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a b s t r a c t

The recognition of ACE2 by the receptor-binding domain (RBD) of spike protein mediates host cell entry.
The objective of the work is to identify SARS-CoV2 spike variants that emerged during the pandemic and
evaluate their binding affinity with ACE2. Evolutionary analysis of 2178 SARS-CoV2 genomes identifies
RBD variants that are under selection bias. The binding efficacy of these RBD variants to the ACE2 has
been analyzed by using protein-protein docking and binding free energy calculations. Pan-proteomic
analysis reveals 113 mutations among them 33 are parsimonious. Evolutionary analysis reveals five
RBD variants A348T, V367F, G476S, V483A, and S494P are under strong positive selection bias. Variations
at these sites alter the ACE2 binding affinity. A348T, G476S, and V483A variants display reduced affinity
to ACE2 in comparison to the Wuhan SARS-CoV2 spike protein. While the V367F and S494P population
variants display a higher binding affinity towards human ACE2. Reorientation of several crucial residues
at the RBD-ACE2 interface facilitates additional hydrogen bond formation for the V367F variant which
enhances the binding energy during ACE2 recognition. On the other hand, the enhanced binding affinity
of S494P is attributed to strong interfacial complementarity between the RBD and ACE2.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

The recent emergence of a novel coronavirus imposes a gigantic
impact on our society, the public health care system, and the econ-
omy. Among several viral proteins, the spike glycoprotein (S) enables
virus entry into the host cells [1,2]. Receptor recognition in corona-
viruses is complex and yet to be resolved completely [3]. The spike
protein sequences among coronaviruses belong to different genera
are diverse. However, SARS-CoV2 (betacoronavirus) and HCoV-NL63
(alphacoronavirus) both recognize human angiotensin-converting
enzyme 2 (ACE2) [4]. On the other hand, MERS-CoV recognizes
dipeptidyl peptidase 4 (DPP4) [5], although it belongs to betacor-
onavirus. Murine hepatitis virus (MHV), another betacoronavirus
mediates cell entry using the carcinoembryonic antigen cell adhe-
sion molecules 1 (CEACAM 1) [6]. Gammacoronaviruse IBV
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recognizes the sialic acid receptor [7]. Coronaviruses achieve this
host receptor recognition diversity through genetic mutation and
recombination events in their S gene. This diversity in receptor
recognition also results in tissue and cellular tropism. The presence
of a particular receptor and its expression are critical determinants of
cellular tropism in CoVs. While accessory genes of SARS-CoV2 play a
crucial role in host tropism, spike glycoprotein appears to be the
critical determinant.

Spike glycoprotein protrudes from the viral envelop as a clove-
shaped homo-trimer [8]. Each monomer consists of two seg-
ments, S1 and S2. The S1 domains from the three trimers entangle
to form the ectodomain of viral spike while the S2 domains of the
trimer associate to form the spike stalk, transmembrane, and small
intracellular domains [9]. The subdomain that recognizes the host
cell surface receptor, the receptor-binding domain (RBD), exists
within the S1 [10]. During virus entry, the RBD binds to the pepti-
dase domain (PD) of the ACE2 receptor which opens another
cleavage site on S2. The cleavage by host proteases mediates the
fusion of the viral membrane to the host membrane. The RBD
comprises a core domain and an extension known as the receptor-
binding motif (RBM). The RBM directly binds to the viral binding
motif (VBM) in the PD of ACE2 [11]. Structural comparisons of the
RBD-ACE2 complex of SARS-CoV and SARS-CoV2 reveal a highly
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similar binding mechanism. However, there are few variations at
the RBM that drastically alter the binding affinity of RBD to the
ACE2 in the case of SARS-CoV and SARS-CoV2. Real-time surface
plasmon resonance (SPR) assays revealed that the equilibrium
dissociation constants (KD) of SARS-CoV2 S1 domain binding to
human ACE2 is 94.6 ± 6.5 nM, while that for SARS-RBD is
408.7 ± 11.1 nM [12]. Alterations of few residues at the RBD lead to a
~4 fold increase in binding affinity in SARS-CoV2 which might ac-
count for its high rate of infectivity due to effective receptor
recognition mechanism. RNA viruses are highly mutation prone
and during the progression of the pandemic, the virus encountered
diverse host genetic diversity and different cellular microenviron-
ments which may lead to diverse selection pressure in different
viral strains. Thus it is very crucial to explore the genetic diversity of
the S gene across the world from the large genomic pool to identify
the population variants of the SARS-CoV2 and evaluates its effect on
host receptor binding. Here, we adopt a pan-genomic approach to
analyze SARS-CoV2 genomes around the world to identify popu-
lation variants of spike protein and evaluates their binding effi-
ciency with the human ACE2 receptor using protein-protein
docking, free energy calculations, and molecular dynamics
simulation.

2. Materials and method

Full-length SARS-CoV2 spike protein sequences were obtained
from the ViPR database. Sequences with missing regions and un-
resolved amino acids were discarded. Final 2178 manually curated
spike protein sequences were then clustered using the CD-HIT
program [13]. The clustering resulted in 114 spike protein clus-
ters. Sequences were aligned using the MAFFT program and
analyzed for several composition analysis using MAGA-X 10.1 [14].
The best-suited amino acid substitution model identification was
carried out by performing the Maximum Likelihood fits on 56
different models and the Jones-Taylor-Thornton (JTT) model with
discrete Gamma distributed (þG) rate (shape parameter ¼ 0.47)
was found to be the best substitution model, judged by the lowest
Bayesian Information Criterion and Akaike Information Criterion
score. The conservedness of the SARS-CoV2 spike protein was
evaluated by using the CONSURF web-server [15]. Evolutionary
distances between sequences and substitution rate analysis were
carried out using the MEGA-X [14]. Corresponding gene sequences
of 114 spike variants were obtained from the NCBI nucleotide
database and aligned by using the MUSCLE alignment tool. Site-
wise selection pressure analysis was performed with the SLAC
(Single Likelihood Ancestor Counting) method using the Data-
monkey web-server (https://www.datamonkey.org/).

The crystal structure of the SARS-CoV2 RBD bound to the PD
domain of the human ACE2 complex was considered (PDB ID:
6M0J) [16]. Five RBD mutants were considered in the study (S494P,
V483A, G476S, A348T, and V367F). Both wild-type and mutant
complexes were refined using the GalaxyWeb [17]. The binding free
energies of wild-type RBD and its five population variants to the
human ACE2 receptor were calculated by using the MM/GBSA
method implemented in the HawkDock server [18]. The RBD-ACE2
complexes for wild-type, V367F, and S494P, obtained from the
protein-protein docking refinement, were then studied by molec-
ular dynamics simulation using the AMBER-ILDN force field [19]
with the aid of GROMACS 2018.1 package [20]. All the complexes
were solvated in a triclinic box containing TIP3P water. The
dimension was chosen in such a way that all the protein atoms
were at least 10 Å apart from the box edges. An appropriate number
of counter ions were added to neutralize the charge of the system.
Then, 500 steps of energy minimization were performed using the
steepest descent algorithm, followed by 10 ns of position restrained
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dynamics and 2 ns NVT simulation. Finally,100 ns of NPT simulation
were carried out for each system. The temperature was maintained
by coupling to a Nos�eeHoover thermostat with a time constant for
coupling set to 0.1 ps. The constant pressure of 1 bar was main-
tained by using the isotropic ParrinelloeRahman barostat with the
time constant for coupling set to 2 ps.

3. Result and discussion

3.1. Analysis of spike variants

The alignment of 2178 spike protein sequences identifies 113
variable sites among the total 1273 residues. Among them, 33 are
parsimonious sites, i. e, at least two sequence variations have been
observed in two different strains. All the variations are probed on
the entire spike sequence and shown in Fig. 1A. The density of
variations is high on the N-terminal domain and around the S1/S2
cleavage site. In comparison, the receptor-binding domain (RBD) is
more conserved and the numbers of variations are less. We have
explored the presence of parsimonious sites in the RBD since these
sites represent positively selected non-synonymous mutations.
Fig.1A reveals five parsimonious sites in the RBD. V367F variation is
observed in two viral strains obtained from Hong Kong and the
USA. G476S variants arewidespread and found in seven viral strains
reported from the Washington State, USA. The most common RBD
variant is V483A which was reported in different states in the USA.
Another variant, S494P, is observed in several SARS-CoV2 strains
from Michigan, USA. The A520S variant was reported in two viral
strains from Washington, USA.

RBD consists of a core region and a flexible extension, known as
RBM which directly interacts with the peptidase domain of ACE2.
The RBM alignment of spike RBD variants is shown in Fig. 1B. We
have used CONSURF analysis to probe the conserved and variable
regions on the monomeric spike protein in the prefusion trimeric
complex based on the SARS-CoV2 spike protein sequence align-
ment and the result is shown in Fig. 1C. Evident from the figure, the
N-terminal domain of the S1 region contains more variable sites.
However, there are significant discrete patches of the variable re-
gions on the RBD which are directly involved in host ACE2 protein
recognition (Shown in the inset). Detailed identification of variable
residues within the RBD domain is highlighted within the square
(Fig. 1C).

Comparison of selection sites and alignment reveals three RBM
population variants under selection bias, G476S, V483A, and S494P
that are in close contact with the ACE2 binding surface. Besides, we
have considered two other sites that are under positive selection
bias, 348th, and 367th site. Although these two sites are not at the
RBM, the sites are positioned within the loop region that connects
the core region of the RBD to the RBM region. Sequence alignment
reveals the population variants for those sites are A348T and V367F.

3.2. Analysis of evolutionary rate and selection bias

Representative spike protein sequences from each of the 114
clusters have been aligned by using the programMAFFT. The Jones-
Taylor-Thornton (JTT) model with non-uniformity of evolutionary
rates among sites modeled by using a discrete Gamma distribution
with a shape parameter of 0.47 which is the most suitable substi-
tution model, based on maximum parsimony fits, is used to esti-
mate the rate at each site and the result is shown in Fig. 2A. The
relative rate of amino acid substitution is shown in Fig. 2B. The NTD
of the S1 domain of the spike displays more sites with a higher
relative rate. Leu5 displays a high relative rate and is often
substituted by phenylalanine in many variants. Ala26 also displays
a high mutational probability and often changes to either valine or

https://www.datamonkey.org/


Fig. 1. (A) Distribution of mutational sites over the entire spike protein. (B) RBM alignment of SARS-CoV2 variants. (C) Conserved and variable regions on the monomeric spike
protein in the prefusion trimeric complex are shown. Detailed identification of variable residues within the RBD domain is highlighted within the square.

Fig. 2. (A) Distribution of relative rate on each residue of SARS-CoV2 spike protein (B) The relative rate value for the substitution of an amino acid to another one calculated from the
maximum likelihood analysis. (C) Identification of the SARS-CoV2 S gene under positive selection bias by using the codon-based test. The probability of rejecting the null hypothesis
of strict-neutrality in favor of the alternative hypothesis for positive selection is shown in different colors. (D) Selection site analysis of SARS-CoV2 spike protein under the positive
selection bias. Corresponding alignment at the particular codon position (indicated by *) under high positive selection bias is shown. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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serine at the site. Notably, alanine displays a very high mutational
probability among all the 20 amino acids in spike proteins of SARS-
CoV2 which is possibly dictated by the compositional preferences
of spike proteins. Ser221 is mutated to tryptophan and leucine in
two spike variants. Glu298 at the interface of the NTD and RBD
displays a higher rate of mutation and substituted by lysine and
glycine, two very different amino acids. RBD, on the other hand, is
very less prone to mutation. Only residue 483 displays a marginally
high evolutionary rate. The highest rate has been observed at
Asp614 where it is frequently mutated to glycine. In the S2 domain,
Ser750 shows a high evolutionary rate and is substituted to argi-
nine and isoleucine in two strains isolated from Anhui province,
China. Ile818 is also highly mutation prone and substituted to
valine and serine in two strains isolated from the USA and China,
respectively. Notably, in the entire dataset, isoleucine to valine
substitution is most frequent, displays the highest rate of substi-
tution (Fig. 2B). Ala1078 also displays a high rate of substitution and
is often replaced with serine and valine. Close to the C-terminal
end, Cys1250 is substituted with tyrosine and phenylalanine in two
viral sequences. However, this unusual substitution is rare in the
entire dataset (Fig. 2B).

A codon-based test has been used to infer selection pressure in
the S gene using the Nei-Gojobori method. Spike variants that
display significant positive selection bias are shown in Fig. 2C.
Evident from the figure, the spike gene of five viral strains (Three
from India and two from the USA) are under strong positive se-
lection pressure. Further, SLAC (Single Likelihood Ancestor Count-
ing) method has been used to infer the ancestral state using the
maximum likelihood method and also elucidates the selection
pressure, purifying/positive, at each site by measuring dS, dN, and
difference of the values at each site.

The number of sites under selection bias is shown in Fig. 2D.
Numbers of positively selected sites are distributed throughout the
gene. The highest selection pressure has been observed at the 614th
site where aspartic acid to glycine variations are commonly
observed in the population. This nonsynonymous substitution is
due to a change in the 2nd codon from A to G. Another significant
non-synonymous mutation has been observed in the RBD region at
367th position due to the substitution from G to T at the 1st codon
position. This substitution leads to an amino acid change from
valine to phenylalanine.

3.3. Effect of RBD mutations on ACE2 recognition: structural and
binding free energy analysis

The RBD-ACE2 crystal complex has been refined extensively
using a series of Monte Carlo (MC) simulations and short molecular
dynamics simulations, followed by energy minimization that al-
lows the repacking of the protein-protein binding interface. This
rigorous refinement of the complex leads to tighter packing at the
protein-protein interface. The interface area between the SARS-
CoV2 RBD and the peptidase domain of ACE2 increases by 225 Å2

in comparison to the crystallographic form. The calculated binding
free energy is �64.67 kcal/mol (Fig. 3A). Fig. 3B reveals a compar-
ison between the crystal structure of the RBD-ACE2 complex and
the refined complex. Overall the structure remains highly similar
and the calculated RMSD is 2.6 Å. The peptidase domain undergoes
more structural changes compared to the RBD. Overall, both the
RBD and PD regions move towards each other closely. The loopy
overhang of the RBM that is in close contact with the N-terminal
domain of the a1 helix of the PD maintains the crystallographic
conformation in the refined complex. However, the opposite region
of the concave surface of the RBM undergoes conformational
changes to allow optimum interaction with the loop between the
b3 and b4 antiparallel strands, called the 3e4 loop (Fig. 3B). Free
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energy decomposition analysis using MM/GBSA method reveals
Phe486 of RBD is the highest energetic contributor (�4.9 kcal/mol).
The residue is involved in hydrogen bonding interaction with
Tyr489, another important residue that largely contributes to the
total binding free energy (�4.6 kcal/mol). Interestingly, another
significant energetic contribution comes from the van der Waals
interaction between phe486 of RBD and Met82 of ACE2 at the N-
terminal region of the a1 helix that sterically locks the loopy N-
terminal region of the concave RBM surface. The 2nd highest en-
ergetic contribution comes from the His34 of ACE2 (�4.68 kcal/
mol) which forms a direct hydrogen bond with Arg403 in the
middle of the concave RBM of Spike protein. Close to this interac-
tion site, another hydrogen bonding interaction between Tyr505 of
RBM and Arg393 of ACE2 contributes highly to the total binding
free energy. At the C-terminal end of the concave surface, the pri-
mary binding energy contribution comes Asp335 of the 3e4 loop of
the ACE2 (�4.14 kcal/mol) which is involved in a salt-bridge
interaction with Lys337. The interaction is a part of an interaction
network that tethered the C-terminal loop of the RBM to the ACE2.
Two important residues, Thr500 of spike RBM and Tyr41 of a1 helix
of ACE2, are involved in hydrogen bonding interactions also
strengthen the binding ability of SARS-CoV2 Spike protein to hu-
man ACE2 (Fig. 3C).

3.4. Effects of RBM mutations on the binding affinity to ACE2

The binding ability of five spike population variants, A348T,
V367F, G476S, V483A, and S494P with ACE2 has been explored
using the protein-protein docking and binding free energy calcu-
lations. Comparisons of calculated binding free energies of spike
RBD and its several population variants with human ACE2 along
with the interface area of all RBD-ACE2 complexes are shown in
Fig. 3A.

The A348T, G476S, and V483A variants display reduced affinity
to ACE2 in comparison to the Wuhan SARS-CoV2 spike protein
(Wild-type). While the V367F and S494P population variants
display a higher binding affinity towards human ACE2, compared to
the Wild-type spike protein. The binding affinity does not correlate
well with the protein-protein interface area between the RBD and
ACE2 in all the complexes. Therefore, the altered binding affinity is
primarily dictated by the altered specific interactions between RBD
and ACE2 in each mutant (Fig. 3A). Changes in interaction patterns
that are associated with altered binding affinity are highlighted in
Fig. 3C for each mutant.

In V367F, the enhanced binding energy is primarily contributed
by an altered orientation of Lys31 which enhances its contribution to
the binding free energy (�4.59 kcal/mol). It involves two additional
hydrogen bonds formation. Another major enhanced energetic
contribution comes from Arg303 which reorients to form strong
hydrogen bonds with nearby Gln493. This reorientation leads to the
loosening of the hydrogen bonding interaction with His34 by
~1 kcal/mol. Another important observation for this spike variant is
that both Tyr41 and Thr500 reorient in a way that both are involved
in a strong hydrogen bond formation which gains energetic contri-
bution by more than ~1 kcal/mol. S494P RBD variant almost very
similarly binds with ACE2 like the Wuhan SARS-CoV2 RBD. The
enhanced binding energy is primarily contributed by Tyr505
(�4.98 kcal/mol) which is now involved in a strong hydrogen
bonding network with Arg393. Another important energetic
contribution comes from the altered orientation of Tyr41 which is
now involved with two hydrogen-bonding interactions with Asp355
and Thr500. As a result its binding energy contribution increase by
~1 kcal/mol. The reduction of binding affinity of the V483Amutant in
comparison to Wuhan SARS-CoV2 is primarily due to the altered
orientation of Tyr505 which weakens the hydrogen bonding



Fig. 3. (A) Scatter plot of the calculated RBD-ACE2 interfacial area and the binding free energy for wild-type and spike variants are shown. (B) The structural alignment of the crystal
structure of the RBD-ACE2 complex (blue and red) with the refined complex (light blue and light red) is shown. (C) The binding regions of the RBD-ACE2 complex for wild-type and
different spike variants are shown. RBD and ACE2 are shown as transparent cartoons with pink and cyan color, respectively. Residues that contribute significantly to the binding free
energy are shown as green sticks. Residues that contribute differently for each spike variant in comparison to Wuhan SARS-CoV2 spikes are labeled. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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interactionwith Arg393 bymore than 1 kcal/mol. A348T RBD variant
shows the least binding affinity to ACE2 among all the population
variants. In this RBD-ACE2 complex, the Tyr505-Arg393, and
Arg403-His34 hydrogen bonding interactions strengthen between
the middle of the concave RBM of spike variant and a1 of ACE2.
However, the rest of the hydrogen bonds on both the side of the
concave interfaces weakens, some of them are lost. Particularly, the
Lys31 lost all the hydrogen-bonding interactions which significantly
lowers the binding affinity. For the G476S variant, the overall inter-
facial contacts between the RBD and ACE2 reduces significantly,
evident from a reduction of RBD and ACE2 interfacial area by ~50 Å2

in comparison to the Wuhan RBD-ACE2 complex. Tyr41 reorients
significantly to form a hydrogen bonding interactionwith Asp355. As
a result of its side-chain reorientation, Asp355 loses its contribution
from the salt-bridge interaction with Arg357. The involvement of
His34 in the hydrogen bonding interaction also reduces by ~0.5 kcal/
mol. Likewise, Lys31 also loses its hydrogen bonding interaction
which reduces the binding energy contribution by 0.5 kcal/mol.

Furthermore, molecular dynamics simulations have been used
to explore the driving forces behind the enhanced binding affinity
of the two spike variants. Root mean square deviation analysis over
the entire trajectory reveals that the V367F and S494P RBD variants
remain stable throughout the simulation when complexed with
ACE2 (Fig. 4A). During the simulation. Both the variants approach
closely to the ACE2 in comparison to the wild-type (Fig. 4B).
However, the driving forces behind the improved receptor recog-
nition for the two variants are distinctively different. The buried
RBM-ACE2 interfacial surface area increases by 2 nm2 for the S494P
variant in comparison to the wild-type and V367F variant during
the simulation (Fig. 4C). On the other hand, the V367F variant forms
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a higher number of hydrogen bonds with the ACE2 in comparison
to the wild-type. However, the number of hydrogen bonds between
ACE2 and RBD decreases significantly for the S494P variants
(Fig. 4D) during the simulation. This indicates the enhanced bind-
ing affinity of S494P is attributed to strong interfacial comple-
mentarity during ACE2 recognition, while the V367F variant
interacts with the ACE2 mediated by a higher number of hydrogen
bonds. Interaction energy decomposition also shows that the van
der Waals energy increases between the RBD and ACE2 for the
S494P variant during the later simulation timescale (Fig. 4E), while
the interaction between the RBD and ACE2 is driven by electrostatic
interactions for the V367F variant.
4. Conclusion

Here, the genetic diversity of the S gene of 2178 SARS-CoV2
genomes across the world reveals 113 mutations, among them 33
are parsimonious. Comparisons of selection sites reveal three RBM
population variants G476S, V483A, and S494P that are in close
contact with the ACE2 binding region. Another two sites, 348th and
367th, close to the RBM are also under strong positive selection
bias. Interestingly, the V367F and S494P population variants display
a higher binding affinity towards human ACE2. The enhanced
binding affinity of S494P is attributed to strong interfacial
complementarity during ACE2 recognition, while the V367F variant
interacts with the ACE2 mediated by a higher number of hydrogen
bonds. In V367F, the reorientation of Lys31 facilitates two addi-
tional hydrogen bonds formation which enhances its binding free
energy contribution. Besides, a significant energetic contribution
comes from the formation of strong hydrogen bonds by the



Fig. 4. Variations of root mean square deviation (RMSD) (A), Distribution of RBD-ACE2 distances (B), Distribution of RBD-ACE2 interfacial area (C), number of hydrogen bonds (D),
van der Waals interaction energy (E), and electrostatic interactions energy (F) between RBD and ACE2 obtained from the molecular dynamics simulations for wild-type, V367F and
S494P variant of RBD are shown.
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reorientation of Arg303 and Thr500 at the interface. The result
shows the emergence of two spike RBD variants with enhanced
ACE2 binding affinity. Thus it is important to monitor the emer-
gence of these strains by analyzing more viral genomes with the
progression of the pandemic.
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