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During the rapid worldwide spread of SARS-CoV-2, the viral genome has been undergoing numerous
mutations, especially in the spike (S) glycoprotein gene that encode a type-I fusion protein, which plays
an important role in the infectivity and transmissibility of the virus into the host cell. In this work, we
studied the effect of S glycoprotein residue mutations on the binding affinity and mechanisms of
SARS-CoV-2 using molecular dynamics simulations and sequence analysis. We quantitatively determined
the degrees of binding affinity caused by different S glycoprotein mutations, and the result indicated that
the 501Y.V1 variant yielded the highest enhancements in binding affinity (increased by 36.8%), followed
by the N439K variant (increased by 29.5%) and the 501Y.V2 variant (increased by 19.6%). We further
studied the structures, chemical bonds, binding free energies (enthalpy and entropy), and residue contri-
bution decompositions of these variants to provide physical explanations for the changes in SARS-CoV-2
binding affinity caused by these residue mutations. This research identified the binding affinity differ-
ences of the SARS-CoV-2 variants and provides a basis for further surveillance, diagnosis, and evaluation
of mutated viruses.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The novel coronavirus disease (COVID-19), caused by severe
acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) [1], has
emerged as a severe epidemic and a serious risk to the global pub-
lic health and economy since its first outbreak in December 2019
[2–4]. Many studies have indicated that human angiotensin con-
verting enzyme 2 (hACE2) is the entry receptor of SARS-CoV-2
[5–8], which is similar to that of SARS-CoV [9,10]. SARS-CoV-2
has been reported to use the homotrimeric spike (S) glycoprotein
on the virion surface to implement receptor recognition and mem-
brane fusion [2]. The S protein includes two main subunits (S1 and
S2) that form the receptor-binding domain and the fusion peptide
domain, in which S1 identifies and binds to the host cell and S2
implements membrane fusion. It has been reported that the recep-
tor binding domain (RBD) within S1 subunit is a key functional
component for binding to hACE2, and this binding is also a critical
initial step in viral infection [1,6,8,11]. Moreover, neutralizing
monoclonal antibodies of the immune system have been reported
to carry out their neutralization activity by binding to the RBD
within the S protein and disrupting virus binding [12–16]. There-
fore, an in-depth investigation of RBD binding to hACE2 is essential
for drug design and antibody development.

However, residue mutations in S glycoprotein can significantly
affect virus infectivity and transmission efficiency, thus influencing
the efficacy of neutralizing antibodies. During the global spread of
SARS-CoV-2, a large number of reports have indicated that S glyco-
protein mutations can enhance the infection of the virus, but the
mechanism has not been explained [17–20]. For example, the
N439K variant, in which the ASN439 residue in the RBD is mutated
to LYS439, first emerged in Scotland and spread widely in many
European countries. N439K was reported to significantly enhance
the binding affinity of S glycoprotein to the hACE2 receptor and
influence the activity of neutralizing antibodies [21,22]. Another
widespread SARS-CoV-2 variant is 501Y.V1, which is considered
to be the most severe mutation based on experimental evaluation
of the structures and functions of the virus [23–25], with increased
binding affinity to the hACE2 receptor. The third SARS-CoV-2 vari-
ant found to have severe effects was reported at the end of 2020,
when the 501Y.V2 variant was first discovered in South Africa
and then found to be widely spread to a series of countries, includ-
ing the UK, Switzerland, Finland, Japan and Australia, which has
been observed to have an increased receptor-binding ability
[25,26]. The 501Y.V2 variant has three residue mutations in the S
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glycoprotein (K417N, E484K and N501Y mutations), which allow
the virus to more easily bind to human cells [25,27]. K417N refers
to the residue mutation from LYS417 to ASN417, E484K represents
the residue mutation from GLU484 to LYS484, and N501Y denotes
the residue mutation from ASN501 to TYR501 [28]. It is very rare
for three mutations to appear in one variant at the same time,
especially during large outbreaks. Therefore, it is very important
to study the binding affinity of receptors to the 501Y.V2 variant,
which is difficult to observe in the laboratory and can serve as an
identification indicator of virus infection after mutation.

In this work, we studied the structures, chemical bond changes,
binding free energies (enthalpy and entropy), and residue contri-
bution decompositions of the three most widespread and impor-
tant S glycoprotein variants (501Y.V1, 501Y.V2, N439K) of SARS-
CoV-2. As shown in Fig. 1(a), the 501Y.V1 variant contains N501Y
mutation in the RBD, the 501Y.V2 variant contains the mutations
of K417N, E484K, and N501Y in the RBD, and the N439K variant
contains the mutation of N439K in the RBD. Based on structural
analysis and molecular dynamics simulations, we studied the
effects of the three variants on hACE2 binding affinity and mecha-
nisms found the following discoveries. (1) Structural and sequence
analysis showed that the molecular weight and stability changed
significantly, but the aliphatic index and half-life did not change
after the residue mutations, as shown in Table S1 of the supple-
mentary information (SI). The 501Y.V1 and 501Y.V2 variants
exhibited fewer hydrophobic properties and more lyotropic prop-
erties than wild-type SARS-CoV-2. (2) The root-mean-square devi-
ations (RMSDs) and root-mean-square fluctuations (RMSFs) of the
501Y.V1, 501Y.V2, and N439K variants were all greater than those
of wild-type SARS-CoV-2, indicating the increased flexibility of the
SARS-CoV-2 residues after mutations and the enhanced binding
affinities between the three variants and the hACE2 receptor. (3)
Fig. 1. Illustration of the SARS-CoV-2 glycoprotein. (a) Schematic domains of the wild
N439K), with the N501Y mutation appearing in both the 501Y.V1 and 501Y.V2 variants.
structure of SARS-CoV-2 S glycoprotein with the RBD highlighted in red. Thr333-Gly52
colour in this figure legend, the reader is referred to the web version of this article.)
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The binding free energy calculations indicated that the 501Y.V1,
501Y.V2 and N439K variants all had significant increases in bind-
ing affinity, with enhancements of 36.8%, 19.6% and 29.5%, respec-
tively, indicating the enhanced binding affinity of the SARS-CoV-2
variant. (4) The mutated residues enhanced the binding affinity
mainly by forming hydrogen bonds and salt bridges, thus changing
the electrostatic and van der Waals energies and enhancing the
hydrophilic interactions. For example, the 501Y.V1 and N439K
variants were both capable of creating new hydrogen bonds,
resulting in the enhancement of their binding affinities to hACE2.
(5) The N501Y mutation waw present not only in the 501Y.V1 vari-
ant but also in the 501Y.V2 variant. However, the 501Y.V1 variant
had a stronger binding affinity to hACE2 than the 501Y.V2 variant,
suggesting that the K417N and E484K mutations in the 501Y.V2
variant weaken the binding affinity between the SARS-CoV-2
RBD and hACE2 compared to the 501Y.V1 variant by breaking
hydrogen bonds.
2. Results and discussion

2.1. Structural and sequence-based analysis

The SARS-CoV-2 S glycoprotein, a large homotrimeric protein,
plays a major role in viral when entry into host cells. Recent studies
on the S glycoprotein and its interaction with the cell receptor
(hACE2) have shown that their binding is a critical initial step for
SARS-CoV-2 to enter host cells, in which the binding of the RBD
domain induces the dissociation of the S1 subunit from hACE2
and promotes the transformation of the S2 subunit to a stable
post-fusion state for membrane fusion [6–8,11,29].
-type SARS-CoV-2 spike monomer and the three variants (501Y.V1, 501Y.V2 and
(b) Sequence and secondary structure of the wild-type SARS-CoV-2 RBD. (c) Crystal
6 refers to the sequence of the RBD region. (For interpretation of the references to
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The S protein is comprised of a S1 subunit and a S2 subunit. As
shown in Fig. 1 (a), the S1 subunit of the S protein is composed of
an N-terminal domain (NTD), receptor binding domain (RBD), sub-
domain 1 (SD1) and subdomain 2 (SD2), while the S2 subunit is
comprised of a fusion peptide (FP), heptad repeat 1 (HR1), heptad
repeat 2 (HR2), transmembrane region (TM) and intracellular
domain (IC). The mutations in the RBD of the three studied variants
(501Y.V1, 501Y.V2 and N439K) are also shown in Fig. 1 (a). Both
the 501Y.V1 and N439K variants have single mutated residues in
the RBD, while the 501Y.V2 variant is comprised of three mutated
residues (K417N, E484K, and N501Y). The secondary structure,
along with the sequence of the RBD, is shown in Fig. 1 (b). The
SARS-CoV-2 RBD possesses seven b sheets and five helices and
loops, including twisted five-stranded antiparallel b sheets desig-
nated b1, b2, b3, b4 and b7, three short connecting helices and
loops (a1, a2 and a3), and an extended insertion between the b4
and b7 sheets designated the receptor binding motif (RBM) (con-
taining the b5, and b6 sheets, and the a4 and a5 helices and loops).
Previous cryo-electron microscopy research [6] has also deter-
mined the crystal structure of the SARS-CoV-2 S glycoprotein with
one SB open as shown in Fig. 1 (c), where the RBD is highlighted in
red.

The sequences of the wild-type SARS-CoV-2 RBD and the three
mutated variants were analyzed by the ProtParam tool [30].
Table S1 in SI shows the physical and chemical parameters of the
wild-type SARS-CoV-2 RBD and the three variants, including for-
mula, molecular weight, theoretical pI, instability index, aliphatic
index, grand average of hydropathicity (GRAVY), and estimated
half-life (mammalian reticulocytes, in vitro). As can be observed
in Table S1, the molecular weights of the mutated structures chan-
ged obviously, but the aliphatic indexes and half-lives did not. The
instability indexes of the four structures in Table S1 were all below
40, indicating that the structures were stable with or without the
studied mutations. Furthermore, the 501Y.V2 and 501Y.V2 variants
exhibited the same GRAVY (-0.205), which was less negative than
that of the wild-type RBD (-0.216), indicating that they were less
hydrophobic and more lyotropic.

2.2. Binding affinity

In this study, we investigated the binding affinity of the SARS-
CoV-2 RBD and hACE2 complex (PDB ID: 6M0J) [29]. The crystal
structure of the RBD-hACE2 complex is shown in Fig. 2 (a) with a
solid surface model, where the receptor-binding motif (RBM)
region is highlighted in orange and the mutated residues of the
three variants are colored in blue with a ball-and-stick model. Pre-
vious cryo-electron microscopy results have shown that the RBM is
essential for RBD contact with the hACE2 receptor [5,31]. To eval-
uate the impact of the mutations in the SARS-CoV-2 RBD on bind-
ing affinity, the three variants (501Y.V1, 501Y.V2 and N439K) with
different mutations in the RBD were selected for further molecular
dynamics (MD) simulations. After energy minimization, heating
and density equilibration, the RBD-hACE2 complex solution was
equilibrated with a 1.2 ns MD simulation in an NPT ensemble with
a temperature of 300 K and a pressure of 1 atm. Then, a 40 ns pro-
duction run was performed while keeping the system stable with
the convergence of temperature, density and total energy.

The RMSD was analyzed to verify the convergence of the RBD-
hACE2 complex during MD simulation. Fig. 2(b) shows the RMSDs
of all non-hydrogen atoms for the wild-type RBD-hACE2 complex
over the entire production simulation. The RBD-hACE2 complex
remained stable from 10 ns to 40 ns with an RMSD of 1.9–2.0 Å.
The RMSDs of the three mutated RBD-hACE2 complexes are shown
in Fig. S1(a)-S3(a) of the SI. The results show that the RMSDs of
variants 501Y.V1, 501Y.V2 and N439K were approximately 2.0–
2.1 Å, which were slightly greater than that of the wild-type
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RBD-hACE2 complex. In addition, to detect the fluctuation and flex-
ibility of residues on the RBD-hACE2 complexes, we calculated the
RMSFs during the MD simulations. The RMSFs of the three variants
compared with wild-type complex are shown in Fig. S1(b)-S3(b) of
the SI. The three variants and the wild-type RBD-hACE2 complexes
presented similar flexibility patterns, but the fluctuations of the
RBD domain for the three variants were higher than those of the
wild-type RBD, indicating a significant flexibility increase in the
RBD residues after the mutations.

Table S2 shows the calculated solvent accessible surface area
(SASA) and the radius of gyration (Rg), which can evaluate the sol-
vent exposure degree and the structural compactness of the RBD-
hACE2 complex. The results show that there was no obvious diver-
gence in Rg between the four RBD-hACE2 complexes. The SASA
value of wild-type RBD-hACE2 was 34996.9 Å2, which was slightly
smaller than those of the 501Y.V1 (35165.5 Å2), 501Y.V2
(35496.9 Å2) and N439K (35783.6 Å2) variants.

Since the RMSDs of the four complexes reached convergence at
10 ns, the MD trajectory of 10–40 ns was used for the binding
energy calculation, residue contribution decomposition and inter-
action analysis. Table 1 shows the calculated binding free energies
of the four RBD-hACE2 complexes (one wild-type and three
mutated RBDs), including the total enthalpy (DETOT) and entropy
contribution (�TDS). The total enthalpies were calculated by the
Molecular Mechanics-Generalized Born Surface Area (MM/GBSA)
method with 150 frames within the 30 ns MD trajectories, includ-
ing the contributions of the van der Waals energy, the electrostatic
energy, and the polar and nonpolar solvation free energies but
without entropy, which plays an essential role in the binding pro-
cess. The entropy contributions were obtained from all frames dur-
ing the 30 ns trajectories using the interaction entropy (IE)
method, which has been developed and successfully applied to
many large protein systems [32,33].

From the calculated total enthalpy (DETOT ) in Table 1, the SARS-
CoV-2 RBD-hACE2 complex of the 501Y.V1 variant exhibited the
strongest (the lowest) binding energy of �53.073 kcal/mol, while
the wild-type RBD-hACE2 complex showed the weakest (the high-
est) binding energy of �46.633 kcal/mol. However, the total
enthalpy did not take into account the entropy contribution, which
depends on the alternation of motional freedom induced by RBD
binding to hACE2 and contributes significantly to the total binding
free energy. After considering the entropy contribution, the total
binding free energies (DGbind) in Table 1 indicated that the three
variants all showed stronger binding free energies than the wild-
type RBD-hACE2 complex (�12.965 kcal/mol), which is consistent
with previous experimental investigations [23–25,27,34–36]. For
the three variants, the 501Y.V1 variant exhibited the strongest
binding energy of the RBD-hACE2 complex at �17.741 kcal/mol,
followed by the N439K variant (-16.794 kcal/mol) and the 501Y.
V2 variant (�15.501 kcal/mol).

However, compared with the single N501Y mutation, the addi-
tional K417N and E484K mutations resulted in a decreased affinity
between 501Y.V2 and hACE2 (as shown in Table 1). In addition, the
N439K variant showed only slightly lower binding free energy than
the wild-type SARS-CoV-2. From Table 1, the 501Y.V1, 501Y.V2 and
N439K variants had a binding free energy increased by 36.8%,
19.6% and 29.5%, with binding energy changes (DDGbind) of
�4.775, �2.536, and �3.829 kcal/mol, respectively. The N501Y
mutation significantly increased the binding affinity of the variant,
while N439K showed little effect on binding affinity. We also pre-
sented the experimental relative equilibrium dissociation constant
(KD) of the four RBD-hACE2 complexes (wild-type, 501Y.V1, 501Y.
V2, N439K) compared with the wild-type SARS-CoV-2 complex
[22,23,29,31,37–39] and the comparison of binding free energies
changes (DDGbind) of the three variants between theoretical calcu-
lations and experimental results in Supporting Information



Fig. 2. The structure, root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) of the wild-type SARS-CoV-2 RBD and hACE2 complex over 40 ns MD
simulations. (a) Crystal structure of the SARS-CoV-2 RBD (wild-type) bound to hACE2, where the RBM region is highlighted in orange, the RBD region in red, and the mutated
residues of the three variants in blue with the ball-and-stick model. (b) RMSD of all the non-hydrogen atoms of the RBD-hACE2 complex. (c) RMSF of all non-hydrogen atoms
of the RBD-hACE2 complex. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
The calculated enthalpies (DETOT ), entropy contributions (�TDS) and binding free energies (DGbind) of the four RBD-hACE2 complexes. DDGbind denotes the binding free energy
deviation between the variant complexes and the wild-type SARS-CoV-2 complex. All values of energy are shown in kcal/mol.

Complexes DETOT �TDS DGbind DDGbind

RBD (wild)-hACE2 �46.633 33.668 �12.965 –
RBD (501Y.V1)-hACE2 �53.073 35.332 �17.741 �4.775
RBD (501Y.V2)-hACE2 �49.714 34.213 �15.501 �2.536
RBD (N439K)-hACE2 �47.632 30.838 �16.794 �3.829
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(Table S3 and S4). As Tables S3-S4 shown, the 501Y.V1 variant is
commonly considered to significantly increase the binding affinity
of RBD to ACE2, while 501Y.V2 and N439K show small increase-
ment in binding affinity. Overall, our results show that the muta-
tions (N501Y, K417N, E484K, and N439K) in the three variants
were all capable of enhancing the binding affinity and thus proba-
bly increasing the infectivity of the virus, and this result agrees
well with previously published experimental results [40].

2.3. Residue contribution

To understand the biophysical preference of the SARS-CoV-2
RBD for binding to hACE2, we further analyzed the residue contri-
butions, hydrogen bonds and salt bridges of the SARS-CoV-2 RBD.
Table 2 shows the top five residues with the dominant contribu-
tions of the four SARS-CoV-2 RBDs binding with hACE2, where
the ASN501 residue in the wild-type SARS-CoV-2 RBD was mutated
to the TYR501 residue in the 501Y.V1 and 501Y.V2 variants. From
Table 2, TYR 505, GLN493 and PHE486 were the top residues with
dominant contributions to the binding of wild-type RBD-hACE2,
which is consistent with previous experimental results
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[5,29,40,41]. The binding interfaces of the four RBD-hACE2 com-
plexes, including hydrogen bonds, salt bridges and residues with
dominant binding contributions in the ball-and-stick model, are
shown in Fig. 3. From Fig. 3 (a)-(d), GLN493 in the SARS-CoV-2
RBD broke the salt bridge between LYS31 and GLU35 in hACE2
and formed hydrogen bonds with these two residues. During the
binding process, PHE486 in the SARS-CoV-2 RBD enhanceed the
hACE2 binding affinity by creating a hydrophobic pocket involving
MET82 and TYR83 in hACE2 (Fig. 3 (a)-(d)). For wild-type SARS-
CoV-2, the TYR505 residue contributed the most to the binding
of RBD with hACE2, with a large electrostatic energy and van der
Waals energy. However, the mutated TYR501 became the residue
with the greatest contribution for binding to hACE2 in the 501Y.
V1 and 501Y.V2 variants (-5.11 kcal/mol for 501Y.V1 and
�6.102 kcal/mol for 501Y.V2, both of which are highlighted in
orange in Table 2), compared with ASN501 (-2.785 kcal/mol),
which was the residue with the fourth greatest contribution for
the wild-type SARS-CoV-2 RBD (as shown in Table 2).

These studied mutations mainly enhanced the binding affinity
of the SARS-CoV-2 RBD by forming hydrogen bonds and salt
bridges, thus changing the electrostatic and van der Waals energies



Table 2
Top five residues with dominant contributions of the four SARS-CoV-2 RBDs binding with hACE2. The TYR501 residue in the 501Y.V1 and 501Y.V2 variants is mutated from the
ASN501 residue of the wild-type SARS-CoV-2 RBD.

RBDs Top contributed residues

1 2 3 4 5

Wild-type TYR 505 GLN 493 PHE 486 ASN 501 THR 500
501Y.V1 TYR 501 PHE 486 TYR 449 GLN 493 TYR 505
501Y.V2 TYR 501 TYR 505 GLN 493 PHE 486 THR 500
N439K TYR 505 GLN 498 GLN 493 TYR 449 PHE 486

Fig. 3. The SARS-CoV-2 RBD-hACE2 interfaces and interactions. Binding interfaces between (a) the wild-type, (b) the 501Y.V1 variant, (c) the 501Y.V2 variant, and (d) the
N439K variant SARS-CoV-2 RBD and hACE2, including hydrogen bonds, salt bridges and residues with the dominant binding contributions. The residues of hACE2 are colored
green, residues with dominant binding contributions are colored red, and the mutated residues are colored orange. The dashed circles in (b), (c), and (d) denote the newly
formed hydrogen bonds after mutation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and promoting hydrophilic interactions. Fig. 3 (b)-(d) show the
interfaces and residues between the SARS-CoV-2 RBD and hACE2
for the wild-type 501Y.V1 variant, 501Y.V2 variant and N439K
variant, respectively. In the 501Y.V1 and 501Y.V2 variants, the
mutation from ASN501 to TYR501 formed strong hydrogen bonds
and salt bridges between residues TYR501-TYR41 and THR500-
ASP355, as shown in Fig. 3 (b) and (c). In addition to the newly
formed hydrogen bond between TYR501 and TYR41, a weaker
hydrogen bond between residues GLU484 in RBD and LYS31 in
hACE2 was also generated in the 501Y.V1 variant. However, such
weaker hydrogen bonds were destroyed in the 501Y.V2 variant.
In addition to breaking the weak hydrogen bond between
GLU484 and LYS31, the hydrogen bond between LYS417 and
ASP30 in wild-type SARS-CoV-2 was also broken in the 501Y.V2
variant. Therefore, compared with the 501Y.V1 variant, the 501Y.
V2 variant had a weaker binding affinity for the cellular target in
the host. Fig. 3 (d) shows the composite structure of the N439K
variant, which formed new but weak hydrogen bonds between
residues LYS439 and GLU329, thus slightly enhancing the binding
affinity of the SARS-CoV-2 RBD (Fig. 3 (d)). From the perspective
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of chemical bond generation and breaking, Fig. 3 explains why
501Y.V1 had the highest binding affinity to humans among the
three variants, followed by N439K and 501Y.V2.

Fig. 4 shows the contributions of the binding free energy com-
ponents for the top 5 residues in the SARS-CoV-2 RBD, which were
decomposed into van der Waals energy (vdW), electrostatic energy
(Ele), polar solvation energy (Polar) and non-polar solvation energy
(Non-polar). As shown in Fig. 4 and Tables S5-S8, the enhancement
of binding affinity for variants was mainly attributed to the ener-
getic changes in electrostatic and van der Waals interactions,
which is consistent with the formation of salt bridges and hydro-
gen bonds (Fig. 3). In summary, the mutations in the variants
mainly enhanced the binding affinity by forming hydrogen bonds
and salt bridges, thus changing the electrostatic, van der Waals
and polar energies.

3. Conclusions

In conclusion, we investigated the binding affinity and mecha-
nisms of the three most widespread SARS-CoV-2 variants (501Y.



Fig. 4. Decomposing the binding free energy of the top 5 residues into van der Waals interactions (vdW), electrostatic interactions (Ele), polar solvation energy (Polar) and
non-polar energy (Non-polar). (a) Wild-type, (b) 501Y.V1, (c) 501Y.V2 and (d) N439K variants of SARS-CoV-2 RBD.
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V1, 501Y.V2, N439K) based on molecular dynamics simulations
and sequence analysis. Compared with wild-type SARS-CoV-2, we
demonstrated that the 501Y.V1 and 501Y.V2 variants showed less
hydrophobicity and more solubility behaviors and that the molec-
ular weight and stability of the three variants were significantly
changed. According to the calculations of the binding free energies,
the binding affinities of 501Y.V1, N439K, and 501Y.V2 variants
were significantly increased by 36.8%, 29.5%, and 19.6%, respec-
tively. We further analyzed the interaction and residue contribu-
tion and demonstrated that the mutated residues enhance the
binding affinity mainly by forming hydrogen bonds and salt
bridges, which changed the electrostatic and van der Waals ener-
gies and enhance the hydrophilic effect. For example, both the
501Y.V1 and N439K variants were able to form new hydrogen
bonds, thus enhancing their binding affinity with hACE2. The
method and results presented in this paper will provide a theoret-
ical basis for further surveillance, diagnosis, and evaluation of the
binding affinity of variant viruses.
4. Methods

4.1. 3D structures

In this study, the crystal structure of the wild-type SARS-CoV-2
spike receptor-binding domain (RBD) bound to the human cell
receptor (hACE2) was taken from the RCSB Protein Data Bank
(PDB ID: 6M0J) [42], which was determined by Lan et al. [29], at
a resolution of 2.45 Å. SWISS-MODEL [43,44], a protein structure
homology-modeling server, was used to prepare 3D structures of
the three mutated viruses (501Y.V1, 501Y.V2, N439K) with the
crystal structure of the complex of wild-type RBD-hACE2 (6M0J)
as the target template.
4.2. Sequence-based structural analysis

In this study, the sequences and structures of the wild-type
SARS-CoV-2 RBD and three mutated variants were analyzed based
on previous experimental studies [29,40]. In addition, the physical
and chemical parameters for the wild SARS-CoV-2 RBD and the
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three variants, including the formula, molecular weight, theoretical
pI, instability index, aliphatic index, grand average of hydropathic-
ity (GRAVY), and estimated half-life (mammalian reticulocytes,
in vitro), were obtained by ProtParam [30], a tool for protein
sequence analysis.

4.3. Molecular dynamic simulation

In this study, parallel molecular dynamics (MD) simulations and
binding free energy calculations of the RBD-hACE2 complexes were
performed using Amber16 [45] software. The ff14SB force field [46]
was used to generate the parameters of the RBD-hACE2 complexes.
An explicit solvent model was used during the MD simulations by
solvating the RBD-hACE2 complexes in a rectangular TIP3P [47]
water box with a 12 Å buffer. Counterions (Na+ and Cl-) were added
to neutralize the whole system. A 30,000-step energy minimiza-
tion was first performed on the system. Then the solution system
was gradually heated from 0 to 300 K with an NVT ensemble (N,
V and T denote the number of particles, volume, and temperature,
respectively) during a 100 ps simulation, followed by a 100 ps sim-
ulation for density equilibrationwithweak restraints (10 kcalmol�1

Å�2) on the RBD-hACE2 complex. Subsequently, the system was
equilibrated for 1 ns in an NPT ensemble with a temperature of
300 K and pressure of 1 atm. Finally, a 40 ns production run with-
out any restriction was performed with the NPT ensemble for each
solution system, with all hydrogen atoms constrained using the
SHAKE algorithm. The cutoff distance for long-range nonbonded
interactions was set to 8 Å and the time step was set to 2 fs. The
energy minimization and MD simulation were all performed with
the sander program in Amber16. The last 30 ns trajectory of the
production run was used to calculate the binding free energy.
The RMSD, RMSF, SASA and Rg were analyzed with the cpptraj pro-
gram in Amber16.

4.4. Binding free energy calculation

The binding free energy (DGbind) of the RBD-hACE2 complex sys-
tem were obtained by the following equation:

DGbind ¼ DGcom � DGRBD � DGhACE2 ð1Þ
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where DGcom, DGRBD, and DGhACE2 were the free energies of the com-
plex, RBD and hACE2, respectively.

For each subsystem, the free energy DG was calculated by the
following equation:

DG ¼ DETOT � TDS ð2Þ

where DETOT and �TDSwere the total enthalpy from the generalized
Born (GB) model, including the internal and solvation energies, and
the contribution of entropy, respectively.

The total enthalpy was obtained by the Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA) [48,49] method using
MMPBSA.py script in Amber16. Here, for each system, 150 frames
were extracted from the 30 ns trajectory for DETOT calculation. The
enthalpy DETOT was calculated by the following equation:

DETOT ¼ DEgas þ DEsolv ¼ DEvdW þ DEele þ DGP þ DGnp ð3Þ

where DEgas and DEsolv were the gas phase energy and the solvation
energy, respectively, and DEvdW , DEele DGP and DGnp were the van der
Waals energy, the electrostatic energy, and the polar and nonpolar
solvation free energies, respectively.

The contribution of entropy �TDS was calculated by the inter-
action entropy (IE) [32,33] method with the following equations:

�TDS ¼ KTlnhebDEintpl i ð4Þ

where b was 1=KT , and DEint
pl was the fluctuation of the RBD-hACE2

interaction energy (Eint
pl ) around the average interaction energy

(hEint
pl i). DEint

pl was calculated by the following equation:

DEint
pl ¼ Eint

pl � hEint
pl i ð5Þ

where hEint
pl i and hebDEintpl i were calculated by the following equations:

hEint
pl i ¼

1
N

XN

i¼1

Eint
pl ðtiÞ ð6Þ
hebDEintpl i ¼ 1
N

XN

i¼1

ebDE
int
pl ðtiÞ ð7Þ
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