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The recent outbreak of SARS-CoV-2 has had a profound effect on the world. Similar to that in SARS-CoV,
the entry receptor of SARS-CoV-2 is ACE2. The binding of SARS-CoV-2 spike protein to ACE2 is the critical
to the virus infection. Recently multiple species (human, Chinese chrysanthemum, Malay pangolin and
cat) have been reported to be susceptible to the virus infection. However, the binding capacity and the
detailed binding mechanism of SARS-CoV-2 spike protein to ACE2 of these species remains unexplored.
Herein free energy calculations with MM-GBSA and Potential of Mean Forces together reveal that the
Human-SARS-CoV-2 has a higher stability tendency than Human-SARS-CoV. Meanwhile, we uncover
that SARS-CoV-2 has an enhanced ability to bind with the ACE2 in humans, pangolins and cats compared
to that in bats. Analysis of key residues with energy decomposition and residue contact maps reveal
several important consensus sites in ACE2s among the studied species, and determined the more
favorable specified residues among the different types of amino acids. These results provide important
implications for understanding SARS-CoV-2 host range which will make it possible to control the spread
of the virus and use of animal models, targeted drug screening and vaccine candidates against SARS-CoV-
2.

© 2021 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

The recent outbreak of the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) has had a profound impact on the
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world. So far, the virus has spread to over 220 countries and caused
more than 2 million deaths. Therefore, development of vaccines/
drugs is critical to the control of the pandemic. However, no
effective antiviral drugs are currently available although a number
of drug candidates are presently under development [1e4].

According to genome comparison studies, SARS-CoV-2, like
SARS-CoV, belongs to the genus beta-coronavirus. The Receptor
Binding Domain (RBD) of the SARS-CoV-2 spike protein has 73%
sequence identity with the SARS-CoV RBD. SARS-CoV-2 enters the
host cell through the interaction of its RBD and the Angiotensin-
converting Enzyme 2 (ACE2) [5,6]. in vitro studies showed that
the purified recombinant human ACE2 protein is capable of
attracting coronaviruses and preventing SARS-CoV-2 from
aire (SFBBM). All rights reserved.
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accessing the cells. However, the murine recombinant soluble ACE2
(mrsACE2) was unable to bind directly to viruses and did not
significantly affect the infection of cells [7]. Similarly, based on the
naive llama single-domain antibody library and PCR, the generated
related nanobodies were reported to bind tightly to the RBD and
block its interaction with ACE2 [8]. Therefore, ACE2 and the RBD
protein are considered as potential targets for novel antiviral drug
discovery and several studies have confirmed that ACE2 qualifies as
a therapeutic target.

Given the importance of the interaction between ACE2 and
spike-RBD, the structures of the Human-SARS-CoV-2 were recently
resolved through cryo-electron microscopy (cryo-EM) and X-ray
[9e11]. However, despite the intuitive and credible interface
formed by ACE2 and RBD on the resolved structure, the protein-
protein interactions at the interface are often nonspecific, result-
ing in structural diversification. In addition, these different struc-
tures resolved by cryo-EM and X-ray have different conformations,
giving rise to a slightly different interface. More importantly, with
increasing research on SARS-CoV-2, several other species have been
reported to be susceptible to infection by the virus although bats
and pangolins are believed to be the original and intermediate
hosts, respectively. Interestingly, the virus was recently detected in
domestic cats [12,13]. Therefore, exploring both similarity and dif-
ference involved in the interface between ACE2 and RBD, gathering
information on key biological processes of species interfaces for
understanding potential natural animal-to-human transmission,
will guide rational molecular design strategies.

Molecular dynamics (MD) simulation has been proved a
powerful technique to investigate protein interactions at the atomic
level [14,15]. However, in previous studies MD simulations were
mainly used to examine the mechanism involved in the single
Human-SARS-CoV-2 system or explore the interaction between
small molecule inhibitors and proteins [16e18]. At the beginning of
the outbreak, Hao [19] showed that the binding free energy of
Human-SARS-CoV (�78.6 kcal,mol�1) is higher than that of
Human-SARS-CoV-2 (�50.6 kcal,mol�1) by MD simulations in
MOE2019. Subsequently, an additional study [20] showed similar
findings based on a protein-protein docking method. They reported
that the receptor-binding affinity between SARS-CoV-2 and human
ACE2was 73% of that of SARS-CoV. On the contrary, opposite results
were obtained in several other MD simulation studies. Researchers
[21e23] reported that SARS-CoV-2 has the larger interaction area
involving human ACE2 contacts and also has the larger correlation
in Pearson based matrices analyses. These results supported the
stronger binding of SARS-CoV-2 RBD to ACE2 than SARS-CoV.
Recently, based on their own developed simulation method, Zhu
group [24] confirmed that the CoV-2-S-RBD could maintain higher
affinity binding to human-ACE2 than the CoVeS in all fluctuating
conformations. Consequently, it is important to conduct MD sim-
ulations with a variety of appropriate analytical methods to
compare the stability of the Human-SARS-CoV-2 and Human-
SARS-CoV complexes, and to extend these methods to explore the
detail interaction between SARS-CoV-2 and the ACE2 of reported
species.

In this study, focus was directed to the four species previously
reported to be susceptible to infection with SARS-CoV-2, including
humans, the Malayan pangolin, Cats and Chinese chrysanthemum.
The RBD-ACE2 interacted interfaces of these species were revealed
by a molecular modeling study through homology modeling, mo-
lecular dynamics (MD) simulation, steered molecular dynamics
(SMD) simulation and Potential Mean Force (PMF) calculations.
First, molecular modeling was used to construct the unknown
complexes of the Pangolin-SARS-CoV-2, Cat-SARS-CoV-2 and Bat-
SARS-CoV-2. Based on the structural models, MD simulations
were performed to obtain information on the molecular
2

interactions between spike-RBD and different ACE2 proteins.
Moreover, energy decomposition analysis and PMF calculations
were used to determine the critical sites at the interacted interface
of all four species and to analyze differences in binding capacity
among the species. The obtained results will help in understanding
the binding mechanism between virus and multi-species, and
provide useful insights on drug and vaccine development.

2. Materials and methods

2.1. Homology modeling and quality assessment

The study used Swiss Model (https://www.swissmodel.expasy.
org) and template pdb (ID: 2AJF) to construct the complexes of
the ACE2 and SARS-CoV-2-RBD proteins of human (Homo sapiens
NP_001358344.1), pangolin (Manis javanica XP_017505746.1), cat
(Felis catus AAX59005.1) and bat (Rhinolophus sinicus
ADN93475.1) [25]. Sequences of mice (Mus musculus NP_081562.2)
was also considered because recent structural studies suggest that
mouse ACE2 is likely poor receptors for SARS-CoV-2 [26]. In addi-
tion, the online SAVES webserver (https://servicesn.mbi.ucla.edu/
SAVES/) was used to assess the quality of the prediction model [27].

2.2. MD simulation

The GROMACS (2018) software with amber14sb force field was
used as the MD simulation tool to optimize the structures of the
homology model. In addition, TIP3P waters was added to all the
systems with the counter-ions Cl- and Naþ. Notably, periodic
boundary conditions were considered in order to avoid possible
problems from the boundary effect. Additionally, the Particle Mesh
Ewald (PME) algorithm and a 1.2 nm distance cutoff were applied
for the long-range and short-range electrostatic interactions,
respectively. The NoseeHoover algorithm and Parrinello-Rahman
were also used to maintain the temperature and pressure at
300 K and 1 atm, receptivity. Moreover, the steepest descent
method was considered for energy minimization in all the MD
simulation systems and each system was equilibrated under the
NVT-ensemble and NPT-ensemble states. The coupling time con-
stant was 2.0ps. Finally, a 500ns simulation was performed on each
system to obtain a stable conformation of the complex in the sys-
tem [28,29].

2.3. Binding free energy calculation/MM-GBSA

The binding free energies of the proteineprotein systems were
calculated through the MM-GBSA procedure encoded in the
AMBER 18.0 software. Generally, the binding free energy (DGbind)
was calculated as follows:

DGbind ¼Gcomplex �
�
Gprotein þGligand

�
¼DGMM þDGsol � TDS

whereDGMM was the molecular mechanics free energy, while DGsol
and TDS were the solvation free energy and entropy contribution,
respectively. Furthermore, the DGMM value included the van der
Waals energy (DGvdw) and the electrostatic (DGele) energy:

DGMM ¼DGvdw þ DGele

here, the electrostatic solvation DGsol represented the polar solva-
tion free energy (DGele,sol) and the nonpolar solvation free energy
(DGnonpol,sol):

DGsol ¼DGele;sol þ DGnonpol;sol

https://www.swissmodel.expasy.org
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The DGele,sol was determined using the Generalized Born (GB)
equation with the dielectric constants of the solute and solvent set
at 1.0 and 80.0, respectively. The DGnonpol,sol represented non-
electrostatic contributions to the solvation energy [30,31].

2.4. SMD simulation

SMD simulations were initiated using coordinates and velocities
from equilibrium MD simulations to facilitate the unbinding of the
spike protein from the ACE2 protein [32,33]. At the beginning of
SMD simulations, the 8 nm � 8 nm � 28 nm (x,y,z) box was con-
structed using the gmx editconf module of the GROMACS software,
taking into account the periodic distance and the centroid of the
ACE2-RBD complex was placed on one side of the box
(4 nm � 4 nm � 4 nm). Thereafter, about 55,000 water molecules
and 150 mmol counter NaCl were included to neutralize the
resulting system. Notably, the ACE2 receptor was set as a fixed
reference during the SMD simulations and external steering forces
were applied to the spike-RBD protein to gradually separate it from
the complex system along the predefined direction. Moreover, the
spring constant of 1000 kJ,mol�1 nm�2 and pulling speed of
0.01 nm/ps were applied to ensure the spike-RBD pulled away from
the composite along the z-axis within 500 ps. Both coordinates and
steering forces were saved after every 1 ps for further analysis
[34,35].

2.5. Umbrella sampling and determination of PMF

The PMF profile was constructed from a series of umbrella
sampling windows. For each system, 53 to 55 asymmetric windows
with a sampling distance of 0.5 Å~1 Å were selected for the um-
brella sampling simulations from the SMD simulation. Each win-
dow was then equilibrated for 10ns with a force constant of
1000 kJ/mol/nm2. The total number of sampling windows for the
seven systems was 378 and the overall simulation time was
~3.78 ms. In addition, based on outputs from the above US, the PMF
was calculated using the weighted histogram analysis method
provided by the gmx wham tool [36,37].

3. Results

3.1. Structure prediction

It is noteworthy that at the time this study began, the complex
structure of the human ACE2 and spike-RBD protein had not been
experimentally resolved (this was uncovered in a later study).
Notably, there exists high homology in the sequences of mamma-
lian ACE2 and there is also a high similarity between SARS-CoV and
SARS-CoV-2. There is 80% sequence identity in the ACE2 of humans,
pangolins, cats, bats and mice. In addition, the RDB protein is 85%
similar in the sequences between SARS-CoV and SARS-CoV-2.
Based on the sequence similarities, the homology models of the
five species were generated by using the homology modeling
program Swiss Model.

To estimate the quality of a protein model, model quality
assessment methods can be used. Notably, each VERIFY 3D score of
the predicted structures was greater than 95%, and almost all the
ERRAT scores were 90% while the PROVE warning parts were not
more than 5%. In addition, analysis of the Ramachandran plot
indicated that more than 98% of the residues fell under the favored
region, suggesting the reliability of predicted structures (see
TableS1). Moreover, the predicted structure of the human system
and the currently resolved cryo-EM structure were further
analyzed. The two structures were exceptionally similar with a
backbone Root Mean Squared Deviation (RMSD) of 0.462 Å (Fig. 1).
3

Particularly, two interfaces of structures agree well, even though
there is only a minor deviation in a small loop part because of their
inherent high flexibilities. Overall, due to the high levels of
sequence similarity across the species and the high sequence ho-
mology between SARS-CoV and SARS-CoV-2, the predicted results
of homology modeling were credible.

3.2. The interactions between ACE2 and RBD proteins

Based on the results of homology modeling, all the five com-
plexes of SARS-CoV-2 in the different species, as well as the human-
SARS-CoV and mice-SARS-CoV complexes were selected for further
MD simulations. The template complex of SARS-CoV and human-
ACE2 (PDB id: 2AJF) was simulated as a reference. Simulations for
each system covered a minimum of 200 ns, resulting in a total
simulation time of 1.4 ms. The Root-mean-square Fluctuation
(RMSF) was computed for each MD-simulated system to highlight
dynamic behaviours of individual amino acid residues within a
system. The RMSF plots indicated that similar residue fluctuation
profile for all investigated complexes remained in the range of
0.1e1 nm, which could be inferred that all the virus-receptor
complexes remain in stable configurations during MD simula-
tions. Figure S1 also showed that a vast majority of important
catalytic residues present at the protein-protein interacted inter-
face had an RMSF value of not more than 0.2 nm, except for N-
terminal regions with the inherent flexibility. Although residues
involved in the binding sites in the spike protein were partially
located in the flexibility loop regions, the low RMSF values of these
residues at the corresponding yellow locations were attributed to
the stabilizing-effect of the binding proteins.

The most stable conformation was uncovered through MD
simulations. In terms of human-SARS-CoV complex, the residues at
the interface were mainly concentrated at 19, 20, 23e24, 26e28,
30e31, 34e38, 41e42, 45, 79, 82e83, 324e326, 330, 353e357,
386e387 and 393 of the ACE2 protein. Additionally, the involved
residues at the interface of the SARS-CoV RBD protein were
403e404, 426, 431e443, 460e463, 470e476 and 479e492. The
results also showed that hydrogen bonds were mainly formed by
S19/Q24/H34/Y41/Q42/Y83/E329/K353 (ACE2) and R426/Y436/
Y440/P462/N473/Y484/T486/G488 (RBD). Furthermore, the salt
bridge and p-p interaction were formed by E329(ACE2)-
R426(spike) and Y41(ACE2)-Y484(spike), respectively (Fig. 3A).
The results were in general accordance with the resolved structure
of Human-SARS-CoV. As to Mice-SARS-CoV, the involved residues
at the interface were basically similar to Human-SARS-CoV system,
and the hydrogen bonds were mainly formed by N24/Y41/Q42/
H353/D355 (ACE2) and Y436/D463/N473/T486/G488 (RBD). How-
ever, a remarkable phenomenon is noted that the hydrogen bond
between F83 and the spike structure is missing in the Mice-SARS-
CoV (Fig. 3B).

With regard to the SARS-CoV-2 systems, theMD results revealed
that the final conformation of the complexes was generally similar,
most likely due to the high degree of sequence identity in ACE2
among different species. In addition, the stable conformation was
observed to be in line with corresponding resolved structures (if
there was one). Importantly, the residues at the interface (in all five
complexes) were mainly concentrated at 19e50, 75e85, 325e330,
350e355 and 385e393 of the ACE2 protein (shown in Fig. 2 with
the black box). Nonetheless, significant differences were observed
in the binding interfaces due to variations in the two spike residues
(Fig. 5). With regard to the human-ACE2 and SARS-CoV-2 complex,
the main residues of the ACE2 protein involved at the protein-
protein interaction site were 20, 23e24, 27e31, 34e38, 41e42,
45, 79, 82e83, 324e326, 330, 353e357, 386e387 and 393 (Fig. 3C).
On the other hand, the corresponding parts of the spike protein



Fig. 1. Comparison between the predicted structure (green) and resolved structure (magenta) of complex formed by human ACE2-RBD complex. The two structures superimpose
very well to each other and the interface areas almost all the same.
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were 403e405, 417, 421, 445e446, 449, 453e456, 473e478 and
485e505. Notably, hydrogen bonding is essential in maintaining
the stability and function of complex formed by ACE2 and RBD
protein. In the finally obtained major conformation of the ACE2-
SARS-CoV-2 system, the main chain oxygen atom of K353 was
observed to form a 2.84 Å hydrogen bond with the N atom of G502
in the RBD structure. In addition to forming hydrogen bonds with
the backbone and backbone chain, the numerous side chains such
as Q24/K31/H34/E37/D38/Y41/Q42/Y83/K353/D355 in ACE2 and
Y449/Y453/A475/T478/N487/Q493/S494/Y495/in RBD also had the
ability to form hydrogen bonds. These results were roughly
consistent with those of the experimentally resolved structures.
Similar to hydrogen bonds, salt bridges are also important in
maintaining the protein complex structure. Herein, the results
revealed the presence of two salt bridges in the human-SARS-CoV-
2 system, one of which was formed between D30 (in ACE2) and
K417 (in RBD) while the other was formed between E37 (in ACE2)
and the R403 (in RBD). Similarly, the p-p interaction formed by Y83
(ACE2) and F486 (RBD) could also contribute to favorable binding.
More detailed results are listed in Table S2.

In the cat-SARS-CoV-2 complex (Fig. 3D), comparison with the
above human-related results showed that similar residues were
involved (20e24, 27e31, 34e38, 41e42, 45, 79, 82e83, 324e326,
330, 353e357, 386e387 and 393 of the ACE2 protein as well as
403e405, 408, 417, 446, 449, 453e458, 473e478, 487e505 of the
spike protein) although they had different degrees of interaction.
After comparing the two complexes, the results showed that the
hydrogen bonds in the cat complex were similar to those of the
human-SARS-CoV-2 complex, although theywere fewer in number.
It is noteworthy that the D38E in the cat ACE2 protein could also
form stable hydrogen bonds with relevant residues in the spike
protein. Additionally, E23 showed the ability form a salt bridgewith
K458 of the spike protein, in addition to the salt bridges mentioned
earlier (previous paragraph). However, the weak association in cats
was mainly caused by the p-p interaction between F28(in ACE2)-
Y489(in spike) and the cation-p action composition of
K31(ACE2)-Y489(spike)/K353(ACE2)-Y505(spike). Moreover, the
structural similarity could be extended to the bat and pangolin
systems, which had almost the same set of residues in the interface
region but with slightly diverse hydrogen-bonds (Fig. 3E and F). As
a reference, Mice-SARS-CoV-2 and Human-SARS-CoV-2 share
similar protein-protein interface. Of concern is that the hydrogen
4

bond formed by E30/E31/F83 is missing because of the different
substituents in the side chains (Fig. 3G).

In real environments, there exists inherent differences in the
degree of fluctuation and flexibility of protein. Therefore, the
analysis of this single stable conformation does not cover protein-
protein interactions of different conformations, whether the sta-
ble conformation was obtained from simulation snapshots or from
resolved structures (Figs. 3 and 4). However, the MD can resolve
this deficiency by monitoring innate dynamic fluctuation. In order
to exhaustively analyze the dynamic non-covalent contact net-
works in proteins throughout MD simulation, the GetContacts tool
was used to explore all the possible hydrogen bonding interactions
by extracting from the MD trajectories. Taking the D30 of ACE2 in
human-SARS-CoV-2 complex as an example, the two resolved
structures had strikingly different hydrogen bonding interactions,
which may correspond to different conformations of the same
molecule. Interestingly, analysis of H-bonds in D30 from the MD
process provided all the potential hydrogen bonds (Fig. 6). The
figure shows that nine different residues, including R403, K417,
D420, Y421, Y453, L455, R457, Y473 and Q493 in the spike protein,
had the potential to form hydrogen bonds with D30. In addition, a
thicker line in the figure indicates that a H-bond was highly likely
formed between D30 and K417, consistent with the resolved
structure (see Fig. 4). Meanwhile, by comparing all resolved
structures, D30 forms one hydrogen bond with the Q493 (PDB
ID:7KJ4) offered another evidence (Figure S2). In a word, the results
of dynamic analysis not only were consistent with resolved struc-
tures, but also can predict possible yet unknown conformations.
More information on the hydrogen bonding interactions at the
protein-protein interface of the other four susceptible systems is
provided in Figure S3. Moreover, all the original data is provided in
the supplementary material and can be uploaded and visualized on
this website; https://gpcrviz.github.io/flareplot/?p¼create.

3.3. The stability of the ACE2-RBD complex

Next, we explored the similarities and differences in interaction
between the spike protein and the ACE2-RBD of the five different
species. Binding free energy calculations were conducted using the
MM-GBSA method. As listed in Table 1, the results showed that the
human-SARS-CoV-2 and cat-SARS-CoV-2 systems had the highest
binding energy of about �54 kcal,mol�1, followed by the pangolin
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Fig. 2. ACE2 receptor sequence comparison among different species. The ACE2 protein sequence is very homologous among different species. The corresponding binding site has
been marked with black box at residues 19e50, 75e85, 325e330, 350e355 and 385e393.
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system (�45.72 kcal/mol). While the bat-SARS-CoV-2, mice-SARS-
CoV-2, human-SASRS-CoV-2 and human-SARS-CoV systems with
binding energies of�33.97 kcal/mol,�29.97 kcal/mol,�30.36 kcal/
mol and �23.16 kcal/mol, respectively. Additionally, electrostatic
energy (DGele) was shown to play a dominant role in the binding
reactions of all the seven systems. Moreover, van der Waals in-
teractions (DGvdw) and the nonpolar solvation free energy (DGnon-

pol,sol) were shown to be favorable for binding while the polar
solvation free energy (DGele,sol) conferred unfavorable effects on
binding, in all the complexes. It is noteworthy that the unfavorable
DGele,sol in the human-SARS-CoV system was significantly higher
than in the other groups, which was the major factor associated
with low-energy. Although the seven systems had different binding
free energy figures, the corresponding large error values of
±7 kcal,mol�1 could potentially change the ordering of energy in
the systems, with less marked differences. Such include the cross-
5

state range of energy in human-SARS-CoV-2, pangolin-SARS-CoV-
2 and cat-SARS-CoV-2 as well as the little distinction between bat-
SARS-CoV-2 and human-SARS-CoV-2.

Considering the large uncertainty obtained in the MM-GBSA
results, the additional binding energy method with SMD simula-
tions were performed. The seven systemswere selected to examine
the ability of these spike-RBD proteins to dissociation from the
different ACE2 proteins. Notably, it was necessary to select the
reasonable values of a spring constant (K) and velocity (V) before
the SMD studies, in order to obtain measurable dissociation.
Thereafter, a series combination tests were conducted with
different values of K and V, to identify the optimal solutions. These
combination tests included a total of seven K values ranging from
500 to 2000 kJ/mol/nm2 and four different velocities from
0.005 nm/ps to 0.015 nm/ps (Figure S4). The pre-test results
showed that K changed over time as the distance between the



Fig. 3. The interface between ACE2 (in green) and spike-RBD (in blue). ~A G, the complexes of Human-SARS-CoV, Mice-SARS-CoV, Human-SARS-CoV-2, Cat-SARS-CoV-2, Pangolin-
SARS-CoV-2, Bat-SARS-CoV-2, Mice-SARS-CoV-2, respectively. Representative structures were extracted from simulation trajectories.
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protein centroids increased. Therefore, the lower V and K values,
the lower the maximum pull force required. Generally, all the po-
sition curves were smooth during the separation of complexes
although there were some fluctuations at the end of the force
curves when the rake speed value (or K) was too high. This indi-
cated that the K and V values greater than 1500 kJ/mol/nm2 and
0.015 nm/ps, respectively, would not be suitable. Finally, the
moderate K value of 1000 kJ/mol/nm2 and a V of 0.01 nm/ps were
selected for all the SMD studies.

Based on the equilibrium structure and previous tensile tests,
SMD simulation with 0.5 ns were performed on all the seven sys-
tems by applying a pulling force on the RBD part to disassociate it
from the receptor (Figure S5). The results on Figure S4 suggest that
all the spike proteins dissociated from the ACE2-spike complex are
through a similar process. In addition, the whole RBD structure
remained basically stable with a slow dissociation rate from the
beginning to the end of the process. This illustrated that reasonable
values of K and V were selected without any structural damages in
the simulation process. At the initial phase of SMD, the ACE2 and
RBD proteins were in their fully bound state and the original
external pulling force may not be enough to contend the strong
binding forces. Therefore, the complexes did not show large
conformational changes and the distances between the ACE2 and
spike proteins increased slowly. However, as the pulling force
6

gradually increased, the external force finally offset the binding
force in a duration of about 150e180 ps. By comparing the different
systems, there were small changes in the conformation of the
centroid-centroid distances of the complexes. Nevertheless, these
forces played important roles in damaging the conformation of
protein-protein interaction sites, particularly, the breakage of
hydrogen-bonds. Notably, when the hydrogen bond was gradually
destroyed by an increase in external forces, the binding forces of
complexes subsequently decreased. Therefore, the required pulling
force between ACE2 and RBD was also gradually reduced in about
180e270 ps. At this stage, the most striking feature of change in the
complexes was the RBD section being pulled away from the ACE2
protein at higher rate. Moreover, ACE2 and RBD were completely
isolated from each other after 270 ps, leading to a further reduction
in the required external forces. Consequently, the rate of separation
slightly decreased at a constant speed until the end of the process.
Overall, there was a similar trend in change in all the seven systems
during the stretching process, likely due to the high sequence
similarity between different species.

A series of MD simulations combined with umbrella sampling
provides the binding energy DG along the specific reaction coor-
dinate path. In this study, each complex system produced a series of
coordinate conformations along the z-axis during the stretching
process and about 53e55 windows were selected for independent



Fig. 4. The interface structural comparison of two resolved human-SARS-cov2 structures. Both entry 6LZG (magenta) and 6M17 (green) are drawn from the Protein Data Bank (PDB)
database. As an overall perspective, these two structures solved by cryo-electron microscopy are well agreement with each other. Some minor yet notable differences existed,
nevertheless. Take hydrogen bonding interactions as an example, five additional hydrogen bonds exist in magenta structure, namely Q24-N487, D30-K417, E37-Y498, Q42-Q498 and
Q42-G446, respectively. This suggests that even though the human-SARS-cov2 structures has been resolved, a single conformation is not provided adequate information because of
the inherent structural fluctuation.

Fig. 5. Comparison of the protein sequence of SARS-CoV-2-RBD and SARS-CoV-RBD. The region of action with human ACE2 receptor protein has been marked with a black box in
the corresponding region. It can be seen from the figure that the main residue regions of the two types of S proteins involved in the action of ACE2 are similar, but compared with
SARS virus, SARS-CoV-2-S protein has more additional residues involved in receptor interaction.
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MD at a sampling distance of ~1 Å. Afterwards, the free energy
surfaces were obtained by reweighing the umbrella sampling his-
tograms through a weighted histogram analysis method (Fig. 7).
From the PMF curves, the seven curves differed tremendously from
each other. The pangolin-ACE2 bound to SARS-CoV-2 to give the
highest unbinding free energy of �16.8 kcal/mol among all the
systems studied, followed by the Human-SARS-CoV-2 complex
which reduced by only 0.5 kcal/mol. It was implied that the un-
binding free energy in both the pangolin and human systems were
almost the same. Moreover, the calculated energy had marked
differences in three other SARS-CoV-2 systems, with cat-SARS-CoV-
2 having �13.1 kcal/mol, bat-SARS-CoV-2 recording �10.1 kcal/mol
and mice-SARS-CoV-2 sharing �7.6 kcal/mol. Corresponding to the
above SARS-CoV-2 systems, human-SARS-CoV and mice-SARS-CoV
with lowunbinding free energy of�6.6 kcal/mol and�5.1 kcal/mol,
respectively. ACE2 was shown to have the lowest unbinding free
energy. Finally, the PMF results presented above show that SARS-
CoV-2 may to some extent display a stronger affinity towards the
7

ACE2 proteins than SARS-CoV. Furthermore, the affinity of SARS-
CoV-2 towards the intermediate hosts was found to be stronger
than that towards the original host.
3.4. The key residues of ACE2 in different species

Further, energy decomposition analysis was conducted with the
binding free energies of the seven systems before being broken
down into individual residues located within the protein-protein
interface. The results are presented in Table S3. Generally, resi-
dues involved in the protein-protein interface site, such as 19e28,
30e31, 34e38, 41e42, 45, 79, 82e83, 325e326, 330, 352e357 and
386 of ACE2, represented different levels of binding interactions.
Out of those, residues 24, 27e28, 31, 34, 38, 41e42, 83 and 353e355
played crucial roles in ACE2-spike interactions (Fig. 8). Additionally,
the different types of residues were observed to play distinct roles.
For instance, residue N/Q/L/R24 had beneficial effects in four sys-
tems (range from �3.403 to �0.945 kcal/mol) while the



Fig. 6. The visualization of hydrogen bonding interactions between D30 (in ACE2 with red) and other residues (in spike with blue). The hydrogen bonding interactions for D30 are
highlighted by black curves while the other hydrogen-bonding residues represented in the background as a grey curve. The thicker line, the higher the proportion of hydrogen bond
made between the residues.

Table 1
The binding free energy of the seven systems (kcal$mol�1).

System polar contributions nonpolar contributions DGbind

DGele DGele,sol DGvdw DGnonpol,sol

Human-ACE2-SARS-CoV-2 �648.15 692.62 �86.30 �12.19 �54.03 ± 7.50
Pangolin-ACE2-SARS-CoV-2 �512.95 566.44 �87.06 �12.16 �45.72 ± 7.20
Cat-ACE2-SARS-CoV-2 �502.39 546.52 �86.29 �12.12 �54.27 ± 7.20
Bat-ACE2-SARS-CoV-2 �606.99 662.16 �78.37 �10.78 �33.97 ± 7.10
Mice-ACE2-SARS-CoV-2 �471.14 539.30 �86.32 �11.80 �29.97 ± 5.60
Human-ACE2-SARS-CoV �760.63 822.78 �80.95 �11.56 �30.36 ± 7.30
Mice-ACE2-SARS-CoV �396.97 458.50 �74.85 �9.83 �23.16 ± 3.96
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unfavorable effect of E24 was present in the pangolin-SARS-CoV-2
complex. The change from the amino to hydroxy group in Q24Ewas
shown to potentially result in the alteration of electrostatic in-
teractions with the surrounding residues A475/T478/N487 and
solvent waters. Furthermore, the conserved amino acids such as
T27 and F28, had similar energy contributions in the seven systems,
ranging from �1.586 to �2.671 and �1.008 to �1.417 kcal/mol,
respectively.

Generally, the overall energy contribution of residue K31 in all
the seven systems was higher than E/N31 while H34 had a higher
input than S/Q34. This is possibly because both K31 and H34 were
more likely to form hydrogen bonds with Q493 and Y453/S494/
Y495 in the spike protein, respectively. In addition, residue 38
8

consisting of aspartic, glutamic and asparaginewas beneficial to the
binding interactions in all the four SARS-CoV-2 related systems
although aspartic-38 was unfavorable to the SARS-CoV complex.
This may be because the different sequences of residues, 493e499/
479-485 in the spikes of SARS-CoV-2 and SARS-CoV changed the
spatial orientation of the residues, especially Q498 in SRAS-CoV-2
and the corresponding Y484 in SRAS-CoV. Notably, Y41 had huge
energy contributions in all the seven systems while residue 42 with
glutamine contributed more to the human-SARS-CoV-2 compared
to the other systems. This is likely due to the high probability of the
formation of hydrogen bonds between Q42 and Q498. However, the
same residue Y83 displayed different energy values in all corre-
sponding systems because of loop fluctuations in residues 81e84,



Fig. 7. The average potential curve of each composite system in umbrella sampling. The curve reflects the binding ability of ACE2 and Spike-RBD in each complex. From the figure, it
can be found that the binding ability of ACE2 and SARS-CoV-2 in the pangolin system is the highest, while the difference between the human host and the pangolin is very small,
followed by Cat and Chinese chrysanthemum bat ACE2. As a reference host, mice ACE2 has the low binding force with SARS-CoV/SARS-CoV-2, respectively.
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while the absence of a favorable hydrogen-bonding group may
impede the energy contributions originate from F83. Moreover, the
most important residues, 353e355 were essential in maintaining
the binding force between ACE2 and RBD. Compared to H353 in
mice, K353 had a great ability to form hydrogen bonds with Y495/
G496/Q498/G502 and weak interactions with Y505. Furthermore,
residue 354 with histidine was able to form an additional H-bond
with D405, indicating a stronger energy contribution than that with
glycine. Additionally, D355 had the highest contribution in all the
systems probably because of the ease of generating static electricity
with T500(SARS-CoV-2)/486(SARS-CoV).

To reveal that what influences the conformation of these key
residues, the residue contact maps were used in monitoring the
interactions of specific residues throughout the simulation. This
was based on the key residues obtained from the binding free en-
ergy calculations and energy decomposition analysis [38]. The final
plot had the residue of interest at the center and the associated
residues around it. Thickness of the line represented the frequency
of interactions between two residues from thewhole process. As an
example, the key residue K353 contact map in the human-SARS-
CoV-2 system is shown in Fig. 9, which indicates that eight resi-
dues could form close associations with K353. Among these resi-
dues, E37, Y41, G352, G354 and D355 had coefficient values of above
0.9 in the ACE2 protein. These had a great impact inmaintaining the
conformation of K353 in ACE2 as well as the closely associated
residues N501, G502 and Y505 in the spike protein. Additionally,
any changes in the type of residue, including the center and
neighboring residues, could more or less alter their position. All the
key residue contact maps were calculated and the extracted results
were shown in Table S4.

From the comparison, the study found that each type of residue
9

had some special characteristics. Given the same kind of key resi-
dues and surrounding residues in all the reported susceptible four
species, T27, F28, Y41, Q42, K353 and D355 showed no significant
differences between systems. In contrast, the same residue Y83
were affected by the different kinds of residue 21 in the above
systems and caused minor effects on the residue contact maps. As
for remaining non-conserved sites, a few of these sites had little
effect on residue localization (e.g., E/K31 and D/E/N38), but more
sites exhibit highly diverse contact maps with different types of
residues. The obvious differences in residue 24 were seen on the
residue contact maps. On one hand, there were different types of
residue 24while on the other hand, themulti-surrounding residues
were not all the same, such as I/S/T21 and E/D23 in the different
groups. Moreover, there wasn't a direct link between the energy
contributions and residue contact maps, although the significant
changes in maps may have had an effect on energy (residue 24 in
Fig. 8). With regard to H/S34, similar H34 residue contact maps
were observed in the Human and Cat-SARS-CoV-2 systems while
there was no significant difference in the S34 residue contact maps
of the Pangolin/Bat-SARS-CoV-2 groups. Moreover, a comparison of
the residue contact maps showed that a change from H34 to S34
could definitely increase contact with E/D30 in ACE2 and L455 in
the spike protein. As to human-SARS-CoV system, despite having
the same H34 in the same ACE2, D30 (in ACE2) and Y442 (in SARS-
CoV spike) exhibited more differences because of the variation
between TYR442 and the corresponding residue L455 (in SARS-
CoV-2). Additionally, H354 in Pangolin-SARS-CoV-2 could make a
slightly stronger association with G504 in spike and weak associ-
ation with F356 in ACE2, as opposed to G354 in the other systems.
Considering the multiple surrounding residues showed a tight
linkage to key residues with the diversified maps in the all five



Fig. 8. Free energy decomposition plots for the seven systems.
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systems. Not only mutations at key sites, but also changes in sur-
rounding residues may have had a large impact on the contact
interactions.

4. Discussion

Homology modeling and MD simulations revealed that the
seven complexes had high structural similarity. Two methods
(MM-GBSA and PMF) were used to obtain the relative binding en-
ergy between different ACE2s and spike proteins, in order to
explore the stability of complexes formed by SARS-CoV-2 and the
ACE2 of different species. The MM-GBSA calculations revealed that
electrostatic interaction was the dominant force involved in
maintaining the conformation of the complexes. Comparing the
results from MM-GBSA and PMF also showed that the displayed
trends were consistent. Of these, the SARS-CoV-2-related systems
were more stable than the Human-SARS-CoV complex in both
calculation methods. Meanwhile, the two mice-SARS-CoV-2 and
mice-SARS-CoV-with the low energy in SARS-CoV-2 and SARS-CoV
related systems, which is consistent with the reported experi-
mental result that mice were not susceptible to SARS-CoV/SARS-
CoV-2 infection [26]. Notably, the Human-SARS-CoV-2 complex
exhibited the highest stability in all the five SARS-CoV-2 groups. In
the case of stability of Human-SARS-CoV-2 and Human-SARS-CoV
systems, this observation is at variance with the results of Hao
et al. [19,20], but is in accordance with previously released reports.
Structural studies have shown the stronger binding affinity of the
CoV-2-S-hACE2 as compared to that of CoVeS-hACE2 [39,40].
Together, active pharyngeal viral shedding findings suggest a more
efficient transmission of SARS-CoV-2 than SARS-CoV [41]. None-
theless, contradictory findings were obtained between MM-GBSA
and PMF with regard to Cat/Human-SARS-CoV-2 and Human/
Pangolin-SARS-CoV-2. MM-GBSA showed that Cat/Human-SARS-
CoV-2 had the highest binding energy while PMF revealed that
the Human/Pangolin-SARS-CoV-2 had the highest unbinding en-
ergy. This inconsistency may have been due to the large error range
10
of ±7 kcal,mol�1 obtained in MM-GBSA or because MM-GBSA and
PMF use different calculation approaches.

Moreover, stability of the complexes was determined by rele-
vant residues in the protein-protein interaction sites. Given the
conservative nature of ACE2 protein sequences, the residues pri-
marily involved in protein-protein interaction sites in all the sys-
tems were 19e24, 27e31, 34e38, 41e42, 45, 79, 82e83, 324e326,
330, 353e357, 386e387 and 393. However, the key residues were
Q/E/L/R24, T27, F28, D/E30, K/E31, H/S34, D/E/N38, Y41, Q42, Y83,
K353, H/G354, D355 out of which residues 353e355 were the most
critical.

In addition, analysis of the hydrogen bonding network in key
residues complemented the weaknesses of single conformation in
resolved structures. Notably, the same residue in different ACE2
proteins could form similar hydrogen bonds with the spike protein,
but at different positions, in the five SARS-CoV-2 systems. As for the
different kinds of residues, the hydrogen bonding effect is more
different. The L24E showed less distant contact with N487 is pre-
dicted to be disruptive. Meanwhile, the S34 could form three
hydrogen bonds with residues Y453/Q493/G496 while H34 could
more associate with spike R403/G496. Similarly, G354 mainly
interacted with T500, unlike H354 which associated with multiple
residues, D405/V503/G502/G504/T505. Overall, the specified resi-
dues L24/K31/H34/N38/H354 in ACE2 are more favorable for
binding with SARS-CoV-2 among four species. In both Human
complexes, SARS-CoV-2 and SARS-CoV were present in similar sites
but at different frequencies, despite sequence variability between
them. Hotspots K31/D38/Y83/K353 contribute to the difference in
the stability of the two systems. In corroborationwith findings from
previous studies, it was reported that, ACE2 of mice exhibited the
lowest receptor activity, the E30 N, H34/Q, Y83F and K353H sub-
stitutions are all predicted to disrupt interactions in mice ACE2.
Results of our reanalysis are generally consistent with those re-
ported in the literature [42].

The hydrogen-bonding interactions were not only determined
by the self-residue type but also by the spatial conformation of



Fig. 9. The residue contact map of K353 in human-SARS-CoV-2 system. Labels with A and B represent the different chains of ACE2 and spike-RBD protein, respectively, while the
lines with values stand for the correlation of interactions.
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residues, influenced by surrounding residues. In addition, the res-
idue contact maps could discriminate the close interactions around
specific residues. In most cases, the same kind of key residue in four
species has similar results residue contact maps (e.g., T27, F28, Y41,
Q42, K353 and D355). However, due to the mutated surrounding
residues in different species, the conformation and energy contri-
bution of the same type of residues are not exactly the same. The
most dramatic example is Y83, which is strongly affected by
immediately adjacent residues such as different types residues 82
and 84 in four species. This results in Y83 conformational diversi-
fication ultimately leading to energy contribution differences
(Fig. 7). As to non-conserved sites I/S/T21, E/D23, H/S34 and H/
G354, the role of surrounding residues is more diverse. This clearly
shows that when extended to other more species, it is necessary to
focus not only on hot spot residues itself, but also on adjacent
residue types. The residue contact maps also revealed similar res-
idue contacts among four species and this information might pro-
vide a mechanistic basis for further understanding interspecies
transmission. Such sites could potentially be helpful in designing
novel peptide-based entry inhibitors against specific the RBD of
SARS-CoV-2 to disrupt SARS-CoV-2 initiates its entry into human
cells by binding to ACE2.
5. Conclusions

In this study, homology modeling and MD simulationwere used
to construct complexes of SARS-CoV-2-RBD and ACE2 in five
11
species. The MM-GBSA and PMF methods not only confirmed the
receptor-binding affinity between SARS-CoV-2-RBD and human
ACE2 was stronger than that of SARS-CoV-RBD, but also revealed
the binding affinity between the SARS-CoV-2-RBD and ACE2 in five
species. The Energy decomposition analysis indicated the key res-
idues in five species. As a supplement, the network of important
hydrogen bonding interaction between ACE2s and spikes can make
up for the lack of resolved structures. Additionally, the residue
contact maps help to understanding species-related differences in
affinity. In summary, conducted in the backdrop of an unabated
SARS-CoV-2 epidemic, the obtained results will help in under-
standing the mechanism of infection between species and provide
useful insights on novel potent drug development.
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