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Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) that leads to coronavirus disease (COVID‐19)
has put public health at risk in 2020. The spike protein (SP) in SARS‐CoV‐2 is primarily responsible for the
attachment and entry of the virus into the cell, which binds to the angiotensin‐converting enzyme 2 (ACE2).
Owing to the lack of an effective therapy, drug repositioning is an opportunity to search for molecules with
pharmacological potential for the treatment of COVID‐19. In this study, three candidates with the potential
to destabilize the SP‐ACE2 complex are reported. Through molecular docking, 147 drugs were evaluated
and their possible binding sites in the interface region of the SP‐ACE2 complex and the SP of SARS‐CoV‐2 were
identified. The five best candidate molecules were selected for molecular dynamics studies to observe changes
in interactions between SP‐ACE2 and ligands with the SP‐ACE2 complex. Using umbrella sampling molecular
dynamics simulations, the binding energy of SP with ACE2 (−29.58 kcal/mol) without ligands, and in complex
with amprenavir (−20.13 kcal/mol), enalaprilat (–23.84 kcal/mol), and plerixafor (−19.72 kcal/mol) were
calculated. These drugs are potential candidates for the treatment of COVID‐19 as they destabilize the SP‐
ACE2 complex; the binding energy of SP is decreased in the presence of these drugs and may prevent the virus
from entering the cell. Plerixafor is the drug with the greatest potential to destabilize the SP‐ACE2 complex,
followed by amprenavir and enalaprilat; thus, these three drugs are proposed for future in vitro and in vivo
evaluations.
1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2)
virus that leads to the coronavirus disease (COVID‐19) has put public
health at risk worldwide in 2020. The first reports of patients with
COVID‐19 were from Wuhan, China [1]; by April 2020, there were
more than 137,000 deaths globally [2] and on March 3, in China,
80,270 confirmed cases of SARS‐CoV‐2 infection were reported [3].
In the Americas region, 24,035,766 cumulative cases and 690,023
cumulative deaths were reported in November 2020 [4]. Currently,
the total number of SARS‐CoV‐2 infections is underestimated, as there
are asymptomatic patients or those with mild symptoms (generally
children and young adults), who are not considered in the statistical
data [2,5].

The SARS‐CoV‐2 infection and the associated destruction of lung
cells promote a local immune response, recruiting macrophages and
monocytes that respond to infection, releasing cytokines, and prepar-
ing the T and B lymphocyte response. CD8+ T cells are important in
destroying virus‐infected cells, whereas CD4+ T cells regulate the
activity of CD8+ and B lymphocytes [6]. In patients with COVID‐19,
the response of B cells generally begins with the production of antibod-
ies against the nucleocapsid (N) protein, and 4 to 8 days after the onset
of symptoms, the production of antibodies against spike protein (SP)
begins [7].

SARS‐CoV‐2 virus belongs to the β‐coronaviruses (CoVs) [3]. This
virus has a 96% sequence identitywith that of the coronavirus identified
in bats, which are the biggest coronavirus reservoirs in the world [2,8].
This virus maintains its RNA sequence covered by a phosphorylated
nucleocapsid protein inside the lipid membrane. The membrane is cov-
ered by two types of spike proteins; the glycoprotein S or SP, which is a
trimer that exists in all CoVs, and the hemagglutinin esterase (HE) pro-
tein, the latter is only present in someCoVs. Additionally, other proteins
such as themembrane (M) protein and the envelope (E) protein that are
found between the SP exist in the lipid membrane (Fig. 1) [9].
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Fig. 1. Typical structure of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). a: Viral RNA, b: Nucleocapsid (N)-protein, c: Membrane, d:
Membrane (M)-Protein, e: Envelope (E)-protein, and f: Spike (S)-protein.

Table 1
Second grid hits used as the reference for grid calculation in the third screening.

Grid Reference ligand Grid Reference ligand

1_1 Procaterol 2_1 Enalaprilat
1_2 Plerixafor 2_2 Cholic acid
1_3 Tedizolid phosphate 2_3 Cerivastatin
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SP is primarily responsible for the attachment and entry of the virus
into the cell, which binds to its molecular target in the host, the
angiotensin‐converting enzyme 2 (ACE2) [10]. SP is a homotrimeric
glycoprotein of 180–200 kDa that belongs to class I fusion proteins
[11]. This protein consists of an extracellular N‐terminus, a transmem-
brane domain attached in viral membrane, and a short intracellular C‐
terminal segment and exists in a metastable perfusion conformation.
Once the virus interacts with the host cell, a rearrangement of SP
occurs [12]. During the infection process, SP is cleaved into two sub-
units (S1 and S2); the S1 subunit is released in the transition to the
post‐fusion conformation between the virus membrane and the mem-
brane of the infected cell [13].

The S1 subunit contains a receptor‐binding domain (RBD), which
binds to the peptidase (PD) domain of ACE2. These RBDs are more
exposed on the viral surface in the S1 subunit than in the S2 subunit.
The structural features of the RBD binding to ACE2 has been deter-
mined by X‐ray crystallography, showing that the RBD of SARS‐CoV‐
2 contains a twisted five‐stranded antiparallel β sheet with connected
helices and loops to build the core of the RBD [11].

The S2 subunit is responsible for the fusion of membranes, this sub-
unit contains a fusion peptide, heptapeptide repeat sequence 1 and 2
(HR1, 2), a transmembrane domain, and a cytoplasmic domain. The
fusion peptide domain is fundamental to the membrane by disrupting
and connecting lipid bilayers of the host cell membrane. HR1 and HR2
are essential to viral fusion and the entry function of the S2 subunit
[12]. The SARS‐CoV‐2 SP binds to ACE2 with a 10 to 20 times greater
affinity than that of the SP of the SARS‐CoV virus [11,13].

In contrast, ACE2 is a single‐pass transmembrane protein, which is
expressed in the pulmonary alveolar epithelial cells, heart, kidney, and
enterocytes of the small intestine [13]. ACE2 consists of a PD at the N‐
terminal, and a collectrin‐like domain at the C‐terminal [14]. The
SARS‐CoV‐2 recognizes the PD of ACE2 through an interaction
between residue K31 and the RBD region in SP [10]. The crystallogra-
phy of the SP‐ACE2 complex has been reported, with the following
interactions identified between these proteins: K417‐D30, Y453‐H34,
F486‐M82, Q498‐Y41, T500‐Q42, and N501‐K353 and R357, mainly
through hydrogen bonds and hydrophobic interactions [15].

Current treatments for COVID‐19 focus on symptomatic and respi-
ratory support [13]. Corticosteroids are only used in conjunction with
life support to prevent acute respiratory syndrome in patients with
2

severe COVID‐19 [3]. Ribavirin, lopinavir/ritonavir, and nelfinavir
have been reported to inhibit the replication of SARS‐CoV in vitro
and they are suggested as a possible treatment for SARS‐CoV‐2 infec-
tion [16–18]. In addition to the report of in vitro antiviral activity of
remdesivir against SARS‐COV‐2 [19], the use of recombinant ACE2
(rhACE2), mesenchymal stem cells, PD‐1 blocking antibodies,
bevacizumab injection, and immunoglobulins from cured patients
has also been reported for the treatment of COVID‐19 [3]. Among
others, anti‐human immunodeficiency virus drugs, anti‐hepatitis C
virus drugs, nonsteroidal anti‐inflammatory drugs (NSAIDs), anti-
malarials, and corticosteroids have been evaluated through the reposi-
tioning of drugs using computational techniques such as molecular
docking and molecular dynamics to find effective therapies against
COVID‐19 [20–26].

Owing to the lack of an effective therapy, drug repositioning pre-
sents an opportunity to rapidly search for molecules with pharmaco-
logical potential for the treatment of COVID‐19. Compared to the
discovery and development of new molecules, this strategy reduces
development time and costs, as the former requires 12 to 16 years
and an investment of 1,000 to 2,000 million USD to achieve regulatory
approval; in contrast, repositioning a drug takes 6.5 years on average
to obtain approval and an investment of $300 million [27]. Because of
the urgency in finding therapeutical options to this pandemic with a
focus on the inhibition of the first step of SARS‐CoV‐2 infection to pre-
vent its dissemination, the aim of this study is to report potential can-
didates for the treatment of COVID‐19 that inhibit and destabilize the
SP‐ACE2 complex analyzed using molecular docking, molecular
dynamics simulations, and further refinement with umbrella sampling
molecular dynamics simulations.

2. Methods

2.1. Ligands selection

The DrugBank database [28–30] was searched for ligands accord-
ing to two criteria; the candidates should be a small molecule (low
molecular weight <900 Daltons) and should be previously approved
for commercialization. Ligands were separated into four groups:
antiviral drugs, ACE2 inhibitors, drugs for inhalation, and oral admin-
istration. Considering safety measures for future application, drugs
with action on the central nervous system, antineoplastic agents, and
peptides were discarded from the selection. In total, a library was built
of 147 candidate ligands with the previously mentioned characteristics
(in the case of pharmaceutical salts, the drug structure was used and
the ion was discarded), and virtual screening by molecular docking
was performed for the selection of five potential drugs to destabilize
the SP‐ACE2 complex using the best cluster energy score.

2.2. Molecular docking

2.2.1. First screening using molecular docking
The structure of the SP‐ACE2 complex was obtained from the pub-

lic database Protein Data Bank (PDB code: 6M17) [15] using the chain
B (ACE2) and E (SP) present in the PDB. Molecular docking was per-
formed with AutoDock 4.2.6 optimized for GPU [31], a grid of 47.2



Fig. 2. Spatial position of selected ligands in the first screening using molecular docking. a: All ligands in complex with the spike protein-angiotensin-converting
enzyme 2 (SP-ACE2) complex, b: ligands in blue selected for proximity to the interface, and ligands in yellow selected for interaction with SP. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Docking score of 32 ligands docked within the interface of the spike protein-angiotensin-converting enzyme 2 (SP-ACE2) complex.

ID Docking score
(kcal/mol)

ID Docking score
(kcal/mol)

ID Docking score
(kcal/mol)

ID Docking score
(kcal/mol)

Aceclofenac −5.36 Daclatasvir −7.93 Idebenone −7.05 Plerixafor −13.25
Allantoin −4.84 Docosanol −7.53 Idoxuridine −5.72 Procaterol −9.02
Anidulafungin −7.42 Dolutegravir −6.77 Isavuconazonium −8.79 Raltegravir −8.09
Amprenavir −10.97 Elbasvir −9.67 Ivacaftor −6.18 Ribavirin −5.12
Asunaprevir −8.09 Emtricitabine −5.88 Lamivudine −5.89 Telbivudine −5.35
Beclometasone

dipropionate
−7.28 Fosamprenavir −5.75 Moexipril −5.39 Tedizolid

phosphate
−8.96

Bictegravir −7.28 Gemifloxacin −5.09 Nystatin −7.46 Trandolapril −7.42
Brivudine −8.08 Grazoprevir −7.7 Pibrentasvir −8.15 Zofenopril −6.55

Table 3
Docking score of 33 ligands docked exclusively with the spike protein.

ID Docking score (kcal/mol) ID Docking score (kcal/mol) ID Docking score (kcal/mol)

Acipimox −6.26 Cidofovir −3.79 Fentapril −4.43
Amlexanox −6.59 Cilazapril −7.23 Flurbiprofen −7.1
Benzylpenicillin −5.36 Dalsalate −5.39 Foscarnet −3.45
Caffeine −5.36 Deferasirox −6.31 Foscarnet −4.36
Glycerophosphate −2.86 Deferipone −4.51 Fluconazole −4.5
Captopril −4.4 Dexibuprofen −6.9 Furosemide −5.71
Cefoxitin −7.81 Elvitegravir −6.62 Salsalate −5.38
Cefpodoxime −6.06 Enprofylline −5.56 Sofosbuvir −4.24
Cerivastatin −5.26 Enalaprilat −8.42 Stavudine −5.68
Cholic acid −7.12 Erdosteine −4.18 Vidarabine −4.00
Salicylate −5.59 Favipravir −5.41 Zanamivir −6.27
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Fig. 3. Binding site of the second molecular docking. a: spike protein-angiotensin-converting enzyme 2 (SP-ACE2) complex, b: interface SP-ACE2 complex, and c:
SP.

Table 4
Docking results of ligands preferentially bound at the interface of the spike protein-angiotensin-converting enzyme 2 (SP-ACE2) complex, grid 1_1, 1_2, and 1_3.

Grid 1_1 1_2 1_3

Ligand Amprenavir Procaterol Elbasvir Pibrentasvir Plerixafor Brivudine Tedizolid
phosphate

Docking score (kcal/mol) −10.88 −8.96 −8.56 −7.2 −13.93 −5.3 −7.94
Polar interactions G354, R393, and

N382
K353, G354, E37, and
R393

V483 and
S494

K31, E484, and
Y449

E484 and
E35

R393 and
N394

F356

Relevant residuesaround
5 Å

K353 – H34 – H34 – K353

* = π-π R393.

Table 5
Docking score of ligands selected with spike protein (SP) grid 2_1.

Grid 2_1

Ligand Acipimox Caffeine Cefoxitin* Salicylate Cilazapril Deferipone Enalaprilat Foscarnet Stavudine Zanamivir

Docking score
(kcal/mol)

−6.35 −5.41 −7.97 −5.65 −7.47 −4.59 −7.48 −4.48 −5.75 −3.85

Polar interactions E471 and
K458.

E471, R454 and
K458.

K458 – K458. E471. K458 and
E471

I472 and
K458.

R454 and
K458.

E471, R454, and
K458.

Relevant
residuesaround
5 Å

– – Q474 – Q474. – Q474. – Q474. Q474.

* = π-cation R454.

Table 6
Docking score of ligands selected with spike protein (SP) grid 2_2.

Grid 2_2

Ligand Glycerophos-
phate

Cefpodoxime Cholic acid Dalsalate Erdosteine Fentapril Furosemide Salsalate Sofosbuvir

Docking score
(kcal/mol)

−2.45 −4.45 −6.36 −5.87 −4.91 −4.53 −6.75 −5.93 −5.79

Polar interactions C379 F377 and
C379

S375, Y369, and
K378

K378 and
C379

K378 y
C379

C379 C379 C379 F373, K378, C379, and
S383
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5 × 47.25 × 47.25 grid points with a spacing of 0.375 Å, centered on
the residues identified as relevant: Q498, T500, N500, K417, Y453,
Q474, and F486 in SP, and Y41, Q42, K353, R357, D30, H34, Q24,
4

and M82 in ACE2 [15], was calculated with AutoGrid 4.2.6 [32]. A
total of 20 runs and 25,000,000 evaluations were used in a Lamarckian
genetic algorithm and Solis‐Wets local search [31]. A ligand was



Table 7
Docking score of ligands selected with spike protein (SP) grid 2_3.

Grid 2_3

Ligand Cerivastatin Fluconazole* Vidarabine

Docking score
(kcal/mol)

−5.61 −4.09 −4.64

Polar interactions R509 and
A344

N343 S348, N440, L441, and
A344.

* = π-π W346 and hydrogen bond with N-acetylglucosamines (NAGs).
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selected if it interacted with relevant SP and ACE2 residues and inter-
acted at the interface between SP‐ACE2.

2.2.2. Second screening using molecular docking
The second molecular docking was performed using the parameter

previously mentioned with a grid of 37.67 × 37.67 × 29.9 grid points
with a spacing of 0.299 Å, centered on the residues identified as rele-
vant. A total of 25 runs and 25,000,000 evaluations were used in a
Lamarckian genetic algorithm and Solis‐Wets local search. Ligands
that formed clusters in the region of SP or the SP‐ACE2 interface were
selected.

2.2.3. Third screening using molecular docking
The third molecular docking was performed using the parameter

previously mentioned with a grid of 17.4 × 17.4 × 17.4 grid points
Fig. 4. Alignment of the spike protein-angiotensin-converting enzyme 2 (SP-ACE2)
the largest cluster (C1) with 10 ns all atom molecular dynamics (AA-MD) analysis

5

with a spacing of 0.290 Å, centered on the ligand with best score in
second molecular docking (Table 1). A total of 25 runs and
25,000,000 evaluations in a Lamarckian genetic algorithm and Solis‐
Wets local search were used.
2.3. All atom molecular dynamics simulations (AA-MD)

The protein–ligand complex of the five selected ligands (ampre-
navir (Amp), brivudine (Bri), cilazapril (Cil), enalaprilat (Ena), and
plerixafor (Ple)) from the molecular docking analysis were used for
molecular dynamic studies; glycosylations, water, and metal atoms
in PDB were retired, and AA‐MD simulations were performed in Des-
mond, using Schrödinger‐Maestro software [33,34] as the graphical
interface. The AA‐MD systems were built using the System Setup mod-
ule with an OPLS force‐field, adding a POPC lipid membrane, ions, and
SPC‐water in an NPT assemble at 310.15 K and 1.01325 bar. Once the
system was built, the standard relaxation protocol for system relax-
ation with increasing temperatures and decreasing restrains was used
(Berendsen barostat and Langevin thermostat). Then, an MD produc-
tion simulation of 10 ns was performed in the Molecular Dynamics
module (using the Nose‐Hoover thermostat and Martyna‐Tobias‐
Klein barostat algorithms) with the trajectory recording interval being
every 100 ps (101 frames). The clustering was performed in the Des-
mond Trajectory Clustering module, to obtain the most representative
conformation of the largest cluster (C1). Trajectory analyses were per-
formed in the Simulations Interactions Diagram module in Maestro.
complex. a: original docking structure (T0), b: representative conformation of
, c: alignment of T0-C1, RMSD: 2.235 Å.



Fig. 5. Interactions between spike protein (SP) and angiotensin-converting enzyme 2 (ACE2). a: Interactions at the original docking structure (T0), b: Interactions
in the representative conformation of the largest cluster (C1) with 10 ns all atom molecular dynamics (AA-MD) analysis. The B chain corresponds to ACE2 and the
E chain corresponds to SP. We can observe an increase in hydrogen bonds and the interaction between K31 (ACE2) and Q493 (SP).
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2.4. Umbrella sampling (US) simulations

Using the C1 of each 10 ns AA‐MD trajectory, the system for US
simulations was built under the previously mentioned conditions.
Once the system was obtained and relaxed using the AA‐MD relaxation
protocol, a 10 ns (101 frames) MD simulation was performed in the
Metadynamics module of Desmond using the protein and ligands cen-
ter of mass distance as the collective variable, and 0.3 kcal/mol height
and 0.1 kcal/mol width as gaussian parameters for the umbrella proto-
col, on an NPT ensemble at 310.15 K and 1.01325 bar. Finally, the
analysis was performed in the Metadynamics Analysis module of Des-
mond. Three types of umbrella sampling were used; umbrella sampling
type I (USI), where the center of mass between SP and ACE2 was a col-
lective variable, pulling the SP; umbrella sampling type II (USII),
where the center of mass between the SP‐ACE2 complex and ligand
was a collective variable, pulling the ligand; and umbrella sampling
type III (USIII) where the center of mass between specified protein
(SP or ACE2) and ligand was a collective variable, pulling the ligand.
3. Results and discussion

3.1. Molecular docking

The three virtual screenings of 147 ligands with the SP‐ACE2 com-
plex using molecular docking was performed and resulted in the selec-
tion of five ligands with the potential to inhibit or destabilize the
interaction between SP and ACE2 in the SARS‐CoV‐2 infection process.
3.1.1. First screening using molecular docking
The docking score data for the molecular docking of the 147

ligands from the DrugBank database [29] are presented in the Supple-
mentary information (Table S1). After the first screening, 65 ligands
that interact at the interface between SP and ACE2 or with only SP
were selected. The selection of these ligands was made considering
their spatial position in the SP‐ACE2 complex; thus, the ligands that
were far from the interface region between SP and ACE2 were dis-
carded (Fig. 2). Then, the selected ligands were redocked with the
respective interaction site (33 with SP and 32 with ACE2).
6

3.1.2. Second screening using molecular docking
The docking scores of the 65 selected drugs are presented in Tables

2 and 3, grouped by their binding site. The drugs varied in the mech-
anism of action and docking score; unexpectedly, antiviral drugs, such
as amprenavir, brivudine, and raltegravir, had a good docking score
for ACE2. Analyzing the binding site of these 65 drugs by redocking,
in the case of the SP‐ACE2 interface, 23 of the drugs were positioned
in three areas across the interface and eight drugs were positioned in
three areas in the SP (Fig. 3). Drugs that were positioned at the same
site as the reference drugs used for the construction of the second
screening grids were selected to continue the molecular dockings.

3.1.3. Third screening using molecular docking
Based on the position and docking score of the drugs presented in

Fig. 3, a third screening was performed to select the five best candi-
dates. Therefore, six grids were calculated (three for the SP‐ACE2
interface, 1_1 to 1_3, and three for the SP, 2_1 to 2_3) taking the coor-
dinates of the drug with the best docking score from the different sites.
This data is shown in Tables 4–7.

3.2. Molecular dynamics

The AA‐MD simulations were performed to relax the ligand–protein
complex and observe the changes in the interaction between SP and
ACE2, and between ligands and the SP‐ACE2 complex, comparing
the original docking structure (T0) with the most representative con-
formation of the largest cluster analysis (C1) using the C‐alpha root‐
mean square deviation (RMSD) of the MD trajectory.

3.2.1. Molecular dynamics of the SP-ACE2 complex
In the C1 of MD of the SP‐ACE2 complex, the interaction between

SP and ACE2 increased. Among the interactions found, residue K31 in
ACE2 interacted with Q493 of SP, which is relevant as K31 is consid-
ered important for the SP‐ACE2 interaction [10]. The RMSD of the
alignment between T0 and C1 was 2.235 Å, and the increased interac-
tions indicating that the system evolves to a more energetically favor-
able state, which is consistent with the observed good affinity of SP
with ACE2 (Fig. 4 and Fig. 5).



Fig. 6. Amprenavir-spike protein-angiotensin-converting enzyme 2 (Amp-SP-ACE2) complex. a: Alignment of the original docking structure to the representative
conformation of the largest cluster (T0-C1) of Amp-SP-ACE2 complex AA-MD; T0 in green and C1 in cyan. b: binding site of amprenavir at T0, c: ligand interaction
diagram (LID) of Amp to T0, d: binding site of Amp in C1, e: LID of Amp to C1, f: LID legend, and g: Interactions between SP and ACE2 in C1. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2.2. Molecular dynamics of the Amp-SP-ACE2 complex
In this simulation, the RMSD of the alignment between T0 and C1

was 2.387 Å and the interactions between Amp and SP‐ACE2 complex
were modified.

At T0, are three hydrogen bonds between G354, R382, and
R393 (ACE2) and Amp, whereas in C1, residues involved in the
polar interactions with Amp are D382, N294 (ACE2), and Y505
(SP). In this conformation, Amp interacts with both ACE2 and SP.
Likewise, the interactions between ACE2 and SP are decreased,
although interaction between Q493‐K31 is present in C1 of
SP‐ACE2 complex, whereas K31 interacts with E484 in this complex
(Fig. 6).
3.2.3. Molecular dynamics of the Bri-SP-ACE2 complex
In this simulation, the RMSD of alignment T0 and C1 was 2.405 Å

and the interactions between Bri and SP‐ACE2 decreased. In C1, inter-
actions between R393 and 394 of Bri and ACE2 were lost; however,
7

the conformation of Bri promoted hydrogen bond and π‐π‐type interac-
tions with F390 in ACE2. Besides, the number of interactions between
SP and ACE2 decreased, and the K31‐Q493 was modified. In C1, E484
(SP) interacted with K31 (ACE2), and Q493 (SP) interacted with E35
(ACE2); additionally, relevant residues were involved in the interac-
tions between SP‐ACE2, T500‐N330, N501‐K353, K417‐D30, and
Y489‐Q24 by a hydrogen bond (Fig. 7).
3.2.4. Molecular dynamics of the Cil-SP-ACE2 complex
In this simulation, the RMSD of the alignment between T0 and C1

was 2.510 Å and the interactions between Cil and SP‐ACE2 increased.
The conformation of Cil in C1 promotes the polar interactions with
R457 and K458 in SP. Moreover, the interactions between SP and
ACE2 increased, in which relevant residues involved in polar interac-
tions between SP and ACE2 were T500‐Y41 and D355, and K417‐D30,
G502, and G496 with K353. Finally, the interaction between E484‐



Fig. 7. Brivudine-spike protein-angiotensin-converting enzyme 2 (Bri-SP-ACE2) complex. a: Alignment of the original docking structure to the representative
conformation of the largest cluster (T0-C1) of Bri-SP-ACE2 complex AA-MD; T0 in green and C1 in cyan. b: binding site of Bri at T0, c: ligand interaction diagram
(LID) of Bri to T0, d: binding site of Bri in C1, e: LID of Bri to C1, f: Interactions between SP and ACE2 in C1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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K31 present in C1 of the AA‐MD simulation of Bri and Amp is also pre-
sent in C1 of the Cil simulation (Fig. 8).

3.2.5. Molecular dynamics of the Ena-SP-ACE2 complex
The RMSD of alignment between T0 and C1 was 2.723 Å and the

polar interactions between Ena and SP‐ACE2 complex decreased.
The Ena conformation in C1 did not have any polar interactions, the
chemical environment corresponded to positively charged residues,
and possibly formed an interaction with the aromatic ring in Ena. In
contrast, the interactions between SP and ACE2 increased, with rele-
vant residues such as T500‐D355 and G502‐K353 which are involved
in polar interactions between SP and ACE2. In this conformation, K31
interacted with Q493 and F490; the interaction with E484, which was
present in Bri and Cil complexes, was lost (Fig. 9).

3.2.6. Molecular dynamics of the Ple-SP-ACE2 complex
In this simulation, the alignment RMSD of T0 and C1 was 2.753 Å,

the polar interactions between Ple and SP‐ACE2 and those with the
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residues around 5 Å of Ple decreased. At T0, Ple exhibited interaction
with E35 in ACE2 and E494 in SP; in this conformation, Ple bound
with SP and ACE2. In contrast, in the C1 conformation, the interac-
tions between Ple and E35 in ACE2 were lost and the interaction with
SP was modified; Ple interacted only with I468. Moreover, the interac-
tions between SP and ACE2 decreased, in which relevant residues
involved in polar interactions between SP and ACE2 were K417‐D30,
Q502‐K353, and Q493‐K31 (Fig. 10).
3.3. Umbrella sampling simulations

Molecular dynamics simulations did not provide enough informa-
tion to consider that the five selected ligands would destabilize the
SP‐ACE2 complex. Therefore, three umbrella sampling simulations
were performed to calculate the binding energy (ΔG) between SP
and ACE2 in the presence of ligands (pulling the SP, USI), ligands
and SP‐ACE2 complex (pulling the ligands, USII), and ligands and SP



Fig. 8. Cilazapril-spike protein-angiotensin-converting enzyme 2 (Cil-SP-ACE2) complex. a: Alignment of the original docking structure to the representative
conformation of the largest cluster (T0-C1) of Cil-SP-ACE2 complex AA-MD; T0 in green and C1 in cyan. b: binding site of Cil at T0, c: ligand interaction diagram
(LID) of Cil to T0, d: binding site of Cil in C1, e: LID of Cil to C1, f: Interactions between SP and ACE2 in C1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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or ACE2 protein (pulling the ligands, USIII). The binding energy of the
SP‐ACE2 complex was considered as a control in USI.

A high negative binding energy value denotes a high binding affin-
ity between protein–ligand and protein–protein complexes. Therefore,
if the binding energy (ΔG) is increased owing to the presence of the
ligand it would suggest that the complex is destabilized. The distance
from the center of mass of SP and ACE2 was used as the collective vari-
able, and the ΔG was calculated for each ligand by taking the differ-
ence between maximum and minimum energy calculated from the
potential mean force of the US [35].
3.3.1. Umbrella sampling type I (USI)
In USI, the most positive ΔG of the SP‐ACE2 complex in the pres-

ence of ligands would suggest that the complex would be destabilized.
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The ΔG of the SP‐ACE2 complex and ΔG of SP‐ACE2‐ligands are pre-
sented in Table 8.

The ΔG of the SP‐ACE2 complex without ligands was used as the
control (‐29.58 kcal/mol). In the comparison between the ΔG of the
complex and ΔG in presence of the ligands, Ple was the ligand that
could promote the most destabilization of the SP‐ACE2 complex by
decreasing the ΔG of the SP‐ACE2 complex from −29.58 kcal/mol
to −19.72 kcal/mol, a difference of 9.86 kcal/mol. Additionally,
Amp had a ΔG decrease of 9.45 kcal/mol, Ena with a decrease of
5.74 kcal/mol, and Cil with a ΔG decrease of 3.51 kcal/mol, also
had the potential to destabilize the SP‐ACE2 complex.

In all the ΔG, a decrease in ΔG in the presence of the ligand was
observed, except in the presence of Bri in which ΔG did not show a
positive difference; thus, Bri was discarded as a candidate for destabi-
lizing the SP‐ACE2 complex.



Fig. 9. Enalaprilat-spike protein-angiotensin-converting enzyme 2 (Ena-SP-ACE2) complex. a: Alignment of the original docking structure to the representative
conformation of the largest cluster (T0-C1) of Ena-SP-ACE2 complex AA-MD; T0 in green and C1 in cyan. b: binding site of Ena at T0, c: ligand interaction diagram
(LID) of Ena to T0, d: binding site of Ena in C1, e: LID of Ena to C1, f: Interactions between SP and ACE2 in C1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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3.3.2. Umbrella sampling type II (USII)
To verify if the ligands can bind with the SP‐ACE2 complex once

formed (USII), the pulling of the ligand from the SP‐ACE2 complex
was tested. A ΔG of −28.09 kcal/mol for Amp indicated that this is
the ligand with the best affinity to the SP‐ACE2 complex, followed
by Bri, Ple, and Ena, and Cil was the ligand with the least affinity to
the SP‐ACE2 complex (Table 9).
3.3.3. Umbrella sampling type III (USIII)
To calculate the binding energy of the ligands with the respective

binding protein calculated in this study (SP and ACE2), USIII or pulling
the ligand away from the respective binding protein, was performed.
Amp bound with ACE2 and Cil, Ena, and Ple bound with SP; the ΔG
of the ligands is presented in Table 10. Amp had a good affinity with
ACE2 (ΔG −28.09 kcal/mol); in contrast, Ena had the best affinity
with SP (ΔG of −24.75 kcal/mol), Ple had a ΔG of −23.2 kcal/mol,
and Cil had the least affinity with a ΔG of −11.2 kcal/mol.
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These results indicate that Amp, Ena, and Ple could destabilize the
SP‐ACE2 complex. Amp is an antiviral drug that can bind with ACE2
either in complex with SP or alone; additionally, Ena is an ACE2 inhi-
bitor drug that can bind with SP, and Ple is an immunostimulatory
drug that can bind with SP. These ligands could bind to the SP‐ACE2
complex and either SP or ACE2 and could destabilize the SP‐ACE2
complex by diminishing the binding energy of SP‐ACE2. The energy
profiles of all US simulations are presented in Figs. S1, S2, and S3.

The increase in options for the possible treatment of this infection
is useful to people without access to one of several vaccines in devel-
opment, and the people living in countries where the governments
have been insensitive to this health problem. The SP in the SARS‐
CoV‐2 is an interesting target to investigate possible drug targeting
with antibody neutralizers, fusion inhibitors, and protease inhibitors
as options for possible treatment or development of a vaccine
[11,12]; however, the destabilization and inhibition of SP‐ACE2 com-
plex formation or membrane fusion is an another approach to possible



Fig. 10. Plerixafor-spike protein-angiotensin-converting enzyme 2 (Ple-SP-ACE2) complex. a: Alignment of the original docking structure to the representative
conformation of the largest cluster (T0-C1) of Ple-SP-ACE2 complex AA-MD; T0 in green and C1 in cyan. b: binding site of Ple at T0, c: ligand interaction diagram
(LID) of Ple to T0, d: binding site of Ple in C1, e: LID of Ple to C1, f: Interactions between SP and ACE2 in C1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 8
ΔG of the spike protein-angiotensin-converting enzyme 2 (SP-ACE2) complex in
umbrella sampling type I.

ID ΔG (kcal/mol) ID ΔG (kcal/mol)

Amp −20.13 Ena –23.84
Bri –33.83 Ple −19.72
Cil −26.07 SP-ACE2 complex −29.58

Table 9
ΔG of the spike protein-angiotensin-converting enzyme 2 (SP-ACE2) complex in
umbrella sampling type II.

ID ΔG (kcal/mol) ID ΔG (kcal/mol) ID ΔG (kcal/mol)

Amp −28.09 Cil −10.53 Ple −14.55
Bri −14.78 Ena −11.64

Table 10
ΔG of the spike protein-angiotensin-converting enzyme 2 (SP-ACE2) complex in
umbrella sampling type III.

ID ΔG (kcal/mol) ID ΔG (kcal/mol)

Amp −28.09 Ena −24.75
Cil −11.2 Ple −23.2
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treatments where the SP is the target, and not only the antibodies and
peptides, but also small molecules [36].
4. Concluding remarks

Drug repositioning is a valuable strategy for drug development in
sanitary emergencies such as the COVID‐19 pandemic; however, to
better assess the adequacy of the proposals developed using this strat-
egy, it is not only necessary to choose a relevant biological target, but
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also to consider the possible mechanism of action as a dynamic process
that cannot be studied solely through molecular docking or Quantita-
tive Structure–Activity Relationships (QSAR) studies. These computa-
tional analyses of MD and US simulations suggest that Amp, Ena,
and Ple are the best candidates for destabilizing the SP‐ACE2 complex.
Amp interacts with ACE2 according to the docking calculations and in
C1 of the AA‐MD simulation, interacts with both ACE2 and SP, and
decreases interactions between SP and ACE2; however, some interac-
tions between relevant residues such as E484‐K31, N487‐Q24, and
G496 and G502 with K353 remain. However, the ΔG of SP of the
Amp‐SP‐ACE2 complex in the USI approach, was higher than the ΔG
of SP without the influence of the ligand; thus, the presence of Amp
influences the easy removal of the SP. The ΔG of the Amp‐SP‐ACE2
complex (USII) indicates that it has a good affinity; therefore, if the
SP‐ACE2 complex has already formed, Amp could bind with good
affinity and possibly destabilize the complex and inhibit membrane
fusion.

In the case of Ena, polar interactions with SP were lost in the C1 of
the AA‐MD, but the ΔG in the USI indicated that the presence of Ena
makes it easier for the SP to be removed. However, the calculated
affinity with the SP was low compared to the affinity of Amp‐ACE2
in USII once the SP‐ACE2 complex was formed. In contrast, Ple
decreased the interactions between SP‐ACE2 in C1 of AA‐MD, the
ΔG of USI indicated that it facilitates the removal of SP from the com-
plex, having a good affinity with SP alone. Compared to the low affin-
ity to the SP‐ACE2 complex, Ple could bind to the SP before the
formation of the SP‐ACE2 complex and prevent formation of this com-
plex; however, stimulating the immune system could be counterpro-
ductive in advanced phases of the disease where the inflammation
caused by the cells of the immune system is elevated.

These results present the possibility that Amp, Ena, and Ple could be
evaluated for the treatment of COVID‐19. However, it is mandatory that
these proposals are evaluated in vitro prior to their evaluation in
patients. This informationwas obtained through simulations; therefore,
there is the possibility that these drugs may not work. Thus, in vitro
evaluation is mandatory to verify the data presented in this paper.
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