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The SARS-CoV-2 coronavirus (COVID-19) that is causing the massive global pandemic exhibits similar human
cell invasion mechanism as the coronavirus SARS-CoV, which had significantly lower fatalities. The cell mem-
brane protein Angiotensin-converting enzyme 2 (ACE2) is the initiation point for both the coronavirus infections
in humans. Here, we model the molecular interactions and mechanical properties of ACE2 with both SARS-CoV
and COVID-19 spike protein receptor-binding domains (RBD). We report that the COVID-19 spike RBD interacts
with ACE2 more strongly and at only two protein residues, as compared to multi-residue interaction of the SARS-

CoV. Although both coronaviruses stiffen the ACE2, the impact of COVID-19 is six times larger, which points
towards differences in the severity of the reported respiratory distress. The recognition of specific residues of
ACE2 attachments to coronaviruses is important as the residues suggest potential sites of intervention to inhibit
attachment and subsequent entry of the COVID-19 into human host cells

1. Introduction

Coronaviruses have been posing mild to serious health concerns for
the public since their discovery in 1965 [1]. These large positive-
stranded RNA viruses were named due to their crown-like appearance
observed using electron microscopy [2]. About 200 different coronavi-
ruses have been discovered to date, that infects different creatures,
including bats, birds, cattle, dogs, pigs, rodents, monkeys, humans, etc.
[3-6]. The seven coronaviruses found among humans are HCoV-229E,
HCoV-NL63, HCoV-0OC43, HKU1, SARS-CoV, MERS-CoV, and SARS-
CoV-2 [7,8]. Among the mentioned coronaviruses, the first four are
commonly found and generally cause symptoms of common cold, while
the uncommonly found latter three can be much more deadly, causing
severe pneumonia. In 2002-03, the SARS-CoV (Severe Acute Respira-
tory Syndrome) infected around 8000 people around the globe and
caused 774 deaths[9]. Since its first emergence in 2012, the MERS-CoV
(Middle East Respiratory Syndrome) has infected 2494 people with a
fatality of 858 in 27 countries [10]. The SARS-CoV-2, also known as
COVID-19, the recently emerged pandemic, was first reported in Wuhan,
China, in late December 2019 [11,12]. According to the World Health
Organization (WHO), the number of globally confirmed cases of COVID-
19 is 209,201,939 with 4,390,467 fatalities in 216 countries (as of

August 20, 2021) [13].

The SARS-CoV and SARS-CoV-2 are closely related coronaviruses
that are classified as beta-coronaviruses, and both have originated in
bats [8,14]. The SARS-CoV-2 genome exhibits a 80% identity match
with the SARS-CoV genome [15]. Another remarkable similarity be-
tween them is their host cell entry mechanism. Both coronaviruses uti-
lize spike glycoproteins (S) to enter host cells by binding with cell
surface Angiotensin-Converting Enzyme 2 (ACE2) receptors though
their spike (S) genes share only 75% sequence similarity [8,15-18].
Spike glycoprotein (S), one of the four structural proteins of coronavi-
ruses, is a class I virus membrane fusion protein [19]. The large ecto-
domain of spike protein comprises of receptor-binding domain S1 and
membrane fusion domain S2 [20-22]. Both the N-terminal domain
(NTD) and the C-terminal domain (CTD) of the S1 subunit are attributed
to viral host receptor attachment of different coronaviruses [23-25].
The S2 subunit, the most conserved region of the spike protein, carries
the fusion peptide (FP) along with two heptad repeats (HR1 and HR2)
for performing viral and host membrane fusion [19,26].

The ACE2, an essential carboxypeptidase of the renin-angiotensin
system (RAS), plays a crucial role in maintaining cardiovascular ho-
meostasis [27]. This Type I membrane protein is primarily expressed in
the heart, kidneys, intestine, and lungs [28,29]. As a homolog of ACE, it
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negatively regulates the RAS system by cleaving Angl into Ang1-9 and
Angll into Angl-7 [28,30]. Inside a healthy human lung, alveolar
epithelial Type II cells are characterized by abundant expression of
ACE2 [31]. Downregulation of ACE2 in these cells causes severe lung
injury that may be associated with acute respiratory distress syndrome
(ARDS) occurring from alveolar collapse due to increased surface ten-
sion [32-34]. Both SARS-CoV and SARS-CoV-2 infection have been
shown to cause ARDS in severely ill patients [35,36]. The introduction of
host cell infection by these coronaviruses is marked by the molecular
interaction of the spike glycoprotein (S) receptor-binding domain (RBD)
with ACE2 cell receptor [37]. This interaction ultimately leads to the
invasion of the host cell by the virus replicating machinery.

The in vivo folding behavior of proteins contributes to their effective
functioning [38,39], and variation in temperature and pH impacts the
folded conformation [40,41]. Cellular motion-induced mechanical
stretching in the extracellular matrix, muscle, and cell receptors also
result in protein unfolding [42-44]. As downregulation of ACE2 cell
receptors with cyclic stretching of human lung epithelial cells may be
associated with ARDS in case of coronavirus infections (both SARS-CoV
and SARS-CoV-2), the molecular interactions and unfolding pathway of
ACE2 with and without the presence of spike receptor-binding domain
can highlight the deviation of ACE2 behavior due to viral infections
[32,45,46]. This change in behavior can be modeled through pairwise
non-bonded interactions and mechanical response to external forces.
Molecular dynamics (MD) simulation is a computational technique that
predicts the time-dependent behavior of a molecular system in terms of
energy (bonded and non-bonded) and conformation. MD simulations
have been employed to investigate different material systems i.e., oil
shale [47-49], swelling clays [50,51], and proteins [52]. The in-
teractions within coronaviral RNA dependent RNA polymerase (RdRp)
have also been analyzed using MD simulations [53]. Steered molecular
dynamics (SMD) is an in silico mechanobiological methodology for
investigating the mechanical response of proteins during unfolding as
well as the unbinding procedure of ligands from them [54-56]. In the
current study, we report molecular dynamics simulations and steered
molecular dynamics simulations of human ACE2 in the proximity of
both SARS-CoV and SARS-CoV-2 spike (S) protein receptor-binding
domain (RBD) to determine their pairwise non-bonded interactions
and effect of these interactions on the mechanical response of ACE2
respectively. We also utilize SMD to explore the binding forces of
coronavirus spike RBDs to ACE2. Since ACE2 is the primary cellular
receptor for the SARS-CoV and the SARS-CoV-2, any changes in the
mechanisms of attachment of ACE2 with SARS-CoV and SARS-CoV-2
spike (S) protein receptor-binding domains (RBD) is relevant to the
understanding of the host cell invasion and for developing interventions
to prevent attachment.

2. Methodology

2.1. The SARS-CoV ACE2 and SARS-CoV-2 ACE2 interaction model
construction

The initial three-dimensional structures of SARS-CoV spike RBD with
ACE2 and SARS-CoV-2 spike RBD with ACE2 have been obtained from
RCSB Protein Data Bank. The SARS-CoV model has been developed
using X-ray diffraction data [57] while the model for SARS-CoV-2 was
constructed using cryo-Electron Microscopy data [58]. Both of these
models were experimentally validated before submitting to Protein Data
Bank. The corresponding PDB ID of SARS-CoV spike RBD-ACE2 complex
and SARS-CoV-2 spike RBD-ACE2 complex are 2AJF and 6M17,
respectively [57,58]. The models were chosen due to their availability
and similarity i.e., both models utilized ACE2 homodimer. The SARS-
CoV complex model (2AJF) contains two spike-RBD chains (E and F)
bound with two ACE2 protein chains (A and B) (Fig. 1).

The SARS-CoV-2 model comprises of two spike-RBD chains (E and F)
with ACE2 dimer (chain B and D) along with the neutral amino acid
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Fig. 1. Equilibrated structure of human ACE2 with SARS-CoV spike RBD where
two chains of SARS-CoV spike RBD (chain E and F) attach to the peptidase
domains (PD) of ACE2 homodimer (chain A and B), i.e., chain E attaches on the
PD of chain A, and chain F attaches on the PD of chain B. Chain A, B, E and F are
represented by red, blue, orange and green colored segments respectively. The
initial model has been obtained from RCSB Protein Data Bank (PDB ID: 2AJF)
and solvated in a water box. Water molecules are removed from display for the
visual clarity of molecular structures. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

transporter B’AT1 (chain A and C). As the primary objective of this study
is to investigate the interactions between coronavirus spike RBD and
ACE2, we have removed the amino acid transporter BYAT1 from model 6
M17 (Fig. 2).

Further, the AutoPSF plugin of Visual Molecular Dynamics (VMD
1.9.3) has been used for adding H-atoms and assigning partial charges to
both models. These protein models were then solvated in a water box of
5 A thickness. The final dimensions of solvated SARS-CoV spike RBD-
ACE2 complex are 118.75 A x 118.78 A x 145.36 A comprising a
total of 192,502 atoms. The solvated model of full-length ACE2 with
SARS-CoV-2 spike RBD has the dimensions of 106.06 A x 146.66 A x
200.60 A with 295,174 atoms.

2.2. Molecular dynamics and steered molecular dynamics simulations of
SARS-CoV and SARS-CoV-2 RBD interaction with ACE2

Molecular dynamics (MD) and steered molecular dynamics (SMD)
simulations were performed using NAMD 2.12, a parallel molecular
dynamics code [59]. NAMD was developed by the Theoretical and
Computational Biophysics Group at the Beckman Institute for Advanced
Science and Technology at the University of Illinois at Urbana-
Champaign. All the parameters were obtained from CHARMm (Chem-
istry at HARvard Macromolecular Mechanics) force field [60]. It consists
of functions and constants to define energy expression. CHARMm uses
both bonded and non-bonded interaction terms. In this study, we utilize
non-bonded interactions. At first, both models are minimized at 0 K
temperature and O bar pressure using conjugate-gradient method [61].
Further, both models are brought to 310 K temperature and 1.01325 bar
pressure to mimic the human physiological condition. The models are
run for five ns using a timestep of 0.5 fs until they reach the equilibrium
condition. Thermodynamic and conformational equilibration of struc-
tures are characterized by total energy, and root mean squared deviation
(RMSD), respectively. These equilibrated models are further utilized for
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Fig. 2. Equilibrated structure of full-length human ACE2 (both peptidase and
collectrin domains) with SARS-CoV-2 spike RBD where two chains of SARS-
CoV-2 spike RBD (chain E and F) attach to the N-terminal peptidase domains
(PD) of ACE2 homodimer (chain B and D), i.e., chain E attaches on the PD of
chain B, and chain F attaches on the PD of chain D. Chain B, D, E and F are
represented by blue, red, green and orange colored segments respectively. The
initial model has been obtained from RCSB Protein Data Bank (PDB ID: 6 M17)
with neutral amino acid transporter removed. The modified model was solvated
in a water box and then minimized and equilibrated. Water molecules are
removed from display for the visual clarity of molecular structures. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

non-bonded energy calculations and steered molecular dynamics (SMD)
simulations. Constant velocity SMD of ACE2 is done to assess its me-
chanical behavior by pulling its one terminal while keeping the other
terminal fixed. In case of SARS-CoV model, the N-terminal was pulled
and the C-terminal was kept fixed with and without the presence of spike
RBD (Fig. 3a). In the SARS-CoV-2 model, the boundary atom of pepti-
dase domain (residue id 615) remained fixed while pulling its N-termi-
nal (Fig. 4a). A constant velocity pulling of the spike RBD is utilized to
probe its pull-off force from ACE2. The C-terminal of spike RBD was
pulled with a velocity of 0.01 A/fs by keeping the distant terminal (C-
terminal for SARS-CoV and peptidase domain terminal for SARS-CoV-2)
of ACE2 fixed (Fig. 3b and Fig. 4b). All the SMD simulations employ a
spring constant of 7 keal/mol/A2 and a pulling velocity of 0.01 A/fs. All
the simulations were performed at the Center for Computationally
Assisted Science and Technology (CCAST), a parallel computing facility
at North Dakota State University. Each simulation utilized one node,
dual-socket Intel Xeon 2670v2 “Ivy Bridge” 2.5 GHz with 64 GB DDR3
RAM at 1866 MHz and 50 processors.

3. Results

3.1. Interaction energies of the SARS-CoV spike RBD with human ACE2
complex

The full-length ectodomain structure of human ACE2 is
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Pulling
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Fig. 3. (a) The constant-velocity pulling of ACE2 in the presence of SARS-CoV
spike RBD. The structures of ACE2 homodimer (chain A and B) with SARS-CoV
spike RBD (chain E and F) are used. Chain A, B, E, and F are represented by red,
blue, orange, and green colored segments, respectively. The N-terminal of ACE2
chain B is pulled along the X-axis with a constant velocity by keeping its C-
terminal fixed both in the presence and absence of spike RBD chain F. (b) The
constant-velocity pulling of spike RBD chain F for unbinding from ACE2 chain B
performed by pulling the C-terminal of spike RBD chain F while keeping the C-
terminal of ACE2 chain B fixed. Water molecules are removed from display for
the visual clarification of molecular structures. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

characterized by the claw-like N-terminal peptidase domain and C-ter-
minal collectrin domain [62]. In this case, the N-terminal peptidase
domain of ACE2 serves as the cellular receptor of concave surfaced
SARS-CoV spike receptor-binding domain (RBD) [57]. The SARS-CoV
spike RBD is 174 residues long, with the terminal residues being
cysteine (CYS) and glutamic acid (GLU) [57]. Each unit of ACE2
homodimer consists of 597 residues with serine (SER) and aspartic acid
(ASP) as the terminal residues. The spike RBD attaches to each ACE2
protomer resulting in the complex formation with two spike protein
chains (E and F) with ACE2 homodimer (A and B), as shown in Fig. 1.
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Fig. 4. (a) The constant-velocity pulling of ACE2 in the presence of SARS-CoV-
2 spike RBD. The equilibrated structures of ACE2 homodimer (chain B and D)
with SARS-CoV-2 spike RBD (chain E and F) have been employed to explore this
behavior. Chain B, D, E, and F are represented by blue, red, green, and orange-
colored segments, respectively. The N-terminal of ACE2 chain B was pulled
along the Z-axis with a constant velocity by keeping it’s peptidase domain
terminal fixed both in the presence and absence of spike RBD chain E. (b) The
constant-velocity pulling of spike RBD chain E towards its unbinding from ACE2
chain B. It has been performed by pulling the C-terminal of SARS-CoV-2 spike
RBD chain E while keeping the peptidase domain terminal of ACE2 chain B
fixed. Water molecules are removed from display for the visual clarification of
molecular structures. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Further, chain E attaches to peptidase domain (PD) of chain A, while
chain F attaches similarly to the chain B. We define the total non-bonded
interaction energies between two molecular entities as the sum of
electrostatic and Van der Waals (VDW) interaction energies between the
entities.

The negative values of non-bonded interaction energies constitute
attractive interactions, and the positive values are repulsive in-
teractions. In order to determine the interactions between human ACE2
and SARS-CoV spike RBD, non-bonded interaction energies have been
computed between chain B of ACE2 and chain F of spike RBD (Fig. 5a
and Supplementary Table 1).

The total non-bonded interactions between them are —166 kcal/mol,
with electrostatic and VDW interactions of —103 kcal/mol and —63
kcal/mol, respectively. Among the 20 different types of residues (amino
acids) of ACE2, four different residues interact significantly with spike
RBD. Aspartic acid (—57 kcal/mol), glutamic acid (—38 kcal/mol),
lysine (—32 kcal/mol) and glutamine (—22 kcal/mol) of ACE2
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Fig. 5. (a) The non-bonded interaction energies of ACE2 residues with SARS-
CoV spike RBD. Negative and positive magnitudes of interaction energies
represent the attractive and repulsive interactions, respectively. Here, non-
bonded interactions are measured between chain B of ACE2 and chain F of
SARS-CoV spike RBD. (b) The relative percentage contributions of non-bonded
interactions by ACE2 residues with SARS-CoV spike RBD. Four residues of ACE2
(ASP > GLU > LYS > GLN) have significant interactions (attractive) with SARS-
CoV spike RBD as they contribute about 89% of the total interactions alto-
gether. ARG is the only residue of ACE2 that interacts significantly but repul-
sively with SARS-CoV spike RBD.

contribute approximately 89% of the attractive non-bonded interactions
with SARS-CoV spike RBD (Fig. 5(b)). Other significantly interacting
residues of human ACE2 are histidine (—12 kcal/mol), glycine (—11
kcal/mol), and arginine (417 kcal/mol). The non-bonded interactions of
specific residues of ACE2 with SARS-CoV spike RBD are provided in
Supplementary Table 5. These specific residues have been chosen based
on the suggestion of structure resolving study [57] and they been shown
to contribute 29.2% (—48.5 kcal/mol) of the total interaction energy.

In terms of the secondary structure, turn and coil components of
ACE2 contribute to the majority (62%) of the non-bonded interactions
(—103 kcal/mol). The rest of the interactions originate primarily from
the alpha-helices of ACE2 (Supplementary Table 2). In terms of the
tertiary structure, more than 99% of the interactions arise from the polar
residues of ACE2. Also, the non-bonded interactions between the two
chains of ACE2 (A and B) are calculated as —285 kcal/mol in the absence
of SARS-CoV spike RBD. This interaction energy is reduced to —107
kcal/mol in the ACE2-spike RBD complex. In both cases, the interactions
are predominantly electrostatic.
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3.2. The binding force of the SARS-CoV spike RBD with human ACE2
complex

The constant velocity steered molecular dynamics (SMD) [59,63]
method has been used to investigate the mechanical response of ACE2
through its modeling of unfolding to external loading. As shown in
Fig. 6a, Chain B of ACE2 is stretched at constant velocity (0.01 A/fs)
both in the absence and presence of SARS-CoV spike RBD chain F. The
molecular stretching is performed by pulling the N-terminal of chain B
while keeping the C-terminal fixed. The force-displacement plot
(Fig. 6b) represents the stretching pathway of chain B, where the peaks
represent the unfolding of alpha helices, small turns, and coils (breaking
of H-bonds). In the absence of SARS-CoV spike RBD, the unfolding of the
al helix of ACE2 occurs at a force of 6624 pN with a corresponding
displacement of 101 A. The highest peak force, 8408 pN at a displace-
ment of 172 A, represents the unfolding of a2 helix. The linear stretching
of the protein chain characterizes the post-peak downhill region of this
peak where no unfolding of coil or helix occurs. In the presence of spike
RBD chain F, the breaking of al and a2 helices occur at 7425 pN and
10,021 pN at displacements of 104 A and 184 A, respectively. The
pulling of ACE2 causes the translation of spike RBD in the same
direction.

The binding force of SARS-CoV spike RBD and the human ACE2 has
also been explored utilizing the constant velocity SMD simulations. The
C-terminal of SARS-CoV spike RBD chain F is pulled away from ACE2
chain B to determine the amount of force required to separate the spike
RBD from the spike RBD-ACE2 complex (Fig. 6(c)). The detachment of
the spike RBD from ACE2 is seen as two important unlatching events at

Fixed
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about 20 A and 121 A displacement, which are indicated by two sharp
peaks in the force-displacement curve. The first peak is observed at
8030 pN force at 20 A (Fig. 6(d)). The downward slope is characterized
by the linear stretching of RBD chain F with no unfolding of coils or
helices. Beyond the minimum at 61 A displacement, the RBD starts to
move away from ACE2 due to pulling. The second peak in the plot at a
displacement of 121 A occurs at a force of 10,454 pN and results in
complete detachment of the spike RBD from the ACE2 complex. Beyond
the second peak, all the smaller peaks and valleys in the plot are related
only to the response of spike RBD chain F to pulling.

3.3. Interaction energies of the SARS-CoV-2 (Covid-19) spike RBD with
human ACE2

The spike (S) protein of SARS-CoV-2 attaches to the peptidase
domain (PD) of human ACE2 [58]. Due to the homodimerization of
ACE2, two spike (S) protein receptor-binding domains (RBDs) attach to
ACE2 dimer, where each PD binds with one RBD. Chain B and D of ACE2
are attached to spike RBD chain E and F, respectively (Fig. 2). The SARS-
CoV-2 spike RBD consists of 183 residues with cysteine (CYS) at the N-
terminal and leucine (LEU) at the C-terminal. The ACE2 protomer is a
full-length model having 748 residues, which N-terminal is isoleucine
(ILE), and C-terminal is arginine (ARG) [58]. The peptidase domain
consists of about 80% of the total residues of ACE2 (residues 21 to 615).
The non-bonded interactions between every residue of chain B of ACE2
and chain E of SARS-CoV-2 spike RBD have been computed to probe the
interactions within the SARS-CoV-2 spike RBD-ACE2 complex and are
shown in Fig. 7(a) and Supplementary Table 3. The total non-bonded

Pulling ®)

Direction
—

[——AcE2—— ACE2 with SARS-CoV spike RBD|

10000 A
VAN

Pulled 8000 ‘\\
Terminal /f
- // \_
4000 \\
2000 -[/ !

T
0 100 200 300 400
Displacement of pulled terminal of ACE2 (A)

Force (pN)

(d)

Pulling 12000

Direction
—_—

10000 A

8000 -
Pulled

Terminal 6000 -

Force (pN)

4000 v \MV\\\\
2000

A%

Mg

T T
0 100 200 300 400 500
Displacement of pulled terminal of spike RBD (A)

0

Fig. 6. (a) Mechanical response of ACE2 chain B with the attachment of SARS-CoV spike RBD chain F due to constant-velocity pulling. (b) The force—displacement
plot of ACE2 with and without bound spike RBD. The plot for bound spike has been corrected for the rigid motion of spike RBD by subtracting the amount of force
accountable for this motion. The peaks in force-displacement plots of ACE2 characterize the unwinding of helices (H-bond breaking). The presence of spike RBD
increases the required force to unwind the helices/coils, thus increasing the stiffness of ACE2. (c¢) Pulling off SARS-CoV spike RBD chain F from ACE2 peptidase
domain of chain B. (d) Force-displacement plot of pulling of spike RBD chain F for unbinding from ACE2 chain B. The first peak specifies the partial separation of
spike RBD (chain F) while its complete separation from ACE2 (chain B) is marked by the second peak. Beyond this point, all the minor peaks and other features in the

plot represent the linear stretching of spike RBD.
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Fig. 7. (a) The non-bonded interactions of ACE2 residues with SARS-CoV-2
spike RBD. Negative and positive magnitudes of interactions represent attrac-
tive and repulsive interactions, respectively. Here, non-bonded interactions are
measured between chain B of ACE2 and chain E of SARS-CoV-2 spike RBD. (b)
The relative percentage contributions of non-bonded interactions of ACE2
residues with SARS-CoV-2 spike RBD. Electrostatic interactions yield more than
80% of the non-bonded interactions. Two residues of ACE2 (GLU > ASP) have
significant attractive interaction with SARS-CoV-2 spike RBD as they contribute
about 86% of the total interaction energy.

interactions between them (chain B of ACE2 and SARS-CoV-2 spike RBD
chain E) are observed to be —356 kcal/mol with electrostatic and VDW
interactions of —289 kcal/mol and —67 kcal/mol respectively. Among
the 20 different residues of ACE2, two residues contribute to almost 86%
of the total non-bonded attractive interactions between ACE2 and SARS-
CoV-2 RBD (Fig. 7(b)). The non-bonded interactions of specific residues
of ACE2 with SARS-CoV-2 spike RBD are provided in Supplementary
Table 5. These specific residues have been chosen based on the sug-
gestion of structure resolving study [58] and they been shown to
contribute 43.2% (—153.8 kcal/mol) of the total interactions.

The glutamic acid (GLU) alone contributes to more than 52% of the
interaction energy (—188 kcal/mol), and Aspartic acid (ASP) contributes
to about 33% of the interaction energy (—117 kcal/mol) with SARS-
CoV-2 spike RBD. Lysine (LYS), glutamine (GLN), and tyrosine (TYR)
are other significantly interacting residues of ACE2. Based on protein
secondary structure, the helices of ACE2 contribute to 94% of the
attractive interaction energy with SARS-CoV-2 spike RBD while beta-
strands and turns produce the remainder (Supplementary Table 4).
Polar residues of ACE2 participate in more than 99% of these in-
teractions. Also, the total non-bonded interactions within the ACE2
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dimer (between chain B and D) are observed to be —648 kcal/mol and
—808 kcal/mol in the absence and presence of SARS-CoV-2 spike RBD
respectively. In both cases, the electrostatic interactions produce more
than 80% of the total interactions.

3.4. Binding force of the SARS-CoV-2 (COVID-19) spike RBD with
human ACE2 complex

The mechanical response of ACE2 chain B is determined utilizing
constant-velocity SMD simulations both in the absence and the presence
of SARS- CoV-2 spike RBD chain E as shown in Fig. 8a. This is performed
by pulling the N-terminal of human ACE2 chain B while keeping its
peptidase domain terminal (residue 615) fixed. The SARS-CoV spike
RBD-ACE2 model contains only the peptidase domain of ACE2. In order
to be consistent with the SARS-CoV model, we have fixed the peptidase
domain terminal of full length ACE2 of SARS-CoV-2 spike RBD-ACE2
model. The first peak in the force-displacement plot of ACE2 without
spike RBD indicates the beginning of a1 helix unfolding (breaking of H-
bonds) (Fig. 8(b)). The peak of 3803 pN at a displacement of 112 A
marks the complete unfolding of al helix. The unfolding of a2 helix is
accomplished at 4286 pN force at a displacement of 251 A. The subse-
quent peak of 5456 pN is the result of the unfolding of a3 helix at the
displacement of 539 A, while downward slopes represent the linear
stretching of protein without the breaking of coils or helices. The pres-
ence of spike RBD in the proximity of ACE2 causes an increase in the
peak helix-unfolding forces by a significant amount. In the SARS-CoV-2
spike RBD-ACE2 complex, the unfolding forces of the al, a2, and o3
helices are computed as 5346 pN, 4370 pN, and 6492 pN at displace-
ments of 102 A, 254 A, and 530 A respectively. The spike RBD chain E
also moves in the pulling direction along with the peptidase domain of
ACE2.

The C-terminal of SARS-CoV-2 spike RBD chain E is pulled away from
ACE2 chain B to evaluate the binding force of spike RBD within the
SARS-CoV-2 spike RBD-ACE2 complex (Fig. 8c). The detachment of the
spike RBD from ACE2 is characterized by two unlatching events at about
46.2 A and 129 f\, which are indicated by two sharp peaks in the
force-displacement curve. The first peak has a maximum force of
6713.18 pN at 46.2 A displacement (Fig. 8d). The highest peak of
7759.95 pN at a displacement of 129 A signifies the complete separation
of spike RBD chain E from the SARS-CoV-2 spike RBD-ACE2 complex.
The remainder of the plot is the mechanical response of spike RBD chain
E alone.

4. Discussion

The simulations indicate that electrostatic interactions dominate the
non-bonded interactions between coronavirus spike RBD and ACE2 for
both the SARS-CoV-2 and SARS-CoV. One of the major differences be-
tween the two coronaviruses spike-RBD interaction with ACE2 is that in
the case of SARS-CoV-2, the majority of attractive interaction energies
are primarily mediated by just two residues of ACE2; GLU and ASP,
whereas, for SARS-CoV, the attractive interaction energies are spread
out over four residues GLU, ASP, LYS and GLN (Fig. 5a & b and Fig. 7a &
b). The two residue versus multi-residue interaction of the SARS-CoV-2
and SARS-CoV spike RBDs with the human ACE2 is likely to cause sig-
nificant differences in the attachment of the two coronaviruses with
human ACE2. These residues are generally classified as charged or polar
residues attributed to salt-bridge and H-bond formations. Further, more
than 99% of the spike-ACE2 interactions arise from polar residues of
ACE2. The spike-ACE2 interactions for SARS-CoV-2 (—356 kcal/mol)
are more than twice the interactions of SARS-CoV spike-ACE2 (—166
kecal/mol). Structural observations in a recent report also suggest higher
interactions of SAR-CoV-2 RBD with ACE2 as compared to SARS-CoV
RBD [58]. The higher interactions of SARS-CoV-2 are also reflected by
the secondary structure of ACE2. In the SARS-CoV-2 spike RBD-ACE2
complex, the majority of the interaction energy arises from the ACE2
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Fig. 8. (a) Mechanical response of ACE2 chain B with the attachment of SARS-CoV-2 spike RBD chain E. (b) The force-displacement plot of ACE2 with and without
bound spike RBD. The plot for bound spike has been corrected for the rigid motion of RBD by subtracting the amount of force accountable for this motion. The peaks
in force-displacement plots of ACE2 characterize the unwinding of helices (H-bond breaking). The presence of spike RBD increases the required force to unwind the
helices/coils, thus increasing the stiffness of ACE2. (¢) Pulling off SARS-CoV-2 spike RBD chain E from ACE2 peptidase domain of chain B. (d) Force-displacement plot
of pulling of spike RBD chain E towards its unbinding from ACE2 chain B. The first peak specifies the partial separation of spike RBD (chain E) while its complete
separation from ACE2 (chain B) is marked by the second peak. Beyond this point, all the minor peaks and other features in the plot represent the linear stretching of

spike RBD.

helices. On the other hand, in the SARS-CoV spike RBD-ACE2 complex,
more than half of the interaction energy is caused by ACE2 turns.
Another potential source of differences in interactions arises from the
fact that the interacting ACE2 surface areas are 6059 A2 and 5595 A2
with SARS-CoV-2 spike RBD and SARS-CoV spike RBD respectively. A
higher interacting surface area of ACE2 results in higher interactions
with SARS-CoV-2 spike RBD. A lower dissociation constant (Kp) is
suggested from recently reported surface plasmon resonance experi-
ments for the SARS-CoV-2 spike RBD binding of ACE2 (15 nM) [64] as
compared to that also reported from surface plasmon experiments for
SARS-CoV (185.1 nM) [65]. A lower dissociation constant represents
higher binding affinity, i.e., SARS-CoV-2 spike has 10-15 fold higher
binding affinity with ACE2 than SARS-CoV as per the above mentioned
published studies[64-66]. The simulations presented here indicate a
higher attractive non-bonded interaction energy for the SARS CoV-2
spike RBD with ACE (—356 kcal/mole) as compared to that for SARS-
CoV RBD (—166 kcal/mole) which is in agreement with the surface
plasmon experiments. The surface plasmon experiments are conducted
by binding immobilized RBD on a sensor chip followed by injecting
varying concentrations of ACE2 [64,65], and studying the association
and dissociation of ACE2 to the RBD. Measuring binding energy of the
molecular entities that form RBD and ACE2 complex provides a different
but complementary view in the attachment of the ACE2 to the corona-
virus RBD. The investigation of nine specific residues of ACE2 in terms of
their interactions with coronaviral spike RBDs reveal some interesting
phenomena. These nine residues cumulatively exhibited almost 3 times
higher non-bonded interactions with SARS-CoV-2 spike RBD (—153.3
kcal/mol) relative to SARS-CoV spike RBD (—48.5 kcal/mol). Among
these residues, D30 has been found to be most intercating (—97.5 kcal/
mol) with SARS-CoV-2 while K353 interacted (—35.3 kcal/mol) most
with SARS-CoV. Certain residues (K31, M82, R357) were found to be
oppositely interacting (attraction/repulsion) between SARS-CoV and
SARS-CoV-2 spike RBD.

The mechanical response of ACE2 is obtained from the force-
—displacement plot of the complex using constant velocity pulling
(Figs. 6b and 8b). The sharp peaks in the plot result from the unfolding of
helices or coils in ACE2. The ACE2 force-displacement curve shifts up-
ward, i.e., increased force is needed to cause the same displacement
when the coronaviruses are attached to the ACE2 for both the corona-
viruses. This force increment is the result of spike RBD binding in-
teractions with the ACE2 peptidase domain (PD) that results in changes
to the ACE2 unfolding behavior making the response stiffer. The force
needed to pull the RBD by itself is found to be around 1000 pN, and this
magnitude of the force is subtracted from the net force displacement of
the RBD-ACE2 complex for both the coronaviruses. The plots shown in
Figs. 6b and 8b are corrected for the force needed to pull just the RBD.
From these observations, it is inferred that the presence of spike RBD
makes ACE2 stiffer for both coronaviruses resulting in higher helix/coil
unfolding forces. It is to be noted that the ACE2 model utilized with
SARS-CoV spike RBD contains only the peptidase domain, while the
ACE2 model utilized with SARS-CoV-2 spike RBD contains both pepti-
dase and the collectrin domain [57,58]. In both cases, the majority of the
ACE2 models (spike-RBD ACE2 interacting regions) used are identical,
with differences in the back end of the model. The collectrin domain at
the back end of ACE2 in the SARS-CoV-2 model is far from spike RBD
and does not affect the interactions with the spike RBD. However, in
order to compare the force-displacement response of the ACE2 for the
two coronavirus attachments, the peptidase domain terminal of full
length ACE2 was fixed in the SMD simulations of SARS-CoV-2 spike
RBD-ACE2 model. This particular action nullifies the impact of backend
portion (collectrin domain) of ACE2 on the external loading response.
The comparison of the mechanical response of ACE2 is done by
computing the relative changes in ACE2 stiffness due to spike RBD
attachment for both coronaviruses. The force displacement response of
the ACE2 peptidase domain differs between the two models due to the
differences in pulling direction and peptidase domain conformation
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with spike RBD. Therefore, the direct comparison of ACE2 stiffness is not
done between SARS-CoV and SARS-CoV-2 spike attachement. Instead,
relative change in stiffness of ACE2 as a result of RBD attachment are
calculated. The stiffness was calculated from the force-displacement
curves by finding the slope of the line connecting first peak of the
force-displacement curve to the origin from each of the plots in Figs. 6b
and 8b. The relative change in stiffness was calculated as the ratio of
change in stiffness due to spike attachment of ACE2 stiffnesses with
spike RBD and the initial stiffness of ACE2 stiffness without spike RBD.
The ACE2 exhibits a 54% increase in stiffness (from 33.95 pN/ A to
52.41 pN/ A) with the attachment of SARS-CoV-2 RBD, while only a 9%
increase in stiffness (from 65.58 pN/ A to 71.39 pN/ A) of ACE2 is
observed with the attachment of SARS-CoV RBD. The downregulation of
ACE2 cell receptors is known to be responsible for ARDS [32,33]. Dra-
matic differences are seen in the outcome of the ARDS severity in the
SARS-CoV and SARS-CoV-2 infected patients. Here we observe a vivid
difference in the change in stiffness of ACE2 (54% versus 9%) between
SARS-CoV-2 and SARS-CoV attachment to ACE2. Change in stiffness
suggest changes to the unfolding mechanisms of proteins. These altered
unfolding characteristics or changes in structure are highly related to
biological functionality. Thus, the observed significant differences in
stiffness of ACE2 on the coronavirus attachments could point towards
differences in biological response of ACE2 and therefore the vast dif-
ferences in severity of ARDS in the two coronaviruses; resulting in 774
deaths due to SARS-CoV versus over 4,390,467deaths (as of August 20,
2021) worldwide due to the SARS-CoV-2.

The binding force of spike RBD towards the ACE2 cell receptor is
evaluated from the force-displacement behavior obtained by pulling the
spike RBD at a constant velocity. We observe two peaks in the force-
—displacement plots for both coronaviruses resulting from two specific
unlatching events that lead to the detachment of the spike RBD from
ACE2. Both the spike RBDs from the two coronaviruses exhibit a two-
step unlatching, leading to detachment, as shown in Supplementary
Figs. 1 and 2. The SARS-CoV-2 spike RBD shows unlatching events at
6713.18 pN and 7759.95 pN as compared to 8030 pN and 10,454 pN, for
the SARS-CoV spike RBD. Thus unlatching of the SARS-CoV-2 from
ACE2 occurs at a lower force than the SARS-CoV. The mechanical pull-
off of the coronavirus RBD from ACE2 enabled using SMD is a different
phenomenon than measurement of dissociation constant using surface
plasmon resonance [64,65]. On pulling the spike RBD from the attach-
ment to ACE2, conformational changes begin in the RBD, which pro-
gressively reduce interaction energies at the ACE2-spike RBD interface.
These changes are influenced by factors like ACE2-RBD interface area,
two-residue interactions of SARS-CoV-2 spike RBD as opposed to multi-
residue interaction of SARS-CoV spike RBD with ACE2, RBD structure,
unfolding rate of RBD, ACE2 conformation etc. As seen in Figs. 6d and
8d, the pulled terminal of SARS-CoV-2 spike RBD needed to be displaced
by a larger distance (580 A) than SARS-CoV (500 A) for the force
magnitude during pulling to become zero, indicating the influence of
factors described above on the deformation. It appears that these factors
likely cause faster reduction of non-bonded interactions in spike-ACE2
complex during the pulling of SARS-CoV-2 RBD compared to SARS-
CoV RBD, resulting in lower unlatching force of SARS-CoV-2 spike RBD.

Since SMD simulations presented here mimic single protein pulling
experiments with AFM, it is suggested that future AFM experiments that
evaluate binding mechanisms of these complexes consider the effect of
the unfolding of spike RBD. SMD simulations are thus a useful meth-
odology to observe an accurate sequence of events in the pulling away of
the spike RBD from ACE2. Understanding the important biological
consequence of the formation of the ACE2-coronavirus spike RBD
complex is aided by this additional viewpoint of stiffening of ACE2 on
attachment to coronavirus, and the pulling force of the spike RBD from
the ACE2-coronavirus spike RBD complex.

Chemical Physics 551 (2021) 111353

5. Conclusions

This study utilizes computational techniques to explain the initial
host cell response due to coronavirus infections. It has been performed
by capturing the molecular interactions and changes in the mechanical
response of coronavirus cellular receptor angiotensin-converting
enzyme 2 (ACE2) in the presence of SARS-CoV and SARS-CoV-2 spike
(S) protein receptor-binding domain (RBD). Molecular dynamics (MD)
simulation has been employed to determine the non-bonded in-
teractions, while steered molecular dynamics (SMD) was used to
describe the mechanical response of ACE2. The binding force of coro-
navirus spike (S) RBDs from the ACE2 has also been investigated by
using SMD. The major findings of our study are summarized below:

e Of the attractive non-bonded interactions of SARS-CoV-2 RBD with
ACE2, 86% result from just two ACE2 residues; GLU and ASP. On the
other hand, 89% of the SARS-CoV spike RBD interaction energy is
spread over four ACE2 residues, including LYS and GLN, besides GLU
and ASP. These observations suggest potential sites of intervention to
inhibit attachment of spike RBD to ACE2.

e The non-bonded interaction energies between SARS-CoV-2 spike

RBD and ACE2 are more than twice the interaction energies between

SARS-CoV spike RBD and ACE2.

The pull-off force of the spike RBD from the ACE2 is higher in

magnitude for the SARS-CoV. On pulling the spike RBD from the

attachment of ACE2, continuous conformational changes begin in
the RBD, which progressively reduce interaction energies at the

ACE2-spike RBD interface and hence influence total pull-off force.

The attachment of spike RBD with ACE2 results in the stiffening of

ACE2 for both SARS-CoV-2 and SARS-CoV. The relative change in

stiffness due to the attachment of spike RBD is higher for SARS-CoV-2

(54%) compared to the SARS-CoV (9%). The significantly larger

relative stiffness of ACE2 on the SARS-CoV-2 attachment as

compared to the SARS-CoV attachment points towards differences in
the biological response of ACE2.

Since the host entry modes of the two coronaviruses compared here
are similar, it is interesting to note the differences in the mechanisms of
interactions, two ACE2 residues for SARS-CoV-2 versus multiple
attachment residues for SARS-CoV. The stronger non-bonded interaction
energies between SARS-CoV-2 and ACE2 result in a much stiffer ACE2
on attachment to the coronavirus spike RBD than for the SARS-CoV.
Overall, the evaluation of these mechanisms of attachment and the
resulting binding forces are critical to the development of therapies
beyond vaccines that prevent the attachment and subsequent entry into
host cells. Further mechanobiological studies that relate mechanical
changes to the severity of the ARDS would provide a definitive answer to
this important health concern.
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