1638 compounds for the treatment of COVID-19
disease, their molecular structures were studied using
GaussView software [49]. After initial refining (in cases
required), their three-dimensional structures were built,
modeled, and optimized using a molecular mechanics
method with the UFF [50], as implemented in Gaussian 09
[51]. The UFF-optimized structures were then converted to
the PDB file format using GaussView software to be later
used to prepare the structures of docking complexes.

Target Selection and Preparation

The crystal structures of COVID-19 proteins were taken
from the PDB database in PDB format [52]. These proteins
included closed state spike glycoprotein (6VXX), spike
receptor binding domain bound to ACE2, i.e. Spike@ACE2
(6MO0J), ADP ribose phosphatase NSP3 in the complex with
ADP ribose (6W02), NSP15 endoribonuclease (6VWW),
NSP9 RNA binding protein (6W4B), the NSP10-NSP16
protein complex (6W4H), and the NSP12-NSP7-NSPS§
protein complex as bound to the template-primer RNA and
triphosphate form of Remdesivir (7BV2). In the present
docking study, individual constituent proteins of the two
complexes (i.e., NSP10-NSP16 and NSP12-NSP7-NSPS)
were isolated and their interactions with the drugs were
studied. Moreover, the structure of the human protein ACE2
was extracted from the Spike@ACE2 complex, and the
interactions between the drugs with the isolated ACE2, along
with its complex, and spike (Spike@ACE2) were studied.
The interactions between the drugs with the NSP10-NSP16
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complex were also simulated. Therefore, the drug-receptor
pairs considered in this molecular docking study included the
following: (1) drug-spike, (2) drug-Spike@ACE2, (3) drug-
ACE2, (4) drug-NSP3, (5) drug-NSP7, (6) drug-NSPS, (7)
drug-NSP9, (8) drug-NSP10, (9) drug-NSP12, (10) drug-
NSP12(R), (11) drug-NSP15, and (12) drug-NSP16, and (13)
drug-(NSP10-NSP16). In all docking studies on the spike
glycoprotein (6VXX), only the A (alpha) chain of its three
identical (A, B & C) chains was considered.

In the first step, water molecules and accompanying
species (i.e., cations, anions, and/or ligands) were removed
from the initial crystal structures of all proteins by either
using Autodock4 software or removing the lines of the
corresponding atoms during the preparation of the PDB input
files. The missing hydrogen atoms and the Gasteiger atomic
charges were also added to the PDB files. The PDB files of
the receptor targets (proteins) were converted to appropriate
file formats (PDBQT), readable by the
AutoDock4/AutoDock Vina software, as input of the
molecular docking [53-54]. Openbable software was used to
convert the PDB files of the drugs to their corresponding
PDBQT formats [55]. The ligand-protein (drug-protein)
complex in the simulation box was prepared in the AutoDock
software by merging the individual PDBQT files of the
ligands (drugs) and the protein.

Examples of the setting of the grid search boxes at the
active sites (binding pockets) of the receptor proteins used in
this docking study are shown in Fig. 2. In some cases, more
than one box was used to ensure that all possible interaction
sites and configurations were included in the docking
procedure. As an example, for NSP12, two boxes were
selected, of which one covered the NSP8-NSP12 junction
and the other covered the Remdesivir binding site (Fig. 2), as
reported in Ref. [56]. Dimensions of the search grid box in
the x, y, and z directions were set in the range of 40-126 A
depending on the protein (receptor). Also, a uniform grid
spacing of 0.375 A was considered for all dockings. The
center of the grid box was set appropriately to allow all
possible interactions at different positions, orientations, and
conformations of the drug molecule and to assure the
required binding flexibilities at the docking site. The
interaction grid maps were generated using the AutoGrid
module of AutoDock.
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Spike (6VXX)

ACE2 (6MOJ) Spike@ACE2 (6MOJ)

NSP3 (6W02)

Fig. 2a. The docking search boxes set at the interaction active
sites of the receptor proteins spike (6VXX), ACE2 (from
6MO0J), ACE2@Spike (6MO0J), NSP3 (6W02), NSP9
(6W4B), and NSP15 (6VWW). Note that the sizes of
different parts are not to scale (color online).

NSPI12-NSP7-NSPS

Fig. 2b. The same as Fig. 2a, but the structures of NSP7,
NSP8, and NSP12 proteins were extracted from the structures
of NSP12-NSP7-NSP8 complex (7BV2) and NSP16-NSP10
(6W4H) complex and its components NSP10 and NSP16
proteins. Note that the sizes of different parts are not to scale
(color online).
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Molecular Docking

Docking details. The ligand-receptor binding modes and
the key interactions between the highest-ranked compounds
and target proteins were determined based on the results
obtained from docking analyses using the AutoDock program
(version 4.2.6). In these analyses, free energy function and
Lamarckian genetic algorithm with local research were used.
The receptor was set as a rigid body whereas the ligands were
allowed to be flexible so that all possible conformations with
respect to the receptor active site atoms could be adopted.

The lowest energy conformations of the 1638 drugs
considered in this study were docked on the COVID-19
spike, NSP, and the human ACE2 proteins using 10
independent docking runs. The Gibbs free energies of the
drug-protein interactions obtained in this docking screening
stage were used to calculate the ranking index 13, (Eq. (2)).
Then, a set of 213 drugs was prepared from the collection
(union) of the first 50 drugs having the highest 7;, scores
(ranking index) for each COVID-19 protein. A more accurate
docking procedure, with 150 independent docking runs, was
carried out on the interactions between these screened drugs
and the COVID-19 spike, NSPs, and the human ACE2
proteins. Other parameters of the search algorithm of the
docking procedure were set at their default (program) values.
The interaction Gibbs free energies obtained at this stage
were used to calculate the four ranking indices (docking
scores) 1, 1y, 1., and 7y, introduced in Egs. ((1)-(4)) in
Section 2.3.2.

It is known that the COVID-19 spike protein initiates the
viral infection process by its interaction with the ACE2
protein of the host human cells [57]. Therefore, the ACE2
protein is the most relevant and representative human
receptor that can be considered as the reference (control)
protein to evaluate the side effects of the examined drugs.
That is, the drugs having respectively the strongest and
weakest interactions with COVID-19 proteins and the human
ACE2 protein may be more effective in inhibiting the SARS-
CoV-2 virus and thus should be scored higher and screened
for the next stage in the drug design procedure. To consider
other human proteins as the reference, detailed molecular
structures of their ligand-receptor complexes are required
that are not presently available. Therefore, ACE2 protein is
the only representative human protein that can be considered
as a reference for the present study. The three ranking indices



Sabzyan et al./Phys. Chem. Res., Vol. 11, No. 4, 707-723, December 2023.

(docking scores) 1y, 1. , and r; (Egs. (2)-(4)) were defined,
calculated, and analyzed for this purpose.

Ranking indices (docking scores). Evaluation of the
relative efficiencies of the studied drugs in inhibiting the
COVID-19 virus proteins was based on a number of ranking
indices defined in terms of the Gibbs free energies of the
interaction, which measure comparative drug-receptor
binding strengths, between the studied drugs and different
proteins of the COVID-19 virus [58]. These ranking
parameters are introduced below.

a) Absolute values of the Gibbs free energy of the interaction
(binding) between the drug (D) and the COVID-19 protein of
interest (P):

Ta = |4Gp_p| = —4Gp_p (D

Obviously, a more negative interaction Gibbs free energy

(4G p_p),
interaction, gives a higher positive docking score (7).

corresponding to a stronger drug-protein
b) The relative efficiency rank (scoring index) r;, defined as
the ratio of the Gibbs free energy of the interaction between
the drug (D) and the protein (P) of the COVID-19 virus
(4Gp_p) to the Gibbs free energy of the interaction (4G p_p,)
between the drug and a human reference protein (B =

ACE?). This ranking index was calculated by Eq. (2):

)

Since both Gibbs free energy values were negative, the 7,

AGp_p
4Gy,

1, = 100 X ( )

ranking index was positive. Also, it is can be said that higher
AGp_p and lower AGp_ Py values result in higher values 13,
Obviously, drugs with larger values of r;, > 100 are more
desirable.

¢) The weighted sum of two differential Gibbs free energies
of interactions, one between the drug and the COVID-19
protein of interest (P) and the other between the drug and the
reference human protein (B, = ACE2). A drug with a larger
value for the former interaction and a smaller value for the
latter interaction has a larger 7, value and thus is considered
to be more efficient. This ranking index (7;) was calculated

by Eq. (3):
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3
r = al(AGy_p — AGE_p)| @

+ B'(AGD—PT - AGS—Pr)|

In this equation, o and g are weighting factors, with the
limitation a + f = 1, defining the relative importance of the
desired and undesired interactions. Also, the AGL_p and
AG]_ p, parameters are the lower and upper limits (reference
values) considered for the Gibbs free energies of the desired
(D — P) and undesired (D — B.) interactions, respectively. To
evaluate the 7. ranking index, the following two
preconditions were considered: AGp_p < AGj_p and
AGp_p, > AGp_p, are. Eq. (3) denotes that higher values for
the two distances, i.e., (AGp_p — AG[_p) and (AGD_Pr -
AGE_ Pr) distances, result in a larger value for the 7, ranking
index. In the present study, « =0.8, § =02, AG,_p, =
—5kcal mol'!, and AGp_p, = —7 kcal/mol values were
considered to evaluate the 7, ranking index to estimate the
extent of the efficiency of the preferred D-P (i.e., drug-
COVID-19) interaction over the D-ACE2 interaction.

d) Ratio of the equilibrium constants of the binding reaction
between the drug and the desired (P) and undesired (P.)

proteins, denoted by r,; , was calculated using Eq. (4):

AGp_
- Kpp _ *P (_ RT P)
T Ko, exp (— AGD—Pr> )
RT
[ (86, ~ 8650
p RT

Based on the above equation, higher (more negative) values
of AGp_p and lower (less negative) values of AGp_p, can
result in larger values 1,4 ranking index. In other words, larger
values of 14, which is desirable, are obtained with more
effective interactions between the drug (D) and the COVID-
19 proteins P = spike & NSPs than the human protein
P. = ACE2.

The three 13, 7. , and r; ranking indices can also be
considered as selectivity factors measuring the preference of
the corresponding drug to interact with the desired target
COVID-19 protein compared to the undesired target ACE2,
as a representative human protein.

The values of the four ranking indices 7, 13, 7. , and 74
calculated for the interactions between the 213 screened
drugs and the COVID-19 proteins and ACE2 are presented in



Towards Screening and Repurposing of Approved Drugs/Phys. Chem. Res., Vol. 11, No. 4, 707-723, December 2023.

Tables S2-S8 (Supplementary Materials). To analyze the
relatively large set of data obtained in this work, different
analyses were performed and various visualizations were
prepared, which are presented and discussed in the next
section. It is worth noting that the interactions between the
examined drugs and the Spike@ACE2 complex were found
to be weak, suggesting that the drug intervention cannot
occur via the drug-Spike@ACE?2 interaction. Therefore, the
results obtained for the drug-Spike@ACE2 docking are not
presented.

RESULTS AND DISCUSSION

General Trends in Abundances

The docking scores obtained for the interaction between
the studied drugs and the spike protein of the SARS-CoV-2
virus (i.e., 7, = —AGp_s ) are shown in Fig. 3. This drug-
spike interaction and its corresponding docking score is
especially important in the screening stage because of its role
in the function of the virus in its initial interaction with the
human cell via attachment to the ACE2 protein [57]. For the
sake of comparison, the drug-ACE2 interaction Gibbs free
energies (—AGp_ 4cp ) are also plotted in Fig. 3. In this figure,
the positions of clinically examined reference drugs
Remdesivir [59-60] and Molnupiravir [61] in the interactions
are marked with solid squares. As can be seen in Fig. 3, out
of a total number of 1638 studied drugs, 305 and 464 drugs
had stronger interactions with the spike protein compared to
those of Remdesivir and Molnupiravir, respectively. It should
be noted that the numbering scheme used for each data series
in Fig. 3 (and also in Figs. S1-S10, Supplementary Materials)
is based on the descending order of the drug-protein
interaction free energies (AGp_p); thus, the numbers on the
horizontal axis represent the rank (score) of the drugs in the
corresponding interaction.

The overall strength of the interaction between the
studied drugs and the SARS-CoV-2 virus, as a whole living
organism, can be estimated in terms of the average interaction
energies of each drug (D) with all N,, of different proteins (P)

of this virus, as shown below:

Np

1
AGp—covia =3~ Y AGos )
Pp=1
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where P = spike, NSP3, NSP7, NSP8, NSP9, NSP10, NSP12
(two binding sites), NSP15, NSP16, and the NSP10-NSP16
protein complex. The calculated values of AGp_coy , which
can also be considered as another docking score, are
presented in Fig. 3. The average free energies were calculated
for the clinically examined drugs Remdesivir [59-60] and
Molnupiravir [61] and are marked in Fig. 3. As can be seen
in Fig. 3, out of the 1638 drugs studied, 476 and 915 drugs
had larger values of AGp_coyp, (i-e., higher docking scores)
= —7.4 kcal/

(A GMolnupiravir—COVlD =

than those of Remdesivir (AGgemaesivir—co
mol ) and  Molnupiravir
—6.5 kcal/mol ), respectively.
A comparative analysis of —AGp_gp,; and —AGp_coy

curves in Fig. 3 showed that the number of drugs having
stronger interactions with NSP proteins, compared to that of
remdesivir and molnupiravir, was larger than that of the
spike. This suggests that by exposing the virus to a wider
range of drugs via a cocktail, it can be inhibited not only at
the stage before entering the cell (i.e., attachment of the
coronavirus spike protein to the ACE2 protein) but also at
other stages, including SARS-CoV?2 entry, membrane fusion,
RNA release, translation, and RNA replication inside the cell.
Also, Fig. 3 shows that among the examined drugs, the
ranking of molnupiravir in terms of averaged interactions
with COVID-19 NSP proteins is lower than that with the

13 4

=

°

E Remdesivir

T,

] Molnupiravir

£ 71

& AGp_coyip

Remdesivir

tﬁ Molnupiravir

o4 AG]

Ly (D-ACE?
A6 e

1 T T T v T T T T T T T T T T 1
1] 400 800 1200 1600
Drug Sequence Number M

Fig. 3. The drug-spike (D-Spike) and drug-ACE2 (D-ACE2)
docking scores (r,) and the average drug-COVID interaction
Gibbs free energy obtained in the present docking study for
the 1638 approved drugs. The colored squares mark the
corresponding values for the clinically examined drugs
Remdesivir and Molnupiravir (color online).
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ACE2 protein. The trends of the D-P interaction Gibbs free
energies for other proteins of COVID-19 virus were
visualized and are presented in Figs. SI-S10 (Supplementary
Materials). It must be added that in Fig. 3 and Figs. S1-S10,
each data set is plotted in the descending order of the
corresponding drug-protein interaction energies; therefore,
the sequence number for each drug in different interaction
energies (representing its corresponding docking score) is
different. As a result, a given drug sequence number on the
horizontal axis may not necessarily point to an identical drug
for different drug-protein interactions.

An abundance analysis was carried out on the docking
scores 1, (Gibbs free energies) obtained for the D-Spike, D-
ACE2, and D-COVID interactions presented in Fig. 3, with a
summation width of 0.4 kcal mol! and an increment of
0.2 kcal mol’!'. The results of this abundance analysis are
illustrated in Fig. 4. The peak appearing in the middle of the
abundance curves in Fig. 4 corresponds to the flatter (lower
slope) part of the affinities in Fig. 3. It can be seen from Fig.
4 that in the range of 6-8 kcal mol! interaction Gibbs free
energies, the number of drugs affecting the desired target
(i.e., COVID-19 proteins) was larger than that affecting the
undesired target (i.e., the human protein ACE2). Therefore,
the common drugs located in this region of the two
abundance curves can be considered as selective drugs for the
treatment of COVID-19. Similar to what was inferred from
Fig. 3, a comparative analysis of the two abundance curves
of the drug-COVID and drug-Spike interactions in Fig. 4
showed that the drug-NSPs interactions were generally
stronger than the drug-spike interactions. It can be seen more
clearly from Fig. 4 that the number of drugs with stronger
drug-COVID-19 and drug-spike interactions was more than
those of the two clinically examined reference drugs
Remdesivir and molnupiravir.

Ranking the Approved Drugs

The Gibbs free energies obtained for the interactions
between the 213 screened drugs and the COVID-19 (spike
and NSPs) and the human ACE2 proteins, as well as the
calculated values of the four ranking indices 7, 13, 7., and 4
introduced in Eqgs. ((1)-(4)) in Section 2.3.2, are listed in
Tables S2-S8 (Supplementary Materials). A short list of the
drugs scored highest in their interactions with the COVID-19
proteins and the human ACE2 protein based on each of the
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Remdesivir

drug — COVID

N(AG)

drug — ACEZ

1] 8 1

~AG (keal/mol)

Fig. 4. Abundances N(AG), derived for the drug-spike
(AGp_spike), drug-ACE2 (AGp_4¢g2), and the average drug-

COVID (AGp_cov , Eq. (5)) interaction Gibbs free energies
(affinities) presented in Fig. 3. The corresponding values for

[

the clinically examined Remdesivir and Molnupiravir drugs
are marked with the dashed and dotted vertical lines in the
same corresponding colors, respectively (color online).

four ranking indices is presented in Table 1. For example, as
can be seen in this Table, among the examined drugs,
Cidofovir (CsHiaN3OgP), fosamprenavir (CzsHzsN3O9PS),
and vitamin E (Cx»Hs0O2) had the highest ranking,
respectively, based on the ratio of the Gibbs free energies (13,)
of the drug-spike and drug-ACE2 interactions. Details of the
interactions between the first three highest-ranked drugs
(Table 1) and the spike and NSP7 proteins of COVID-19 and
the human ACE2 protein are presented in Figs. 5, 6, and 7,
respectively. Details of the interactions between a larger list
(Fig. S11) of highest-ranked drugs for each protein are shown
in Figs. S12, S13, and S14 (Supplementary Materials),
respectively. The absolute values of the interaction (binding)
Gibbs free energies for the three highest-ranked drugs fell in
the ranges 0 9.19-9.74, 6.1-6.44, and 8.91-9.82 kcal mol! for
the spike, NSP7, and ACE2 proteins, respectively. Also, as
another example, vitamin E ranked third based on the
efficiency ranking index 73, in its interaction with spike, for
which the free energies of interaction with spike and ACE2
proteins were —6.49 and —4.11 kcal mol™!, respectively. The
binding mode and key interactions between the target
proteins and the drugs standing highest based on the four
ranking indices, corresponding to the most stable positions
and conformations of the ligands, were determined and
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Table 1. The First 12 Drugs Ranked Highest in Their Interactions with Different Proteins of the SARS-CoV-2 Virus Based
on the Present Molecular Docking Study

= Spike NSP3 NSP7 NSP8

;" Ia Iy Ic Iq Ia Iy ¢ Iq Ia Tb Tc Id Ia Tp TIc Id

1 1376 390 626 438 | 1376 226 862 663 | 1297 1355 1297 1355| 604 391 604 391
2 626 438 612 609 | 1297 663 1376 402 | 1376 613 591 437 | 626 211 609 681
3 862 969 1376 969 | 862 761 641 761 | 190 617 190 613 | 741 681 626 211
4 612 226 862 620 | 388 412 573 1333 | 591 412 1355 412 | 416 613 467 366
5 515 1483 1499 756 | 626 402 388 437 | 266 437 1376 226 | 388 437 391 437
6 1499 1003 609 958 | 573 1333 402 434 | 836 641 266 617 | 467 327 416 613
7 | 1538 756 1538 717 | 266 437 1297 1224| 592 28 592 366 | 609 434 388 1483
8 | 1297 412 515 1499 | 641 1003 609 641 | 331 150 331 430 | 1297 604 741 327
9 609 761 739 681 | 416 434 1154 466 | 736 573 573 231 | 1376 609 613 434
10 | 416 437 416 754 | 736 390 626 412 | 515 276 617 28 |1484 150 1484 1299
11 | 736 430 620 390 | 609 1224 416 1626 | 603 430 467 1483 | 603 517 211 1626
12 | 739 620 604 437 | 592 1483 266 1154 | 573 753 603 1626 | 331 1355 603 517
= NSP9 NSP10 NSP12 NSP12 (R)

:W“ T, Iy Ic Id T, T, Ty Ic T4 Iy Iy Ty Ic Iq Iy Iy

1 467 226 467 437 | 391 331 1297 226 | 1297 226 641 391 | 331 1297 226 641
2 609 412 609 753 | 681 1147 641 641 | 641 641 629 681 | 1147 641 641 629
3 1497 437 1497 616 | 211 573 1376 1003 | 1376 1003 1297 211 | 573 1376 1003 1297
4 604 1003 604 276 | 366 190 629 1483 | 629 1483 1484 366 | 190 629 1483 1484
5 736 1483 641 517 | 437 592 467 1333 | 467 1333 467 437 | 592 467 1333 467
6 416 1299 753 609 | 613 615 1484 412 | 1484 412 1376 613 | 615 1484 412 1376
7 641 753 736 1626 | 1483 1297 626 761 | 626 761 626 1483 | 1297 626 761 626
8 741 61 616 97 | 327 617 331 969 | 331 969 615 327 | 617 331 969 615
9 590 616 1499 412 | 434 591 615 434 | 615 434 331 434 | 591 615 434 331
10 | 388 1626 416 958 [1299 612 388 391 | 388 391 1499 1299 | 612 388 391 1499
11 | 515 97 388 641 |[1626 1484 416 437 | 416 437 609 1626 | 1484 416 437 609
12 | 739 276 739 1642 | 517 467 1499 138 | 1499 138 388 517 | 467 1499 138 388
= NSP15 NSP16 NSP10-NSP16 ACE2

% Id Ia Ia Tp Ic I'q Ta Ia I'v Te T4 Ta Ta

1 1297 226 1297 558 | 641 391 331 1297 | 226 641 391 331 1376

2 |[1376 1483 190 327 | 629 681 1147 641 | 641 629 681 1147 836

3 190 1003 558 1003 | 1297 211 573 1376|1003 1297 211 573 1297

4 266 703 1376 701 | 1484 366 190 629 | 1483 1484 366 190 741

5 1499 558 1499 969 | 467 437 592 467 | 1333 467 437 592 190

6 592 327 592 226 | 1376 613 615 1484 | 412 1376 613 615 515

7 558 969 604 1499 | 626 1483 1297 626 | 761 626 1483 1297 398

8 | 1549 1642 266 1642 | 615 327 617 331 | 969 615 327 617 742

9 604 701 1549 1483 | 331 434 591 615 | 434 331 434 591 1298

10 | 739 663 739 663 | 1499 1299 612 388 | 391 1499 1299 612 266

11 | 591 438 701 654 | 609 1626 1484 416 | 437 609 1626 1484 736

12 | 836 434 591 434 | 388 517 467 1499 | 138 388 517 467 590

Note. The drugs ranked highest in their interactions with the human ACE2 protein (as a reference) are also presented in the

table. The numbers in this table refer to the drug numbers introduced in Tables S2-S8 (Supplementary Materials).
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Vazegepant = Spike Dasabuvir - Spike

Biliverdin - NSP7 Raltegravir- NSP7 Sulbactam - NSP7

Vitamin E - Spike

&

Interactions

I covertional Hydrogen Bund o
B s [=

] Pty

Fig. 5. Details of the ligand-protein interactions for the
selected ligands having the highest docking scores (ranking
indices) in their interactions with the spike protein of SARS-
CoV-2 virus. Only the most important amino acid residues
are shown (color online).

analyzed. The structures of these drugs are shown in Fig. S11,
and their intermolecular interactions with the amino acid
residues of the spike, NSP7 (as a representative NSP), and
ACE2 proteins are visualized in Figs. S12, S13, and S14,
respectively. Details of the drug-protein interactions between
the three highest-ranked drugs and spike, NSP7, and ACE2
proteins are presented in Figs. 5, 6, and 7, respectively. These
visualizations were prepared using the BioVia Discovery
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&b

it

Fig. 6. Details of the ligand-protein interactions for the
selected ligands having the highest docking scores (ranking
indices) in their interactions with the NSP7 protein of
COVID-19 (color online).

Studio Client [62] and Chimera software [63].

Details of the Drug-Protein Interactions

The general positions of the ligands (drugs) in the binding
pocket of the spike protein of COVID-19 are displayed in the
first row of each panel of Fig. 5, in which the ligands are
illustrated by the red stick model and the spike protein
residues are shown by the merged atomic surfaces. In
addition, the dockings of the ligands into the spike binding
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Vazegepant - ACE2 Bemeentinib - ACE2 Masitinib - ACE2

Fig. 7. Details of the ligand-protein interactions for the
selected ligands having the highest docking scores (ranking
indices) in their interactions with ACE2, as the reference
human protein (Color online).

pocket are presented in the second row of Fig. 5, but with
emphasis on the fourth structure of the protein. The amino
acids (ball and stick models of crimson colors), surrounding
the ligands (the blue stick model) in the binding pocket of the
spike protein, and their corresponding interactions (the
dashed lines) in the three- and two-dimensional presentations
are shown in the third and fourth rows of Fig. 5, respectively.
The same illustration style and order were used for the drug-
NSP7 and drug-ACE2 interactions, presented in Figs. 6 and
7, respectively.

In the present study, the most effective interactions
between vazegepant and COVID-19 spike glycoprotein
in the spike-ACE2 binding region obtained consisted of the
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following:

1) Two N—H---O=C hydrogen bond interactions between the
vazegepant indazole ring N-H hydrogen atom and the oxygen
atom of the carbonyl groups of Val 407 and Ile 410 amino
acids,

2) Several pi-alkyl (w---H—C) interactions between the -
bond of the indazole ring of this drug and the C—H bond of
the Val 433 and Lys 378 residues,

3) m-donor hydrogen bond interactions between the C—H
bond of the drug and the & electrons of the carbonyl groups
of Asp 405 and Gly 404, and

carbon-hydrogen bond (C—H:---O)
interactions between the C—H bond of vazegepant and the

4) Unconventional

hydroxyl group oxygen atom of Tyr 508 residue.

The analysis of the dasabuvir-spike docking results
showed the promising inhibition of this protein by dasabuvir.
As shown in Fig. 5, this inhibition was due to the four
significant hydrogen bond interactions, which can be
categorized into the following three groups: /) the
(N—H---0=C) hydrogen bond between the N—H hydrogen
atom of dasabuvir pyrimidine-2,4-dione ring and the oxygen
atom of the carbonyl groups of the Val 362 and Cys 336
residues, 2) the ((CH3—)(Phen—)O---H—N) hydrogen bond
between the oxygen atom of the methoxy substitution on the
phenyl ring (Phen) of the drug and the N—H hydrogen
atom of the Gly 339 residue, and 3) the
((Napht—NH—-)(CH3—)SO;---H-0O) hydrogen bond between
the oxygen atoms of the drug methanesulfonamide
(Napht-NH—SO,—CH3) group and the O—H hydrogen atoms
of the Ser 371 and Ser 373 residues. Furthermore, the
dasabuvir-spike binding included pi-pi (n---m), pi-alkyl
(n---H—-C), and pi-sigma (n---[C—H]) interactions, between
the dasabuvir naphthalene ring and the Phe 342 phenyl ring
and the Leu 368 isopropyl group, and between the drug
pyrimidine-2,4-dione ring and the Leu 335 isopropyl group
sigma bonds, respectively.

The other drug that showed high affinity
(-6.49 kcal mol™!) toward the COVID-19 spike protein was
vitamin E, which has been considered as the base medication
in the treatment of all COVID-19 in- and out-patients across
the world [64-65]. As can be seen in Fig. 5, the vitamin E-
spike interaction consisted of three major sets of interactions,
including a hydrogen bond between the hydrogen atom of the
chromane (3,4-dihydro-2H-1-benzopyran) hydroxyl group of
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vitamin E and the oxygen atoms of the Asn 437 residue, the
sigma-pi interactions between the methyl substitutions on the
chromane ring of vitamin E and the aromatic indole ring of
Trp 436 amino acid, and various alkyl-pi interactions
between the C—H bonds of the drug methyl, methylene, and
isopropyl groups and the aromatic phenyl ring of the Phe 374,
342, and 338 residues.

Based on the ranking indices 7;, and 1y, biliverdin was
ranked first concerning the interaction with the COVID-19
NSP7 protein. As shown in Fig. 6, its interaction with NSP7
included four hydrogen bonds, of which two were between
the N—H hydrogen atom of the drug pyrazole ring with the
oxygen atoms of the carbonyl group of the Gln 18 and the
amide functional group of the Ser 15 residue, the third was
between the N—H hydrogen atom of 3-methyl-4,5-divinyl-
1,5-dihydro-2H-pyrrol-2-one of biliverdin and the O—H
oxygen atom of Ser 15, and the fourth was between the drug
carboxylic acid hydrogen atom and the oxygen atom
belonging to the amide group of Gln 19. Also, significant
amide-pi stacked and pi-sigma interactions were observed
between the 4-methyl-3,5-divinyl-2H-pyrrol-2-one moiety of
the drug and Val 11 and Val 12 residues. The results of the
molecular docking performed for the biliverdin-NSP7 drug-
protein system also showed several pi-alkyl interactions. The
first pi-alkyl interaction was established between the methyl
group vicinal to the carbonyl and vinyl substituents of
biliverdin and the pi electrons of the indole ring of Trp 29,
the second between the pi electrons of the end ring having
methyl group vicinal to the carbonyl substitution and
isopropyl group hydrogen atoms of Leu 14, and the third
between the pi electrons of the other end ring with the vicinal
carbonyl and vinyl groups of the drug and the isopropyl group
hydrogen atoms of Val 11 and Val 12 residues.

The major raltegravir-NSP7 interaction (Fig. 6) can be
attributed to the formation of four hydrogen bonds. Two of
these hydrogen bonds were formed between the hydrogen
atoms of the hydroxyl and amide groups attached to the
pyrimidine ring of the raltegravir molecule and the oxygen
atom of the carbonyl group of GIn 18 residue, and the other
two hydrogen bonds were formed between the oxadiazole
ring nitrogen and the pyrimidine ring carbonyl oxygen atoms
of the drug, on the one hand, and the O—H hydrogen atom of
the Ser 15 amino acid, on the other hand. In the raltegravir-
NSP7 interaction, the fluorine atom also played a role by
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participating in the interaction between  weak
F---H—C(imidazole) unconventional hydrogen bond and the
F---m*(carbonyl), on the one hand, and the Val 11 residue, on
the other hand. Furthermore, raltegravir and NSP7 were also
engaged via the pi-alkyl interactions between the drug phenyl
and oxadiazole rings, on the one hand, and the isopropyl
groups of the Leu 14 and Val 12 amino acids of the NSP7
protein, on the other hand, respectively.

The most important interactions involved in the
sulbactam-NSP7 protein binding (Fig. 6) were the
(C=0---H—-N) hydrogen bond between the carbonyl oxygen
atom of the drug carboxylic acid group and the N—-H
hydrogen atom of the Arg 21 residue, and the
(C=0---H-0O—CH>—) hydrogen bond between the drug beta-
lactam carbonyl group oxygen atom and the —CH,—OH
hydrogen atom of the Ser 24 residue.

The results of this docking study regarding the interaction
between vazegepant and COVID-19 NSP7 protein led to the
identification of three hydrogen bond interactions (Fig. S13).
Two of these hydrogen bonds were (C=O---H—O) and
(N---H—O) formed between the drug carbonyl oxygen and
piperazine ring nitrogen atoms, on the one hand, and the
hydroxyl group hydrogen atom in the Ser 15 residue, on the
other hand. The third hydrogen bond (N—H---O=C) was
formed between the quinolin-2(1H)-one N—H hydrogen atom
of vazegepant and the carbonyl oxygen atom of the Cys 8
residue. The pi-sigma (n---[C—H]) and pi-alkyl (n---C—H)
interactions between different m orbitals of the drug and the
C—H bonds of the Gln 19, Val 12, Vall6, Vall2, and Trp 29
residues were also involved in the vazegepant-NSP7
interaction. In addition, two (C—H---O=C) unconventional
hydrogen bonds were observed between the C—H bonds of
the indazole and the piperazine rings of the drug, on the one
hand, and the carbonyl oxygen atoms of the Val 12 and Ser
15 amino acids, on the other hand.

Furthermore, vazegepant displayed a strong affinity
(—9.82 kcal mol') toward the human ACE2 glycoprotein.
The vazegepant-ACE2 interaction (Fig. 7) involved the
following: 1) a (C=0---H—O) hydrogen bond between the
carbonyl oxygen atom of the drug lactam ring and the amide
N—-H hydrogen atom of the Gln 76 residue, 2) a pi-pi (7 1)
interaction between the aromatic quinoline ring of
the drug and the phenyl ring of the Phe 72 residue, 3) two

pi-alkyl (n---H—C) interactions, one between the vazegepant
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quinoline phenyl ring and the C-H bond of the methyl group
of Ala 71 residue and the other between the C—H bond of the
drug piperazine and the phenyl ring of Phe 28, and 4) two sets
of carbon-hydrogen bond interactions, one (C—H:-- O=C)
between the C-H bonds of pyrazole ring and the methyl
substituent of 1-methyl piperidine moiety with the oxygen
atoms of the amide functional groups of GIn 24 and the other
(C—H---O—phen) between piperazine C—H bonds of the drug
and the phenol ring oxygen atom of the Tyr 83 residue.

The drug named masitinib also showed high affinity
(with a binding energy of —9.04 kcal mol') toward the
ACE2-human glycoprotein (Fig. 7). The strong masitinib-
ACE2 interaction can be attributed primarily to the three
hydrogen bond interactions, including 1) one between the
nitrogen atom of the pyridine ring in masitinib and the
oxygen atom of the amide functional group of Gln 96, 2) one
between the hydrogen atom of the amide group attached to
the phenyl ring in the drug and the oxygen atom of the
carbonyl group of Asn 33, and 3) one between the nitrogen
atom of the drug thiazole ring and the hydrogen atom of the
amide group of Asn 33 amino acid. In addition, masitinib had
pi-pi and pi-alkyl interactions with the His 34, Leu 29, and
Pro 389 residues of ACE2.

As the last example of the drug-protein interactions
derived from the present molecular docking study, the
bemcentinib-ACE2 interaction is analyzed below. The results
showed that there were two hydrogen bonds (Fig. 7), one
between the N-H hydrogen atom of the only amine group of
bemcentinib (attached to the thiazole ring) and the oxygen
atom of the amide functional group of Asp 30, and the other
between the sp? nitrogen atom of the triazole rting of
bemcentinib and the N-H (of imidazole ring) hydrogen atom
of His 34 residue. The pi-pi interaction between the drug n-
systems and the carbonlyl & bond of Leu 29, pi-alkyl, and
carbon-hydrogen bond interactions, on the one hand, and Val
93, Lys 26, Ala 386, and Asp 30 residues, on the other hand,
also contributed to the bemcentinib-ACE2 binding.

CONCLUSIONS

A virtual screening molecular docking approach was used
to identify some potential inhibitors among 1638 approved
drugs against COVID-19 proteins. For this purpose, the
interactions between these drugs and the SARS-CoV-2 virus
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proteins, including spike and non-structural proteins NSP3,
NSP7,NSP8, NSP9, NSP10, NSP12, NSP15, NSP16, and the
NSP10-NSP16 complex, were evaluated. Also, the dockings
of these approved drugs on the human ACE2 protein, as a
reference protein, and its complex with the spike
(Spike@ACE2) were investigated. The virtual screening was
carried out in two stages, and the results were evaluated based
on four ranking indices (docking scores) used to measure the
comparative strengths of drug-protein binding interactions
(affinities). In the first stage, molecular docking was carried
out and the ratio of the Gibbs free energies (13,) interaction
between the drug-protein (COVID-19) and drug-ACE2
(human) complexes were calculated and used to rank the
interaction between each drug and each COVID-19 protein.
At this stage, the highest-ranked 50 drugs in the 11 ranking
lists were obtained based on the 73, index for all COVID-19
proteins and collected in a list of 213 drugs for the next stage,
in which a complete docking procedure was used to re-
evaluate the interaction energies and rankings with higher
accuracy. Collective analysis of all calculated affinities,
presented for the first time in this study, revealed interesting
trends for the sensitivity of the SARS-CoV-2 virus, as a
whole, toward the examined drugs. Details of the drug-
protein interactions were derived, visualized, and discussed
for some drugs having the highest ability to inhibit the spike,
NSP7, and ACE2 representative proteins. Based on the
results of this docking study, vazegepant, dasabuvir, vitamin
E, fosamprenavir, raltegravir, canagliflozin, biliverdin, and
imatinib approved drugs, which ranked highest in their
interactions with the COVID-19 proteins, are proposed as
further
experimental studies required in the final screening stage to

promising candidates for computational and
be repurposed as medication against COVID-19 disease.
Furthermore, the results showed that a significant number of
drugs had stronger interactions with the spike protein and
displayed larger average Gibbs free energy of interaction
with the SARS-CoV-2 virus compared to clinically examined
reference drugs remdesivir and molnupiravir. Also, the
analysis of the abundance curves showed that the number of
drugs having strong interactions with NSP proteins was more
than those having strong interactions with spike. Therefore,
in addition to spike, the NSP proteins should also be
considered in the effective treatment of COVID-19.
According to the results obtained in this study, different



Sabzyan et al./Phys. Chem. Res., Vol. 11, No. 4, 707-723, December 2023.

proteins contribute to the SARS-CoV-2 virus replication
cycle at different stages, and for each protein, there may exist
specific drugs that have the strongest interactions (inhibitory
effect). Thus, upon the completion of the last stage of the
screening study, a cocktail therapy or any other synergistic
drug combination schemes can be proposed for the inhibition
of the SARS-CoV-2 virus by using two or more drugs
screened at the final stage.
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