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Abstract: COVID-19 caused by SARS-COV-2 is continuing to
surge globally. The spike (S) protein is the key protein of
SARS-COV-2 that recognizes and binds to the host target
ACE2. In this study, molecular dynamics simulation was used
to elucidate the allosteric effect of the S protein. Binding of
ACE2 caused a centripetal movement of the receptor-binding
domain of the S protein. The dihedral changes in Phe329 and
Phe515 played a key role in this process. Two potential

cleavage sites S1/S2 and S2’ were exposed on the surface
after the binding of ACE2. The binding affinity of SARS-COV-2
S protein and ACE2 was higher than that of SARS-COV. This
was mainly due to the mutation of Asp480 in SARS-COV to
Ser494 in SARS-COV-2, which greatly weakened the electro-
static repulsion. The result provides a theoretical basis for the
SARS-COV-2 infection and aids the development of biosensors
and detection reagents.

Introduction

A new member of the coronavirus family, severe acute
respiratory syndrome coronavirus 2 (SARS-COV-2), has spread
worldwide.[1] Coronavirus disease 2019 (COVID-19) caused by
SARS-COV-2 had led to over 332 million confirmed cases and
over 5.5 million deaths as of January 2022, as reported by the
World Health Organization (WHO) (https://covid19.who.int). To
date, the numbers of confirmed COVID-19 cases and fatalities
has far exceeded those of the previous outbreaks caused by
other coronaviruses, such as severe acute respiratory syndrome
(SARS) and Middle East respiratory syndrome (MERS), and the
transmission speed is much faster than that of these two.[2]

COVID-19 has symptoms such as fever, cough, and shortness of
breath. In more severe cases, the infection can cause pneumo-
nia, acute respiratory distress syndrome, and even death.[3]

There are also a considerable number of people who are

asymptomatic after being infected with SARS-COV-2, which has
greatly increased SARS-COV-2 spread and complicated
detection.[4]

During coronavirus spread, the spike (S) protein, which is
located on the raised portion of the SARS-COV-2 virus surface,
plays a key role in recognizing host cell receptors and in the
fusion process of viral and cellular membranes.[5] The S protein
forms a complex of three monomers, and each monomer
contains 1273 amino acids.[6] The S protein can be cleaved into
an amino (N)-terminal S1 subunit and a carboxyl (C)-terminal S2
subunit.[7] The S1 subunit is the main host cell receptor-binding
region, and the S2 subunit is the region that forms the fusion
peptide.[8] The S1 subunit includes four domains: the N-terminal
domain (NTD), receptor-binding domain (RBD), C-terminal
domain 1 (CTD1), and C-terminal domain 2 (CTD2). A previous
study showed that the membrane fusion process of coronavi-
ruses, such as SARS-COV, begins with the binding of the S1
subunit to angiotensin-converting enzyme 2 (ACE2), after which
a protease cleaves the S1/S2 or S2’ cleavage site.[9] A dramatic
conformational change occurs in this process to form the post-
fusion state of the S protein, which initiates membrane
fusion.[10] However, for the S protein of SARS-COV-2, we still
know very little about its structure and allosteric characteristic.
Research on its interactions with host cell receptors and the
relevant molecular mechanism is urgently needed.

The current progress on SARS-COV-2 structural information
is still very limited. Wrapp and Walls et al. obtained the crystal
structure of S protein in different states by the cryo-EM method,
which is of great significance for understanding the structure of
S protein.[6,11] Yan et al. also obtained the structure of the S
protein RBD and ACE2 and neutral amino acid transporter
B0AT1 by the cryo-EM method, which is helpful for under-
standing the recognition of SARS-COV-2 in host cell infection.[12]

Moreover, Yao and Ke et al. revealed the architecture of the
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SARS-COV-2 surface, which exhibits the distribution of S
protein.[13] Yuan et al. provided structural information on the
antibody interaction with SARS-COV-2.[14] All these reports are
beneficial for understanding the infection mechanism of SARS-
COV-2. These structural discoveries still remain at several nodes
in the SARS-COV-2 infection process, and it is not enough to
analyze the recognition and binding mechanism of SARS-COV-2
and host receptors.

During the recognition process of ACE2 by the S protein,
the S1 subunit of the S protein will first change from the
“closed” conformation to the “up” conformation, which is also
named the prefusion state.[9,11] Then, the S1 subunit in the “up”
conformation will recognize and bind to the host target ACE2.
To date, there are several SARS-COV S protein crystal structures
in different conformations, including the “closed”, “up”, and
ACE2-bound states. To carry out studies of SARS-COV-2 on the
interaction with ACE2 and the subsequent allosteric effect of
the S protein, we combined the prefusion state of the S
proteins of SARS-COV and SARS-COV-2 as templates to build
single and ACE2-bound S protein structures. Molecular dynam-
ics (MD) simulations were performed on the structures to
monitor the stability and change of S protein. The potential
cleavage site was analyzed, and its structural character was
analyzed. Then, the interaction mechanism between the S
protein and ACE2 was studied, and the results were compared
between SARS-COV and SARS-COV-2. Finally, the allosteric effect
of S protein induced by the binding of ACE2 was analyzed. The
study provides a structural basis and molecular mechanism of
the S protein and provides a theoretical basis for comprehen-
sively understanding the characteristics of SARS-COV-2 and for
developing related vaccines and detection kits.

Results

Structural basis of the SARS-COV-2 S protein

The homotrimer structure of the S protein is similar in SARS-
COV and SARS-COV-2. In the prefusion conformation of the S
protein trimer, two monomers are in the “closed” state and are
named monomers A and B. Another monomer in the “up” state
is named monomer C. In this state, the RBD of monomer C is
convex compared with the other monomers. The global and
per-residue model quality was assessed and presented a good
quality evaluation (Figures S1 and S2 in the Supporting
Information). A 250-ns MD simulation was performed to
evaluate the structural stability. The root mean square deviation
(RMSD) curve presented a relatively high value (5 Å) but a
narrow fluctuation range (Figure S3A). Root mean square
fluctuation (RMSF) showed that the fluctuations among residues
had clear differences (Figure S3B). Most of the residues had
RMSF values less than 4 Å, whereas several surface residues had
more than 5 Å RMSF values. The narrow fluctuation range of
the RMSD and the low-value region of RMSF showed that the
global structure is stable, while the increased RMSD value and
the high value region of RMSF showed that local regions had
structural changes. In addition, there are 42 disulfide bonds in

the S protein structure, which are beneficial for maintaining the
stability of the structure (Figure S4).

To identify structural changes, cluster analysis was per-
formed (Figure S5). By comparing the initial conformation with
the representative stable conformation, it could be seen that
the main structural differences existed in the S1 subunit and
that the S2 subunit remained stable during simulation (Fig-
ure S5.A). The main structural change in the S1 subunit was
concentrated in the RBD. The structural change of monomer A
and B was inconspicuous. Both the S1 and S2 subunits of
monomer C had higher RMSD values than those of monomers
A and B. As the RMSD of S1 of monomer C was high, we
needed to confirm whether the up state has changed. We
defined a long axis with the outer and inner sides of the RBD
structure, and defined the central axis with the normal vector
perpendicular to the trimer plane (Figure S5). The angle
between the two axes was monitored during the simulation.
The angles of monomers A and B were relatively consistent and
remained at about 75°, while the angle of monomer C was
stable at about 40°. This result showed that although the
monomer C has a relatively large RMSD value, it still remained
stable in the “up” state. Generally, the highly fluctuating region
had a good induced-fit effect on the protein-protein interaction.
We speculate that the variable and convex RBD region could
help SARS-COV-2 recognize and bind ACE2. More importantly,
the simulation results show that after SARS-COV-2 enters the
human body, the S protein that can be stabilized in the “up”
state for a long time has a higher recognition efficiency for
ACE2 than that in the “closed” state, which is important for the
high infection efficiency of SARS-COV-2.[15]

Dynamic structural features of cleavage sites

Fusion activation is usually initiated by proteolytic cleavage.
Investigating the cleavage mechanism of S protein is important
to understand the viral pathogenesis process. As little is known
about the SARS-COV-2 S protein, we analyzed the dynamic
structural features of cleavage sites obtained by the ProP 1.0
server.[16] The cleavage sites were also confirmed by previous
work.[17] The first cleavage site (� RRAR� ) was located between
residues 682 and 685, which was not observed in the SARS-COV
S protein. A previous study showed that the SARS-COV protein
had a second cleavage site named S2’, which played an
important role in the SARS-COV S protein fusion process.
Alignment of the sequences showed that SARS-COV-2 also had
this site. This cleavage site was located on residues 814 and 815
(� KR� ). Structural information showed that the positions of the
S1/S2 sites in three monomers were different (Figure 1B). The
S1/S2 site in monomer C was closer to the NTD domain than
that in monomers A and B. The S1/S2 site in monomer C had
clearly lower B-factor values than that in monomers A and B,
which indicated that this site in the “up” conformation was
more stable than that in the “closed” conformation. The
electrostatic potential of the S1/S2 site also presented diversity
in the two conformations. In the “closed” conformation, the S1/
S2 site showed a spike-like positive potential surface. However,
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in the “up” conformation, the positive electrostatic potential
surface of the S1/S2 site was smooth and connected to the
positively charged region of the NTD (Figure 1C and D). The
position of the S2’ site was similar in each monomer. The
structure of the site had small fluctuations, and the electrostatic
potential surface of the site was located in the sunk area
(Figure 1C and E). The results indicate that the S1/S2 site was
more likely to be the initial cleavage site. The S2’ site may not
be cleaved from the beginning which is similar as SARS-COV.
Compared with SARS-COV, the additional cleavage site of the S
protein in SARS-COV-2 further enhance its infectivity in the
human body, which is also presented in other work.[17b]

Binding mechanism comparison of the SARS-COV-2and
SARS-COV S proteins with ACE2

The binding free energy between the S protein and ACE2 was
evaluated by MM-GBSA (Table 1). Clearly, the binding affinity
between the S protein and ACE2 is higher for SARS-COV-2
(� 26.35 kcal mol� 1) than that for SARS-COV (� 18.91 kcal mol� 1).
These results reflect that when the virus enters the human
body, SARS-COV-2 is more likely to bind to host cell receptors
than SARS-COV, which may be the reasons that SARS-COV-2 is
more infectious than SARS-COV. By decomposing energy into
different terms, it can be seen that electrostatic energy and
polar solvation energy are the most significant differences
between the two coronavirus S proteins. The electrostatic

Figure 1. A) The cleavage sites S1/S2 and S2’ in the S protein sequence. B) The positions of the cleavage sites. C) The electrostatic potential surface of the S
protein; the cleavage sites are highlighted. D) Top: the B-factors of the S1/S2 site in each monomer; a thicker line indicates a higher value. Bottom: the
corresponding electrostatic potential surfaces. E) Top: the B-factors of the S2’ site in each monomer. Bottom: the corresponding electrostatic potential
surfaces.
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interaction between the S protein of SARS-COV-2 and ACE2
(� 932.18 kcal mol� 1) is much stronger than that of the SARS-
COV protein and ACE2 (� 588.20 kcal mol� 1). Due to the large
unfavorable polar solvation energy, the total polar binding free
energy (Epolar) is unfavorable for binding. However, the total
polar binding free energy in SARS-COV-2 (75.00 kcal mol� 1) was
more favorable than that in SARS-COV (92.35 kcal mol� 1). In
both coronaviruses, the dominant binding affinity comes from
nonpolar binding free energy (Enonpolar). The nonpolar energy in
SARS-COV (� 111.26 kcal mol� 1) is more favorable than that in
SARS-COV-2 (� 101.34 kcal mol� 1). Through structural analysis,
the binding interface of S protein is a long loop in the RBD, and
the interface of ACE2 is an α-helix. The flexibility of the loop
makes the S protein have an induced-fit effect in the binding
process (Figures 2 and S3). The surface properties of the S
proteins of the two coronaviruses are quite different. The
electrostatic potentials of the interface surfaces for ACE2, the S
protein in SARS-COV and that in SARS-COV-2 were negative,
negative and positive, respectively (Figure 2B). Notably, there is
a favorable positive–negative electrostatic interaction between
SARS-COV-2 and ACE2 and an unfavorable negative-negative
electrostatic interaction between SARS-COV and ACE2.

The binding free energy was further decomposed into each
residue to obtain the key residues of the binding process. The
residues with an energy contribution greater than � 1 kcal mol� 1

were important (Tables S1 and S2). The S proteins of SARS-COV-
2 and SARS-COV had 13 and 14 important residues, respectively.
For SARS-COV-2, Gln493 and Tyr505 offered the most significant
energy contributions. The two phenylalanine residues, Phe456
and Phe486, which do not exist in SARS-COV, also played
important roles. The key residues of ACE2, including Asp355,
Tyr41, Thr27, Phe28 and Gln24, were similar when binding to
either SARS-COV-2 or SARS-COV. Lys417 was a newly appeared
residue in SARS-COV-2. It formed a salt bridge with Asp30 of
ACE2, which was verified by other report.[18] This favorable
electrostatic interaction was reflected in the surface electrostatic
potential of S protein and ACE2 (Figure 2B). The corresponding
residue of SARS-COV was Val404, which caused the significant
difference in the electrostatic potential surface of the S proteins
of the two coronaviruses. We further analyzed the residues that
are unfavorable for binding (Figure 2C and Table S3). The
electrostatic interaction between Asp480 (10.02 kcal mol� 1) of
SARS-COV and Asp38 (6.22 kcal mol� 1) and Glu35

(3.97 kcal mol� 1) of ACE repels the two molecules, which results
in a very large unfavorable binding energy. However, in SARS-
COV-2, Asp480 is replaced by Ser494, which has a short and
noncharged side chain. In contrast to that of Asp480, the side
chain of Ser494 does not point toward ACE2 and enlarges the
distance to Glu35 of ACE2 from approximately 5 Å to approx-
imately 9 Å (Figure S6). Thus, the corresponding binding energy
decreased from 10.02 to 0.43 kcal mol� 1 for Asp480 and Ser494,
respectively. Correspondingly, the energies of Asp38 and Glu35
in ACE2 decreased from 6.22 and 3.97 kcal mol� 1 to � 0.39 and
� 0.56 kcal mol� 1, respectively. This result is consistent with the
surface electrostatic potential (Figure 2B). Compared with that
with SARS-COV, Ser19 of ACE2 also had a smaller unfavorable
binding affinity when ACE2 bound to SARS-COV-2. In addition,
Lys390 in SARS-COV presented an unfavorable energy contribu-
tion, and the corresponding Arg403 in SARS-COV-2 decreased
the unfavorable binding affinity. In fact, nearly all of the
unfavorable residues in SARS-COV decreased the binding
energy in the SARS-COV-2-ACE2 complex (Table S3). Compared
with SARS-COV, the mutation of several amino acids in SARS-
COV-2 enhanced the binding affinity to host target ACE2.

The centripetal movement of ACE2 and the RBD to the S
protein trimer

When ACE2 bound to the S protein in the “up” state, the ACE2
and RBD regions had obvious structural change. Through the
overlap of the initial conformation with the conformation at
50 ns, it can be seen that the ACE2 and RBD regions had
obvious centripetal movement (Figure 3). The RMSD values of
ACE2 and the three S protein monomers did not change much,
but the RMSD value of the overall complex changed signifi-
cantly. This indicated that the movement of the RBD and ACE2
was an integral movement rather than the internal dissociation
(Figure S7). The structural biology research has obtained the
conformation of the SARS-COV S protein before and after
binding to ACE2, which was named as “up” conformation and
the “ACE2-bound 1” conformation, respectively.[10] We super-
imposed the initial conformation with the 50 ns conformation
and superimposed the SARS-COV S protein in the “up” state
with that in the “ACE2-bound 1” state. The allosteric effects
between SARS-COV-2 and SARS-COV were similar (Figure 3A
and B). After binding to ACE2, the RBD regions of SARS-COV
and SARS-COV-2 had centripetal movement. The essential
dynamics analysis (EDA) also showed that during 0–50 ns, the
main movement of ACE2 and the RBD was from outside to
inside (Figure 3C). To quantitatively characterize this movement,
we monitored the distance between the RBD of monomers C
and B on the opposite side. After 5 ns, the distance between
Asn481(C) and Asn370(B) began to gradually decrease from 30
to 10 Å within 34 ns. Then, the distance fluctuated at about
10 Å (Figure 3F). All these results showed that after the binding
of ACE2, the S protein of SARS-COV-2 quickly changed from the
“up” state to the “ACE2-bound 1” state. Since we performed
long time MD simulation for the S protein trimer without ACE2
bound, the RBD remained stable during the simulation time

Table 1. Binding free energy between the S protein and ACE2 obtained by
MM-GBSA.

Binding free energy [kcal/mol]
SARS-COV-2 SARS-COV

Evdw � 88.43�5.31 � 97.69�6.14
Eele � 932.18�42.87 � 588.20�46.53
EGB 1007.18�42.15 680.55�43.90
Esurf � 12.91�0.76 � 13.57�0.70
Epolar

1 75.00 92.35
Enonpolar

2 � 101.34 � 111.26
ΔH � 26.35�6.63 � 18.91�11.02

1. Epolar =Eele + EGB; 2. Enonpolar =EvdW + Esurf.
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(Figure S5). We confirmed that the centripetal movement of the
RBD was triggered by the binding of ACE2.

To explore the cause of this allosteric effect, we analyzed
the binding energy between ACE2 and the S protein (Figure 3G
and H). The results showed that both electrostatic energy and
van der Waals energy gradually became stronger after the
binding of ACE2. The van der Waals energy changed from � 60
to approximately � 80 kcal mol� 1, and the electrostatic energy
changed from � 140 to approximately � 190 kcal mol� 1. The
surface electrostatic potential analysis showed that the pos-
itively charged area of the CTD1 tended to move to the
negatively charged area of the opposite monomer B (Figure S8).

The long-range impact of binding energy was also shown in
other work.[17b] These results indicate that the centripetal
movement caused by the binding of ACE2 is a thermodynami-
cally favorable spontaneous movement and that its movement
can help enhance the binding affinity of S protein to ACE2.

To further investigate the molecular mechanism of this
allosteric effect, we used various methods to study the
intermolecular interactions of the allosteric process. The aniso-
tropic network model (ANM) results showed that the main
movement areas were concentrated in the RBD and ACE2
(Figure 3D). The mobility analysis obtained by EDA showed that
the RBD, ACE2 had high mobility, which is consistent with the

Figure 2. A) Binding diagram of ACE2 (pink) and the S protein; monomers A, B and C are red, yellow, and green, respectively. B) The electrostatic potential
surface of the interface (labeled by black lines) between ACE2 and the S protein RBD, and the bottom shows the bound state: left: SARS-COV-2, right: SARS-
COV. C) Residues with highly unfavorable energy contributions in ACE2-bound SARS-COV (yellow) and the corresponding residues in SARS-COV-2 (green). D)
The key residues in ACE2-bound SARS-COV-2. E) The key residues in ACE2-bound SARS-COV-2. (protein: brown; key residues of ACE2: red; key residues of
SARS-COV-2/SARS-COV: green).
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ANM result (Figure S9). A new method, “Ohm”, which is based
on the perturbation propagation algorithm, is used to identify
and characterize the allosteric communication of proteins.[19]

The allosteric potential of amino acids is reflected by the
allosteric coupling intensity (ACI) values. Among the RBD
residues, 53 residues had ACI values larger than 0.7, which
represents a high potential allosteric effect (Table S4). The
dihedral, which was an important mark of structural change,
was calculated for all 53 residues. The results showed that the
dihedral of several residues, including Phe329, Asp364, Tyr365,
Asn388, Phe515, Lys529 and Thr531, changed during the
simulation (Figures 3I, J, K and S10). In these residues, Phe515
and Phe329, which are located at the two terminals of the RBD,

play important roles in the movement of the RBD. It should be
noted that these dihedral angle changes were concentrated at
two points in time. The first time was at approximately 15–
17 ns; the χ angle of Phe329 as well as the ϕ or ψ angles of
Lys529 and Thr531 changed. The second time was at approx-
imately 34 ns; the ϕ or ψ angles of Asn364, Tyr365 and Phe515
and the χ angle of Asn388 Phe515 changed. These two time
points are in response to changes in binding energy and the
distance between monomers C and B (Figure 3F, G and H). In
addition, Phe329, Asp364, Tyr365 and Phe515 had high positive
correlations. Phe329, Lys529 and Thr531 had positive correla-
tions (Figure S11). Notably, all these residues are located near
the terminus of the RBD with CTD1 and the NTD. Phe329,

Figure 3. A) Comparison of the “up” state (yellow) and “ACE2-bound 1” (S protein: blue, ACE2: pink) state of SARS-COV. B) Comparison of the initial binding
state (S protein: yellow, ACE2: orange) and “ACE2-bound 1” state (S protein: green, ACE2: cyan) of SARS-COV-2. C) EDA of ACE2-bound S protein (protein:
orange, direction of movement: cyan arrows). D) ANM analysis. Large inter-residue fluctuations are blue and small fluctuations are red. E) The residues of RBD
with obvious dihedral changes are shown in a stick model. The allosteric pathway of RBD is portrayed in green. F) Distance between Asn481 of monomer C
and Asn370 of monomer B. G) Electrostatic binding energy between ACE2 and the S protein. H) Van der Waals binding energy between ACE2 and the S
protein. I) The χ dihedral angle of Phe329. J) The ϕ dihedral of Phe515. K) The χ dihedral of Phe515. The important time points are labeled in blue lines.
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Asp364, Tyr365, Phe515, Lys529 and Thr531 all located in the
loop region of RBD. Their dihedral angle changes affected the
structure of RBD, but did not influence the main secondary
structures of the RBD. The change in dihedral angle was a key
factor in inducing conformational transformation. After charac-
terizing the key residues that affect the allosteric effect, another
question is how ACE2 binding affects these residues. To clarify
this question, we analyzed the allosteric pathway through Ohm
(Figure 3E). On the one hand, the binding of ACE2 directly
affected the nearby residues. On the other hand, the binding
site affected internal amino acid allosteric regulation through
the allosteric pathway of “Gln493-Leu452-Leu492-Arg454-
Asn422-Tyr423-Val512”. Val512 was located in the lower part of
the secondary structure region of RBD and had very high ACI
values (0.88), exhibiting high allosteric character. Val512 had
high positive correlations with Phe329, Asp364, Tyr365 and
Phe515 (Figure S11).

From the above analysis, we can infer that ACE2 binding
affects the dihedral changes in residues in the RBD from the
outside to the inside through the allosteric pathway and finally
triggers the RBD movement. We not only observed the whole
process of the S protein transitioning from the “up” state to the
“ACE2 bound 1” state but also indicated the molecular
mechanism of this process and the inherent thermodynamic
factors.

The structural movement after “ACE2-bound 1” state

For SARS-COV, after reaching the “ACE2-bound 1” state, the
RBD and ACE2 regions swing outward again. The final swing
amplitude even exceeds the “up” state, reaching the “ACE2-
bound 2” state.[10] This process should be complicated; other-
wise, the RBD and ACE2 should move directly from the “up”
state to the “ACE2-bound 2” state instead of going through the
“ACE2-bound 1” state first. Considering the similarity of SARS-
COV-2 and SARS-COV, SARS-COV-2 might also encounter
unknown energy barriers during its movement from the “ACE2-
bound 1” to the next state. Therefore, after reaching the “ACE2-
bound 1” state, we adopted the GaMD method to enhance the
sampling efficiency. The RMSD values of the classic MD to
GaMD present clear difference for the two methods (Fig-
ure S12). EDA showed that the main movement was the lateral
swing of the ACE2-RBD regions after the “ACE2-bound 1” state
(Figure 4). In addition, the NTD regions, focusing on residues
17–43, and 57–267, had obvious allosteric movement, especially
in monomers B and C. The movement further affected the
conformations of the cleavage site. For monomer A, the S1/S2
cleavage site became relatively smooth, while it was convex in
the “up” state. The S2’ cleavage site was still not exposed on
the surface (Figures 1 and 4). For monomer B, the S1/S2
cleavage site was totally convex. The S2’ cleavage site was
covered by the loop of the S2 subunit. For monomer C, the S1/
S2 cleavage site became convex. The most significant difference
was that the S2’ cleavage site was completely exposed on the
surface. The electrostatic potential surface clearly reflected the
above results (Figure 4).

Discussion

COVID-19 is an ongoing pandemic caused by SARS-COV-2.
Unlike other coronaviruses, SARS-COV-2 has shown greater
spread in environment and pathogenicity to human health,
which has brought difficulties to the prevention and control of
the epidemic. In view of the importance of the S protein in the
SARS-COV-2 infection process, we performed MD simulations
on the S protein in the “up” state and the “ACE2-bound”
complex. The current crystal structures show that the S protein
has a “closed” state and an “up” state.[11] The S protein must be
in the “up” state to be able to bind to the host receptor. The
simulation results show that the S protein can be stabilized in
the “up” state, which is obviously beneficial to its recognition
and binding with host receptors ACE2. The binding of ACE2
initiate the centripetal movement of the S protein RBD in the
“up” state and finally change to the “ACE2-bound 1” state,
which is similar as SARS-COV.[10] The subsequent long-range
GaMD simulation showed that the “ACE2-bound 1” failed to
transform into the “ACE2-bound 2” conformation, which is not
similar to SARS-COV. There might be a large energy barrier
between the “ACE2-bound 1” state and the next state. In any
case, this state is an important intermediate state in the SARS-
COV-2 infection process, and our results indicate that SARS-

Figure 4. Top left: Comparison of the “ACE2-bound 1” conformation (S
protein: green, ACE2: cyan) and the final state based on GaMD (S protein:
purple, ACE2: blue). Right: the EDA (protein: orange, the movement
direction: cyan arrow). Middle: The positions of the two cleavage sites S1/S2
and S2’ (blue) in the final state. Bottom: The electrostatic potential surfaces
of S1/S2 and S2’ in the final state.
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COV-2 can be stabilized in this “semi-fusion” state for a long
time. Many news reports and studies have reported that a large
number of people who are infected by SARS-COV-2 might be
asymptomatic.[4,20] The long incubation period of COVID-19 and
its asymptomatic infection suggest that SARS-COV-2 may not
fuse quickly after entering the body. According to our results, it
is possible that when SARS-COV-2 enters the body to bind
ACE2, it quickly changes into the “ACE2-bound 1” state and stay
in this state. Before entering the next stage from “ACE2-bound
1”, the S protein-ACE2 complex might take a long time or
require other factors to participate, which need further research.
Recently, multiple new SARS-COV-2 variants has been found in
many countries. In the United Kingdom, a variant, B1.1.17,
emerged that might be associated with increased risk of
death.[21] The mutation sites in this variant, including His69/
Val70 and Tyr144, presented obvious allosteric movement. The
variants B.1.351 and P.1, which were first found in South Africa
and Brazil, respectively, have also been detected in many other
countries. The mutation sites in these variants, including Leu18,
Thr20, Phe26, Asp80, Asp138, Arg190, Asp215, Glu484, Lys417
and His655, all had obvious structural movement after ACE2
binding. The result of GaMD showed that these positions had
high mobility after the “ACE2 bound 1” state, which indicated a
correlation between the mutants and the ACE2 binding. The
influence of the mutants on the spread and infection of SARS-
COV-2 need further investigation.

Compared with S protein of SARS-COV, the ability of S
protein evolves in SARS-COV-2. The newly emerging “-RRAR-”
site at S1/S2 and the surface exposure of two sites in the “ACE2-
bound 1” state can help SARS-COV-2 to be more easily
recognized by proteases and initiate the fusion process than
SARS-COV. By comparing the binding process of SARS-COV and
SARS-COV-2 with ACE2, we found that the binding affinity of
SARS-COV-2 to ACE2 was significantly improved. This difference
was mainly due to the mutation of Asp480 of the S protein in
SARS-COV to Ser494 in SARS-COV-2, which greatly weakened
the electrostatic repulsion with Glu35 and Asp38 of ACE2. The
analysis of binding free energy not only helps us to identify the
important amino acids in the binding process, but also reminds
us that there are still unfavorable binding amino acids in the S
protein of SARS-COV-2, indicating that the virus may still
continue to evolve. In addition, the analysis of amino acids can
help engineer ACE2, which is useful to develop more effective
biosensors or detection reagents. The modification of ACE2 can
be performed by mutating amino acids with low binding
affinity to high binding affinity or by mutating the unfavorable
amino acids to favorable amino acids. Chan et al. reported that
the mutation of T27Y and H34A can enhance the binding ability
of ACE2 with the S protein, and these amino acids were
identified as important residues in our analysis.[22] In addition,
our results have found a variety of other amino acids that are
unfavorable for binding. Whether these amino acid mutations
can produce proteins with stronger binding affinity remains to
be further studied. In conclusion, our results reveal the
molecular mechanism of the allosteric effect of the S protein
before and after ACE2 binding, which provides a theoretical
basis for the investigation of the latent, infectious, and

pathogenic mechanisms of SARS-COV-2. The results are also
helpful for the development of biosensors and detection
reagents.

Conclusion

In view of the importance of the S protein in the SARS-COV-2
infection process, we performed MD and GaMD simulations on
the S protein in the “up” state and the “ACE2-bound” complex.
The results showed that the S protein could be stabilized in the
“up” state. In this process, the S1/S2 site was convex in the two
“closed” monomers, whereas the site in the “up” monomer was
smooth. S2’ was hidden inside the S protein. Comparing the
binding process of SARS-COV and SARS-COV-2 with ACE2, we
found that the binding affinity of SARS-COV-2 to ACE2 was
significantly improved. This was mainly due to mutation of
Asp480 of the S protein in SARS-COV to Ser494 in SARS-COV-2,
which greatly weakened the electrostatic repulsion with Glu35
and Asp38 in ACE2. In addition, this study also identified key
residues in the binding process of S protein and ACE2. Finally,
this study found that the binding of ACE2 could promote the
centripetal movement of the S protein RBD in the “up” state
and finally change to the “ACE2-bound 1” state, which was
similar to the changes in SARS-COV. The binding of ACE2
affected the internal residues of the RBD, especially Phe329 and
Phe515, through a long-range allosteric pathway. The dihedral
changes in these residues play an important role in the
movement of the RBD. A subsequent long-range GaMD
simulation showed that the “ACE2-bound 1” conformation
failed to transform into another conformation; this is different
with SARS-COV. The two potential cleavage sites, S1/S2 and S2’
on “up” monomer were completely exposed on the surface
during the process. The NTD, which contained several patho-
genic mutation sites, had high structural fluctuation in this
process. In conclusion, the results revealed the molecular
mechanism of the allosteric effect of the S protein before and
after ACE2 binding, which provides a theoretical basis for the
investigation of the latent, infectious, and pathogenic mecha-
nisms of SARS-COV-2. The identification of key amino acids also
aids the development of more effective biosensors and
detection reagents.

Experimental Section
See the Supporting Information for computational details.
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