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ABSTRACT: The recent outbreak of COVID-19 infection started
in Wuhan, China, and spread across China and beyond. Since the
WHO declared COVID-19 a pandemic (March 11, 2020), three
vaccines and only one antiviral drug (remdesivir) have been
approved (Oct 22, 2020) by the FDA. The coronavirus enters
human epithelial cells by the binding of the densely glycosylated
fusion spike protein (S protein) to a receptor (angiotensin-
converting enzyme 2, ACE2) on the host cell surface. Therefore,
inhibiting the viral entry is a promising treatment pathway for
preventing or ameliorating the effects of COVID-19 infection. In
the current work, we have used all-atom molecular dynamics (MD)
simulations to investigate the influence of the MLN-4760 inhibitor
on the conformational properties of ACE2 and its interaction with
the receptor-binding domain (RBD) of SARS-CoV-2. We have found that the presence of an inhibitor tends to completely/partially
open the ACE2 receptor where the two subdomains (I and II) move away from each other, while the absence results in partial or
complete closure. The current study increases our understanding of ACE inhibition by MLN-4760 and how it modulates the
conformational properties of ACE2.

1. INTRODUCTION
In December 2019, a novel coronavirus appeared in China and
caused an acute respiratory disease now called coronavirus
disease 2019 (COVID-19). The virus is a betacoronavirus
associated with severe acute respiratory syndrome coronavirus
(SARS-CoV), which has led to the name SARS-CoV-2.1 In the
last 20 years, the virus is the third known coronavirus that
crosses the species barrier and causes highly pathogenic and
deadly diseases, namely, severe respiratory infection in humans
(SARS-CoV) and the Middle East respiratory syndrome
coronavirus (MERS-CoV) in 2003 and 2012, respectively.2,3

Due to the quick increase in the number of cases globally, the
World Health Organization has declared it a pandemic.4

The SARS-CoV-2 enters human epithelial cells through the
binding of the densely glycosylated fusion spike protein (S
protein) to a receptor (angiotensin-converting enzyme 2,
ACE2) on the host cell surface.5 ACE2 is a zinc-containing
metalloenzyme belonging to the renin−angiotensin system
(RAS) and lowers blood pressure by catalyzing the hydrolysis of
angiotensin II into angiotensin (1−7).6 The extracellular region
of the ACE2 enzyme contains two domains, i.e., a zinc-
containing peptidase domain (PD, residues 19−611) and a
collectrin domain (CLD, residues 612−740) shown in Figure
1A.5,6 The PD is further divided into two subdomains (I and II)
(Figure 1B), which form the two sides of a clamshell-like
structure with a deep cleft in the center.6 The two subdomains
contain the active site and undergo a large substrate-dependent

hinge-bending movement to catalyze the hydrolysis of
angiotensin II into angiotensin (1−7).6 This movement of
ACE2 exists in two orientations: a substrate/inhibitor-bound
(“closed”) and unbound (“open”) conformation.6 Site-directed
mutagenesis study7 highlighted that the active site is composed
of a Zn2+ ion coordinated to H374, H378, E402, and water
molecules, as shown in Figure 1C. In addition, two 2nd
coordination shell residues (H345 and H505) aid in the
stabilization of the enzyme−substrate complex by forming a
network of hydrogen-bond interactions.7 According to the
proposed catalytic mechanism, the substrate binds to the Zn2+

ion and forms an enzyme−substrate complex by forming a
tetrahedral intermediate.6 This causes a∼16° subdomain hinge-
bending movement of subdomain I toward subdomain II.6

Simultaneously, H505 transfers a proton to the nitrogen atom of
the scissile peptide resulting in its cleavage.6

The binding of the S protein S1 subunit to ACE2 is triggered
by the destabilization of the prefusion trimer, inducing the
shedding of the S1 and transition of the S2 subunit to a highly
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stable post-fusion conformation.8,9 To engage the ACE2
receptor, the receptor-binding domain (RBD) of the S1 subunit
does a hinge-like movement transiently exposing the receptor-
binding site.6 The hinge-like movement is referred to as “down”
and “up” conformations, where “down” corresponds to the
receptor-inaccessible state and “up” corresponds to the receptor-
accessible state, which is thought to be less stable.5 The RBD
contains two parts: (1) a twisted five-stranded antiparallel β
sheet (β1, β2, β3, β4, and β7) forming the core and (2) a
receptor-binding membrane (RBM, β5, and β6) that binds to
the ACE2 surface (Figure S1).5 At the ACE2−RBD interface, a
total of 17 residues of the RBM connect to the 20 residues of
ACE2.5 Comparative analysis on the SARS-CoV and SARS-
CoV-2 interaction with the ACE2 enzyme suggested a higher
binding affinity of SARS-CoV-2 toward ACE2,10−13 while two
separate studies proposed that both have a similar binding
affinity.14,15 Any modification in the ACE2 structure should
affect this interface and hence the ACE2−RBD binding,
presenting an avenue to create therapeutic agents against
SARS-CoV-2.
Currently, more than 350 clinical trials are underway out of

which remdesivir and Nirmatrelvir are is the only drug recently
approved by the FDA for COVID-19 treatment.16 The present
pharmacotherapy adopted by the FDA is divided into three
categories: (1) antiviral therapy, e.g., remdesivir;16,17 (2)
immune-based therapy such as human blood-derived products
and plasma;18−20 and (3) immunomodulators like cortico-
steroids.16,21 Antiviral therapy is more effective when applied
early in the course of illness before it progresses into the
hyperinflammatory state, while the immune-based and
immunomodulating therapy is encouraging in the later stages
of the disease.17 Therefore, antiviral therapy is more auspicious
in combating the disease in comparison to other treatment
strategies. It works by restricting the viral replication by
inhibiting the entry and the activity of 3-chymotrypsin-like
protease (3CLpro) and the papain-like cysteine protease (PLpro)
enzymes present in the coronavirus.16,22−25 The first step of the
viral life cycle is its entry into the cell.26 Consequently, blocking
the viral entry can successfully prevent/delay the destruction of
the immune system and reduce the severity and at least delay
disease progression/death if not fully halting the progression of
the infection.26 A relevant example is an antiretroviral drug
maraviroc, which binds to the human cell membrane receptor

preventing the virus−receptor interaction and thereby inhibits
the virus entry into the cell.27 Three major approaches have
recently been explored to inhibit the coronavirus endocytosis.
The first approach is making antibodies that can effectively bind
to the S-proteins.15,28−30 Second is inhibiting the ACE2−RBD
interaction by binding a compound at the interface. The third
and less investigated approach is the development of inhibitors
that modify the secondary structure of ACE2.
In the COVID-19 drug discovery process, special emphasis is

given to drug repurposing (i.e., older drugs, new uses).31−39 As
the drugs are already in themarket time can be saved by avoiding
expensive pharmacokinetic, pharmacodynamic, and toxicity
studies.40,41 High-throughput virtual screening (HTVS),
molecular docking, and molecular dynamics (MD) simulations
have been widely used to explore FDA-approved drugs against
the S-proteins, ACE2−RBD interface, and main protease. For
instance, Choudhary et. al have used HTVS, molecular docking,
and MD simulations to investigate the FDA-approved LOPAC
drug library against RBD and the ACE2 receptor.42 Likewise,
Maffucci et al. utilized similar techniques on 3000 existing drugs
targeting the main protease and S-proteins.43 Moreover, FDA-
approved drugs,44 alkamides and piperamides,45 amino acids,46

peptides,47,48 and various natural products49−52 have been
suggested as potential inhibitors of the coronavirus. In addition,
kobophenol A found to block the interaction between ACE2 and
RBD with an IC50 of 1.81 μM.51 Till now, there are ten vaccines
approved by WHO. For instance, Pfizer−BioNTech and
Moderna COVID-19 vaccines are composed of nucleoside-
modified mRNA encoding a mutated form of the S protein.53,54

They have shown 95 and 94% efficacy against the disease,
respectively.54,55 On the other hand, Oxford−AstraZeneca
vaccine is a viral vector vaccine with a lower efficacy of
85%.56,57 Others include are Janssen Vaccines (nonreplicating
viral vector),58 CoronaVac (inactivated vaccine),59 BBIBP-
CorV (inactivated vaccine),60 and Covidshield (viral vector).61

Due to the late discovery of the ACE2 enzyme in the year
200062,63 (ACE in 195664), there are no clinically approved
ACE2 inhibiting drugs. In 2002, Dales et al. developed the first
potent and selective picomolar ACE2 inhibitor (MLN-4760)65

causing its hinge-bending inhibition.6 Subsequently, various
other ACE2 inhibitors have been proposed experimentally66−69

and computationally.51,70−76 As ACE2 is a component of the
renin−angiotensin−aldosterone system (RAAS), the primary

Figure 1. (A) X-ray structure of the RBD−ACE2−B0AT1 complex. RBD: Receptor-binding domain, PD: peptidase domain, and CLD: collectrin-like
domain. (B) Inhibitor-bound ACE2−RBD complex (RAO′ ). (C) Inhibitor bound to the monomeric ACE2 active site.
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goal of these studies was to regulate blood pressure by
modulating the angiotensin II levels in the kidney. However,
none of them has so far reached clinical trials despite years of
research to date. Before the progression of COVID-19, very few
computational studies of ACE2 inhibitors have been performed.
Huentelman et al. in 2004 utilized the molecular docking
approach to identify the ACE2 inhibitor (N-(2-aminoethyl)-1
aziridine-ethanamine).71 A different group in 2012 employed a
similar protocol to design seven ACE2 inhibitors.77 Recently, a
short simulation (100 ns) of the MLN-4760 inhibitor effect on
the interaction of RBD and ACE2 has been performed by Nami
et al., which showed that it neither blocked nor increased the
binding of the SARS-CoV-2 spike RBD to human ACE2 and
probably had no effect on the viral entry.78 Cao et al. have
designed sequences of few amino acids that can inhibit the
interactions between ACE2 and RBD.79 Similarly, Mehranfar et
al. designed a sequence of a few amino acids and functionalized
with gold nanoparticles as antivirals to prevent the viral entry.80

Raghavan et al. suggested that metadichol can inhibit the ACE2
enzyme.81 Molecular dynamics studies and binding enthalpy
calculations suggest that the binding enthalpy could be reduced
for the S protein−ACE2 interface in the presence of the MLN-
4760 inhibitor.82 This weakening of binding strength was
proposed as a result of the destabilization of the interactions
between ACE2 and RBD.82 A comparison of ACE2−RBD
interactions in the SARS-CoV-1 and SARS-CoV-2 complexes
performed by MD simulations shows that the latter has stronger
interface interactions.83 Understanding the effect of inhibitors
on ACE2 is of key importance in elucidating the ACE2−RBD
interaction and in designing new functional inhibitors.
Despite a considerable amount of computational and

experimental data, the precise molecular details of the ACE2−
RBD interactions and the effect of the inhibitor on ACE2 remain
open. To explore these knowledge gaps, we have utilized all-
atom molecular dynamics (MD) simulations to study the
influence of the MLN-4760 inhibitor on the conformational
properties of ACE2 and its interaction with the RBD of SARS-
CoV-2. Moreover, different conformations (open and closed) of
the ACE2 enzyme have also been explored. With these insights,
we present a model of how an ACE2 inhibitor can affect its
structure and hence its interaction with the spike protein and
ultimately blocking the virus entry. The current analysis will
increase our understanding of ACE inhibition by MLN-4760
and will explore how these inhibitors alter the nature of the
ACE2/SARS-CoV-2 interface and if exploiting conformational
changes at this interface might affect SARS-CoV-2 infectivity. In
what follows we first discuss the computational protocol,
followed by a detailed analysis of the effect of the inhibitor on the
ACE2 and ACE2−RBD interface. Finally, the opening and
closing mechanisms of the ACE2 enzyme have been proposed.

2. COMPUTATIONAL DETAILS
2.1. Modeling. The crystal structure of the SARS-CoV-2

spike protein receptor-binding domain (RBD) bound to the
ACE2 receptor was obtained from the protein data bank (PDB
ID: 6M0J).5 In this ACE2−RBD structure, four additional N-
acetyl-β-glucosaminide (NAG) glycans linked to ACE2 N90,
N322, and N546 and RBD N343 were also present. These
glycans are suggested to control the conformational plasticity of
the RBD.84−86 In addition, the effect of N-glycan size was also
analyzed by placing glycans of larger size (Figure S2). Although
it is proposed that the N-glycans play an important structural
role in modulating the conformational dynamics of RBD and

regulating the ACE2 recognition,84 it does not seem to affect the
ACE2−RBD complex once the interaction is formed. The
superposition of the RAO and RAO′ models to their respective
larger N-glycan structures does not show a major structural
difference (Figure S3). To this complex, the MLN-4760
inhibitor (taken from an inhibitor-bound ACE2 structure;
PDB ID: 1R4L6) was married into the binding site by aligning
the active site residues using the VMD program package.87 The
hydrogen atoms of the inhibitor were added using the protein
preparation wizard from the Schrodinger suite 2019-4,88

resulting in a total net charge of −1. The AM1-BCC charges
were calculated using the Antechamber in the AmberTools19,89

and then the GAFF 2.1190 was used to describe the atom types
and generate the bonded and nonbonded parameters. The H++
server91 was used to determine the protonation states of the
amino acids and a careful examination of charged groups was
carried out. The ff14SB92 and GLYCAM 06j-193 force fields
were employed in the construction of the topology files for the
protein and glycans, respectively. The system was solvated using
the TIP3P water,94 with a minimum distance of 10 Å between
the edge of the cell and solute atoms. Charge neutrality was
maintained by adding an appropriate number of Na+ ions. The
Zn2+ ion in the active site, the crystalized Cl− ion, and the
neutralizing Na+ ions were described by IOD parameter sets95,96

developed previously in our group. Besides the ACE2−RBD
complex, simulations of only the ACE2 receptor (open and
closed conformations) were also performed. The closed
conformation inhibitor-bound ACE2 structure was obtained
from the protein data bank (PDB ID: 1R4L6). The disordered
segment of collectrin homology domains present in this
structure was deleted using the VMD software.87 On the other
hand, the open conformation inhibitor-bound ACE2 structure
was obtained by removing the RBD from the ACE2−RBD
complex. To compare the effect of the inhibitor on the ACE2
receptor, simulations of the apo form (without the inhibitor) of
the above three complexes were also performed. Overall, we
have simulated six different complexes, and for the ease of
simplicity, the complexes are labeled as (a) AO: open
conformation of ACE2; (b) AC: closed conformation of
ACE2; and (c) RAO: RBD bound open conformation of
ACE2 and their respective inhibitor-bound structures (AO′ , AC′ ,
RAO′ ). Moreover, the AC′ complex exists in two different states,
i.e., closed for the first 500 ns and open for the last 500 ns.
Therefore, in this paper, the closed state of AC′ is labeled as AC1′
and the open state is labeled as AC2′ .

2.2. Molecular Dynamics Simulations. The molecular
dynamics (MD) simulations were performed using the
AMBER1889 program package. For each simulation, five steps
of minimization were first performed to remove close contacts.
The first step minimizes the water molecules and counterions,
with the protein restrained. In the second, third, and fourth
steps, the heavy atoms, backbone heavy atoms, and backbone
carbon and oxygen atoms of the protein were restrained, while
the last step minimizes the entire system. Each minimization
step consisted of 10 000 cycles of steepest descent and 10 000
cycles of conjugate gradient minimization. Afterward, the system
was heated from 0 to 300 K gradually for 1 ns under constant
NVT conditions. The solute was restrained using a 5 kcal/(mol·
Å2) restraining potential. Finally, the system was equilibrated at
300 K for 6 ns employing the NPT ensemble, with the
restraining potential gradually released. Finally, 1 μs of sampling
at 300 K under constant NPT conditions was performed. The
Langevin thermostat with a collision frequency of 2 ps−1 was
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used to control the temperature, and the Berendsen barostat
with a pressure relaxation time of 5 ps was used for the pressure
control. The time step was 2 fs and the nonbonded cutoff of 10
Å. The SHAKE97 algorithm was used to constrain bonds
involving hydrogen atoms. We conducted two simulations each
for all systems.
2.3. Simulation Analysis. The electrostatic surface

potential (ESP) of the inhibitor was computed at the
B3LYP98/6-31G(d)99 level using the Gaussian 16 program.100

Cluster analysis was utilized to obtain the most representative
structures from the MD simulations. The hydrophobicity
surface potential of the complexes was obtained using the
UCSF Chimera program.101 Porcupine plots obtained from the
PyMOL program102 were utilized to explore modes of protein
motion. The Maestro software103 was used to create the two-
dimensional (2D) interaction diagram between the enzyme and
the inhibitor. To examine the secondary structure of the protein,

we used the Define Secondary Structure of Proteins (DSSP)
algorithm. The helical wheel projection of α2 and α3 helices of
the ACE2 receptor was obtained from the NetWheel online web
server.104 The VMD,87 Schrodinger suite 2019-4,88 and UCSF
Chimera101 programs were used for the visualization of the MD
trajectories and preparation of the figures used in this study.

3. RESULTS AND DISCUSSION
We have used 1 μs long all-atom MD simulations to investigate
the interaction of the peptidase domain (PD) of the ACE2
enzyme with the receptor-binding domain (RBD) of the SARS-
CoV-2 spike protein. Experimental studies have suggested that
the RBD interacts strongly with the ACE2. These strong
interactions are mediated mainly through electrostatic com-
plementarity (indicated by the hydrophobicity surface (Figure
S4)), hydrogen bonding, and hydrophilic interactions. Finally,
to compare these results, different conformations of ACE2 (i.e.,

Figure 2. ACE2−inhibitor 2D interaction graph. (A) ACE2 open complex (AO′ ); (B) ACE2 closed complex (AC1′ ); (C) ACE2 open complex (AC2′ );
and (D) ACE2−RBD complex (RAO′ ).
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open and closed states) were also elucidated. The analysis of the
root-mean-square deviations (RMSDs) confirmed the equili-
bration of all of the complexes (i.e., AO, AC, RAO) and their
respective inhibitor-bound structures (i.e., AO′ , AC′ , RAO′ ) within
the simulation time (Figure S5). The interactions and structural
changes in the ACE2 enzyme and RBD have been discussed by
comparing the secondary structures, noncovalent interactions,
hydrogen bonding, root-mean-square fluctuations (RMSFs),
and helical wheel projection.
3.1. Binding Mode of the Inhibitor. Continuing the

analysis of the MD trajectories, we evaluated the specific
interactions between the MLN-4760 inhibitor and the ACE2
receptor. MLN-4760 is a negatively charged His−Leu mimetic
inhibitor with an imidazole ring, an isobutyl side chain, two
carboxylate groups, and a dichlorobenzyl group (Figures 1C and
S6).65 The imidazole ring mimics His, isobutyl as the Leu side
chain, Leu carboxylate group binds to the Zn2+ ion, while His
carboxylate group mimics the zinc-bound tetrahedral inter-
mediate formed during the peptide hydrolysis. The inhibitor
binds to the active site located on the subdomain I of ACE2.
Gangadevi et al. have shown that a natural compound
Kobophenol A is an inhibitor with an IC50 of 1.81 μM, which
they suggest bind in the hydrophobic cavity (between the two
clamshells) of ACE2.51 In the RAO′ complex, on inhibitor
binding, the 3,5-dichlorobenzyl and isobutyl side chains get
exposed to the solvent, while the two carboxyl groups were
buried inside the binding cleft to interact with the active site
(Figure 2D); this is because the open conformation of ACE2
allows water molecules to access the active site, as shown in
Figure S7. Likewise, in other ACE2 open conformations [AO′
and AC2′ ], the 3,5-dichlorobenzyl and isobutyl side chains were
solvent-exposed, and the carboxyl groups were buried (Figure
2A−D). To accommodate the inhibitor, the active site residues
fluctuate, and the magnitude depends on the change in the
ACE2 conformational state (i.e., changing from the closed to
open form). For instance, in the RAO′ (partial ACE2 opening)
and AC2′ (complete opening of ACE2) complexes, major
fluctuations were observed in the active site residues (Figures
2 and S8). This is not surprising since in these structures the
ACE2 is changing from one state to another. On the other hand,

in AO′ and AC1′ complexes, almost no fluctuations were identified
in the active site residues (Figure S8). Close inspection of the
RAO′ 2D graph (Figure 2D) of the residues located within 6 Å of
the negatively charged inhibitor highlighted that the binding is
likely to be driven by its interaction with the Zn2+ ion, H345,
P346, T347, K363, T365, and E375, indicating their active role
in binding. These residues form four hydrogen bonds with the
inhibitor. Importantly, residue H345, suggested as a hydrogen-
bond donor/acceptor in the formation of the tetrahedral peptide
intermediate,7,67 forms a hydrogen-bond (1.8 Å) interaction
with the carboxyl group of the inhibitor. However, residue H505
proposed to stabilize the reactant during catalysis7 was at∼6.1 Å
from the inhibitor (Figure S9). This is because RAO′ is in the
open state making the H505 move far from the vicinity of the
inhibitor. In the AO′ complex, three hydrogen bonds were found,
while five bonds were detected in AC1′ and only one in AC2′ .
Again, this difference is due to the change of the ACE2 state
(from closed to open) due to inhibitor binding. Interestingly, in
the AC′ complex, the inhibitor binding causes a conformational
change in the structure of the ACE2 protein that eventually leads
to the opening of the two subdomains and subsequent water flux
into the active site. In this structure, for the first 500 ns, the
inhibitor was planar and ACE2 was in a closed conformation,
while for the rest of the 500 ns, the inhibitor undergoes an angle
rotation promoting the opening of the ACE2 flaps (Figure S10).
The angle rotation in the inhibitor results in the loss of four H-
bonds and the formation of four CH−π interactions between the
active site and inhibitor.
Overall, the binding of the inhibitor results in the

reorganization of the active site and the movement of the α-
helix (α1−α4) chains promoting the complete/partial opening
of the ACE2 receptor.

3.2. Fluctuations in ACE2 Due to Inhibitor Binding. In
the open conformation of the ACE2, the upper and the lower
subdomains are ∼13 Å apart, while in the closed conformation,
the two subdomains come close to each other.6 The most
representative structure of the RAO′ complex obtained from the
last 800 ns simulation is shown in Figure 3B. In all of the
simulations, fluctuations were observed in the subdomains I and
II of the ACE2 receptor. These fluctuations were also detected

Figure 3. Equilibrated structure of (A) ACE2−RBD (RAO) and (B) ACE2−RBD−inhibitor (RAO′ ) complex.
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on the RMSF and porcupine plot of the complexes (Figures 4
and S10). Subdomain I is composed of the α1 (S19−N53) and
α2 (T55−M82) helices and subdomain II contains the α3
(E110−G130) and α4 (Y158−H195) helices (see Figure 5).

Even though the complex fluctuates during the simulation, the
overall structure of the RAO′ complex remained the same, i.e.,
ACE2 in the open conformation. Similarly, Kobophenol A also
shows minor fluctuations in the ACE2 enzyme and the overall
ACE2−RBD complex structure remained the same.51 A
superposition of the equilibrated (red) and X-ray (blue)
structures showed a minor displacement of residues in the α3
helix, which is highlighted with yellow arrows in Figure S11. On
the other hand, in the RAO complex, in the absence of an
inhibitor, ACE2 becomes partially closed (Figure 3A). The
yellow arrows on the superposition of the most representative
(red) and X-ray (blue) structures display the partial closing of
the ACE2 receptor (RMSD = 2.2 Å) (Figure S11C).
In addition, the superposition of the RAO and RAO′ models

showed a structural difference between these two complexes

with an RMSD of 2.4 Å (see Figure S11A). Another difference
between the two complexes was detected in the RMSF graph
indicating a difference in fluctuation in the α3 and α4 helix
(labeled in Figure 4). The partial differences between the two
complexes (RAO andRAO′ ) could be related to the binding of the
MLN-4760 inhibitor to the ACE2 enzyme. In the MD
simulations, multiple second coordination shell residues get
reoriented upon inhibitor binding, stabilizing the ACE2−
inhibitor complex either through direct or water-mediated
noncovalent interactions. These interacting residues are shown
in Figure 2. As discussed in Section 3, in the AC′ complex, the
presence of an inhibitor causes an opening of the ACE2 flaps
during the simulation. A reasonably clear distinction can be
made between its open and closed structures, as shown in Figure
S10. The RMSD obtained by the superposition of these two
structures ( AC1′ and AC2′ ) was 3.7 Å. On the other hand, in the
AC complex, the ACE2 receptor remains closed during the entire
simulation. Similarly, in the AO and AO′ complexes, the structure
of the ACE2 receptor remains open. The computed RMSD
values with their respective X-ray structures were quite low, i.e.,
2.8, 2.5, 2.3, and 2.4 Å forAO, AC,AO′ , andAC′ , respectively. All of
the evidence suggests that the inhibitor tends to open the ACE2
complex, while the absence results in its closure or partial
closure.

3.3. ACE2−RBD Interface Interactions. The binding of
RBD to ACE2 is a crucial step in the entry of the coronavirus to
the epithelial cell.15 The binding affinity of SARS-CoV-2 to
ACE2 is ∼10 to ∼20 times higher in comparison to SARS-
CoV10 and could be one of the many factors contributing to the
worldwide spreading of the disease. These strong interactions
are mediated mainly through electrostatic complementarity,
hydrogen bonding, and hydrophobic interactions, as suggested
by hydrophobic surface maps (Figure S4). The RBD interacts
mainly through the α helix (α1 and α2) and loops (I and II) of
the ACE2 receptor (Figure 3). Overall, in the RAO complex, 25
hydrogen bonds and four CH−π interactions were observed at
the interface, while at the RAO′ interface, 24 hydrogen bonds and
three CH−π interactions were detected (see Table 1). Major
changes in the interactions were recognized only in the α1 helix,
while on the α2 helix and loop I, the interactions were almost the
same. On the α1 helix, 13 interactions (i.e., 11 hydrogen bonds

Figure 4. Root-mean-square fluctuations (RMSFs) of the RAO (green) and RAO′ (red) complexes.

Figure 5. Fluctuations observed in the ACE2 enzyme.
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and two CH−π interactions) were observed in the RAO

complex, while only 10 interactions (i.e., nine hydrogen bonds
and one CH−π interaction) were detected in the RAO′ complex.
On the α1 helix of the RAO′ complex, hydrogen-bond
interactions between S19−S477, E37−Y505, and D38−Y449
were lost during the simulation, while new interactions between
Q24−G476, D30−K417, and K31−Q493 were formed. The
change in the residue interactions is assumed to be due to the
opening and partial closing of the ACE2 receptor. In both the
RAO and RAO′ complexes, the α2 helix formed only one
hydrogen-bond (Y83−N487) and two CH−π interactions
(M82−F486 and Y83−F486) with the RBD. Similarly, on
loop II, the number of interactions in both complexes remained
the same.
In summary, our calculations highlighted that the hydrogen-

bond interactions in both complexes played an essential role in
stabilizing the binding conformation. However, the fluctuations
caused by the inhibitor did not display a major effect on the
interface binding as the number of hydrogen bonds remains
nearly the same.

3.4. Fluctuations in the RBD. The bending motion
detected upon inhibitor binding occurs as subdomain I moves
to close the gap and in doing so brings critical residue groups
into contact with the substrate/inhibitor. Even after fluctuations
in the ACE2 due to this inhibitor, almost no fluctuation in the
RBD was observed. A superimposition of the two RBD did not
show a major change in the structure. However, the protein’s
secondary structure analysis revealed changes in the E340−
A344 and V367−S375 residues due to the loss of the α-helical
property (Figure S13).

Table 1. Hydrogen Bonds and CH−π Interactions (in Å)
between the ACE2 and Inhibitor

RAO H-Bond (Å) RAO′ H-bond (Å)

α1 helix S19−S477 3.00, 3.35
Q24−A475 2.00 Q24−A475 2.11

Q24−G476 2.87
D30−K417 1.77
K31−Q493 1.78

H34−Q493 2.25 H34−Q493 2.70
E35−Q493 1.90 E35−Q493 1.97
E37−Y505 1.78, 2.62
D38−Y449 1.62
D38−Q498 1.78 D38−Q498 2.00
Y41−T500 2.27, 2.72 Y41−T500 2.92, 2.73

α2 helix Y83−N487 1.66 Y83−N487 2.02
Loop I K353−G496 2.42, 2.96, 2.92 K353−G496 2.78, 2.72, 2.84

K353−Q498 1.99, 2.97 K353−Q498 1.93, 2.90,
K353−N501 2.64 K353−N501 2.45
K353−Y495 2.09 K353−Y495 2.11
K353−G502 1.95 K353−G502 1.97
D355−T500 2.08 D355−T500 1.71, 3.35
R357−T500 2.29, 3.34 R357−T500 2.54, 2.97
R393−Y505 2.78, 3.03 R393−Y505 3.08, 3.43

CH−π (Å) CH−π (Å)
α2 helix M82−F486 3.5 M82−F498 2.7

Y83−F486 2.5 Y83−F486 3.3
Loop II K31−Y489 3.0 K31−Y489 3.0

H34−L455 3.0

Figure 6. Opening and closing mechanisms of ACE2.
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3.5. Opening and Closing Mechanisms of ACE2. The
opening/closing dynamics of ACE2 are characterized by the
distance between α2 and α3 helices (i.e., if they are far it is in the
open conformation and if they are close it is in the closed
conformation). The proposed ACE2 opening and closing
mechanisms are as follows: initially, in an inactive state, the
ACE2 is in a closed form with few water molecules trapped
inside the active site cavity (I in Figure 6). In the presence of a
substrate/inhibitor, the ACE2 enzyme partially opens, allowing
access to the active site (II in Figure 6). Figure S7 shows that the
binding of the substrate/inhibitor can only take place in the
open conformation of the ACE2 enzyme since in the closed
conformation the active site is inaccessible. In the next step, the
substrate/inhibitor binds to the Zn ion of the active site (III in
Figure 6). Consequently, the substrate undergoes catalytic
hydrolysis and leaves the active site cleft. Finally, the polar
residues on the α2 and α3 helices come close and switch the gate
to a shut state and arrest the enzyme in its closed, inactive
conformation (see Figures 7 and S12). On the other hand, the
inhibitor will remain bound to the metal ion inactivating ACE2.
The inhibitor−solvent interaction causes the torsional rotation
of the imidazole ring and carboxylate group at the C−C bond
(IV in Figure 6), which forms a V shape structure and assists the
inhibitor to interact with subdomain II (Figure 6a,b).
Simultaneously, the opening of the ACE2 enzyme also causes
the water molecule to enter the cleft allowing higher substrate/
inhibitor−solvent interactions (V in Figure 6). A similar
flexible/breathing motion has also been suggested to allow
substrate binding in the ACE1 enzyme.17 In all simulations, a
bending motion (fluctuations) was observed at four regions
(circled in Figure 5), i.e., (a) α1 helix (at E35−E37); (b) α2
helix (at K74−L79); (c) α3 helix (at G104−L108); and (d) α4
helix (at E171−L179). Due to these fluctuations, a distinct
change in the secondary structure of the ACE2 enzyme was
detected. Fluctuation in these four sites may be crucial for the
opening and closing of the ACE2 enzyme. To obtain further
insights into the dynamic behavior of the helices, we monitored

the secondary protein structure, which shows that the overall
secondary structure was lost at these specific locations (see
Figure S13).
Additionally, to the above-mentioned fluctuations in ACE2,

the opening/closing mechanism also depends on the interaction
between the α2 and α3 helix. The polar residues on the two
helices are facing each other, which facilitate interactions with
the two anionic surfaces and help in the opening and closing of
the ACE2 clamp by forming direct or water-mediated hydrogen-
bond interactions. The helical wheel projection of the α2 and α3
helix displaying its amphipathic character is shown in Figure 7.
Based on the results, we propose that the distribution of polar
amino acid residues on one side of the helix is an important
parameter for the clamshell mechanism of ACE2. Although
further molecular analysis is required to establish a full
angiotensin II binding and cleavage cycle, the open and closure
of ACE2 in the present analysis already indicate that a significant
conformational change is required for the inhibition activity of
the ACE2 enzyme.

5. CONCLUSIONS

In the present MD simulation study, molecular interaction
between the SARS-CoV-2 S protein RBD and ACE2 receptor
has been investigated. In addition, the role of the inhibitor on the
dynamic transformation of the ACE2 and RBD and their
interface has been elucidated. According to ourMD simulations,
the process is initiated by the binding of a potent ACE2 inhibitor
(MLN-4760) to the ACE2 receptor active site. To accom-
modate the inhibitor, the ACE2 receptor should be in an open
state. The binding is driven by interactions with the positively
charged Zn2+ ion and second coordination shell residues present
in the active site. The most representative structure of the
complexes show that the chemical nature of the inhibitor causes
fluctuations in the surrounding residues causing different
conformational dynamics in both RAO and RAO′ complexes.
The presence of an inhibitor tends to open the ACE2 receptor

Figure 7. (A, C) ACE2 in closed and open conformations, respectively. The polar residues on the α2 helix (red color) interact with the polar residues
on the α3 helix (red color) via hydrogen bonds; (B, D) helical wheel projection of the α2 and α3 helix, respectively. The interacting polar residues are
shown in the dotted circle.
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where the two subdomains (I and II) move away from each
other, while the absence results in partial closure. These results
were supported by the RMSF, the secondary structure of the
protein, and porcupine plots. Furthermore, the difference in the
angle of the ACE2 clam, caused by the shrinking of the distance
between α2 and α3, explicitly indicated the flexibility of the
helices. Although our MD simulations supported the role of the
inhibitor in the modification of ACE2 structures, it does not
demonstrate major changes in the coordination interactions
between ACE2 and RBD. The number of hydrogen-bond
interactions on their interface remains the same, i.e., 25 and 23,
in RAO and RAO′ , respectively. Clarification of the structure−
function relationship of the ACE2 and ACE2−RBD complex
will not only facilitate the understanding of the ACE2 enzyme
and its interactions with RBD but also aid in drug discovery of
the ACE2 inhibitors against coronavirus.
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