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1 | INTRODUCTION
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Abstract

The global spread of SARS-CoV-2 is fast moving and has caused a worldwide
public health crisis. In the present article, we analyzed spike protein sequences of
SARS-CoV-2 genomes to assess the impact of mutational diversity. We observed
from amino acid usage patterns that spike proteins are associated with a diversity
of mutational changes and most important underlying cause of variation of
amino acid usage is the changes in hydrophobicity of spike proteins. The chang-
ing patterns of hydrophobicity of spike proteins over time and its influence on
the receptor binding affinity provides crucial information on the SARS-CoV-2
interaction with human receptor. Our results also show that spike proteins have
evolved to prefer more hydrophobic residues over time. The present study pro-
vides a comprehensive analysis of molecular sequence data to consider that
mutational variants might play a crucial role in modulating the virulence and
spread of the virus and has immediate implications for therapeutic strategies.
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Gene sequence data from pathogen genome has been
widely recognized as an important tool to study the infec-

Coronaviruses are members of the family Coronaviridae.
They are single-stranded, positive-sense RNA viruses that
cause widespread respiratory, gastrointestinal, and neu-
rological clinical symptoms."? To survive under immuno-
logical pressure within humans the virus accumulates
mutations to outwit the immune system.’ These muta-
tions may lead to change the virulence of the virus and
its infectivity.* Therefore, it is important to analyze the
mutational pattern in order to ascertain virus evolution-
ary dynamics.

Abbreviations: ACE2, Angiotensin Converting Enzyme 2; MD,
Molecular Dynamics; PDB, Protein Data Bank; Rg, Radius of Gyration;
RMSD, Root Mean Square Deviation; SPLHR, Spike Proteins with Less
Hydrophobic Residues; SPMHR, Spike Proteins with More Hydrophobic
Residues.

tion dynamics.>® Coronavirus replication is error prone
as compared to other RNA viruses and the estimated
mutation rate is 4 x 10~* nucleotide substitutions/site/
year.” Wang et al.® reported 13 mutations in SARS-CoV-2
genome from the genome sequences submitted till
February 2020. In another study, 93 mutations were iden-
tified across the SARS-CoV-2 genome, which includes
three mutations in RBD of S protein demanding further
study to understand the impact of these mutations on
antigenicity of the SARS-CoV-2.” van Dorp et al.'® stud-
ied 7,666 public genome assemblies of SARS-CoV-2 and
identified invariant and diversified regions of the
genome. They observed 198 recurrent mutations across
the genome when compared with reference genomes
of Wuhan-Hu-1 (accession IDsC_045512.2 and
EPI_ISL_402125). Earlier reports found that most (80%)
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of the mutations were non-synonymous at the protein
level.”™! More recent studies suggest that the D614G vari-
ant is close to reaching fixation around the world."?
Groves et al. suggested that mutations in spike proteins,
which are associated with higher viral loads may lead to
a more open conformation enhancing the binding of the
virus spike to the ACE2 receptor.**

Coronavirus uses spike proteins for primary interac-
tion with human host. Spike protein binds with the
human cellular receptor angiotensin-converting enzyme
2 (ACE2). The binding affinity of spike protein with
ACE2 represents important determinant of coronavirus
host range.'***Spike proteins are trimers containing two
functional subunits designated as S1 and S2. S1 is respon-
sible for binding to the receptor and S2 is responsible for
fusion of cellular membrane.'” The interacting residues
between pathogen and host proteins can be identified
using molecular docking technique. It may provide the
scope to characterize the more evolutionary constrained
regions as target in the pathogen to avoid rapid drug and
vaccine escape mutants. Various mutation sites for spike
proteins from SARS-CoV-2 isolates have been mapped on
to protein three-dimensional structure.'® It is reported
that the spike protein of SARS-CoV-2 is in a highly stable
state and binds to the ACE2 with the higher affinity."

The huge pool of genome sequence data of SARS-
CoV-2 provides us ample opportunity to analyze the evo-
lutionary dynamics of the virus. The rapid spread of
SARS-CoV-2 raises many questions on the mutational
diversity and its impact on evolution of the virus. The
present study is designed to focus on the mutational pat-
tern of spike protein sequences, the underlying cause of
variation of mutational patterns and their significance to
the binding affinity with human host ACE2 protein.
Spike protein has been studied as a potential drug target
and also as a virus antigen.?® Therefore, the present study
might be important for the development of therapeutic,
and prevention of SARS-CoV-2.

2 | MATERIALS AND METHODS

2.1 | Sequence retrieval and analysis

A total number of 251,430 whole genome sequence
assemblies flagged as “complete,” “high coverage,” “low
coverage excl” for human host were downloaded as of
January18, 2021 (8:00 GMT) from GISAID (https://www.
gisaid.org/). Full-length spike gene sequences were
retrieved through BLAST search by aligning with a refer-
ence spike gene sequence (GenBank accession number:
NC_045512.2). Those sequences containing unrecognized

start codon, stop codon, internal stop codons,
untranslatable codons, and unrecognized character
(other than a, t, g, ¢) have been discarded from the final
dataset. The final set comprises 209,148 spike gene
sequences.

Correspondence analysis was performed to assess the
variations in amino acid usage of spike protein dataset.*!
CoA reveals major trends of variation in the dataset by
arranging them along continuous axes where consecutive
axis have been arranged to have diminishing effect grad-
ually.”” We used CoA available in Codon W for the analy-
sis of amino acid usage of spike gene sequences.
Hydrophobicity of each spike gene sequence is calculated
using the method Kyte-Doolittle available in Codon W.>*

2.2 | Protein homology modeling and
docking

We have followed the method proposed by Huang et al.**
for clustering of all the spike protein sequences on the
basis of sequence identity. We found 7,883 clusters of
spike proteins with 100% sequence identity. Therefore,
we took one spike protein sequence from each cluster for
structural analysis. Out of 7,883 protein sequences, 3,676
spike proteins belong to spike proteins with more hydro-
phobic residues (SPMHR) and 4,207 belong to spike pro-
teins with less hydrophobic residues (SPLHR) group.

Three-dimensional structural models were generated
for spike protein sequences through homology modeling.
Spike protein structure available in Protein Data Bank
(PDB) (PDB ID: 6VYB) was used as template for homol-
ogy modeling with more than 99% sequence identity and
94% query coverage. The structure of angiotensin conver-
ting enzyme 2 (ACE2) was also generated through
homology modeling using the protein sequence available
in UniProt (UniProt ID: Q9BYF1) and then a template
was used from PDB (PDB ID: 6 M18) with 100% sequence
identity and 99% query coverage. 3Drefine web-server
was used for the refinement of the protein structural
models generated through homology modeling.>> Molec-
ular interaction of viral spike protein with the human
ACE2 receptor was performed using Z-dock software.*
Then, the resulting docking data were processed and ana-
lyzed considering binding energies and main interacting
residues in each complex by using the tools of the PROD-
IGY software.”” Molecular dynamics (MD) simulation of
the trimeric spike protein structure with ACE2 structure
was carried out using the Gromacs v5.1.4 software with
Gromos53a6 force field. Root mean square deviation
(RMSD) and radius of gyration (Rg) were plotted for the
spike-ACE2 complexes.
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3 | RESULTS
3.1 | Correspondence analysis on amino

acid usage of spike proteins

We analyzed the variations in the amino acid usage pat-
terns of spike gene sequences through correspondence
analysis. Correspondence analyses are used to simplify
rectangular matrices in which (for our purpose) the col-
umns represent amino acid usages value and the rows
represent individual genes. It creates a series of orthogo-
nal axes to identify trends that explain the data variation,
with each subsequent axis explaining a decreasing
amount of the variation. Figure 1 shows the positions of
the genes generated through correspondence analysis on
amino acid usage along the first and second major axes.
The first and second major axis accounted for 29.63 and
12.81% of the total variation in amino acid usage respec-
tively. Since there exists a single major explanatory axis
(i.e., horizontal axis with 29.63% variation), we, therefore,
carried out remaining analysis in this study on the basis
of the distribution of spike protein genes along the hori-
zontal axis of correspondence analysis. Percentage of var-
iance is expected to be low since large number of same
proteins from same virus has been analyzed. Also, recent
study confirms that the evolutionary rate of the spike
protein remained stable throughout the 9 months of their
study. Since evolutionary rate does not vary much, this
also signifies the low percentage variance observed in our
study.?® We observed that the position of the genes along
the horizontal axis (Figure 1) were significantly corre-
lated with the hydrophobicity of the encoded proteins
(r = .45, p < .01).The average value of the hydrophobicity
of the spike proteins distributed in the negative side of
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FIGURE 1
axes of correspondence analysis (COA) based on amino acid usage

Distribution of spike(S) genes along the two major

(AAU) data. Blue colored square boxes represent spike(S) gene
sequences

wsMB LIFE_W ] LEY-L*

the horizontal axis is —0.0767 (SD: 0.00174) and the aver-
age value of the hydrophobicity of the spike proteins dis-
tributed in the negative side of the horizontal axis is
—0.0750 (SD: 0.00191).We have also observed that aver-
age hydrophobicity of the spike proteins distributed in
the negative side of the horizontal axis is significantly
lower (p < .0001) than the average hydrophobicity of the
spike proteins distributed in the positive side of the hori-
zontal axis. For lucidity, henceforth, spike proteins dis-
tributed in the positive side of the horizontal axis will be
referred to as SPMHR and spike proteins distributed in
the negative side of the horizontal axis will be referred to
as SPLHR.

The top four hydrophobic amino acids (according to
Kyte-Doolittle scale) have thymine (T) in the second
codon position. We have observed that average value of T
composition in second codon position (T2) is significantly
higher in spike proteins of SPMHR category compared to
spike proteins of SPLHR category (Table S1). So, increase
in T2 might be the driving force for the higher hydropho-
bicity of spike proteins in SPMHR category.

3.2 | Distribution of date of sample
collection according to differential pattern
of spike protein sequences

We have compared the sequence dataset for SPMHR and
SPLHR and checked the distribution of date of sequence
collection for every spike protein in both the groups. We
observed a skewed distribution of spike genes between
SPMHR and SPLHR groups with respect to the date of
collection of sequences (Figure 2). For the first couple of
months (December 2019-September 2020) the percentage
of sequences clustered in SPLHR group is higher than
the percentage of sequences clustered in SPMHR group.
However, from October 2020, the percentage of
sequences clustered in SPMHR group became higher
than the percentage of sequences clustered in the SPLHR
group. Interestingly, as we move from December 2019,
the percentage of spike protein sequences clustered in
SPLHR gradually decreases with an increase in the per-
centage of spike protein sequences clustered in SPMHR
group. To our surprise, we observed that almost 100% of
spike protein sequences in December 2019 followed
SPLHR pattern whereas, almost 50% of spike protein
sequences followed SPMHR pattern from October 2020.
According to recent reports, several SARS-CoV-2 vari-
ants (S, L, O) are early diverging and G clade and its
derivatives are late diverging. Therefore, in the later
phase of the pandemic, G clade and its derivative are
more associated with spike proteins following SPMHR
pattern compared to spike proteins following SPLHR
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pattern. Indeed, we observed that in the early phase of
pandemic when most of the spike genes followed SPLHR
pattern (i.e., lower hydrophobic) mostly belongs to S, L
clades. In the later part of the pandemic (September 2020
onwards) when most of the spike genes followed SPMHR
pattern (i.e., higher hydrophobic) mostly belongs to G
clade and its derivatives (Figure S1).*

3.3 | Interaction profile between spike
protein and ACE2

Our comparison of amino acid usage underlines the dif-
ferential pattern of evolution of spike protein where the
hydrophobicity of the encoded protein is a significant
cause of variation of amino acid usage pattern among the
spike proteins. Since the receptor for SARS-CoV-2 has
been identified as ACE2, it was very important to analyze
how the differential pattern of amino acid usages of spike
proteins of SARS-CoV-2 responded to binding to the
human ACE2 receptor. Three dimensional structures of
spike protein sequences from the SPMHR cluster and
SPLHR cluster were constructed through homology
modeling using the crystal structure of spike protein
available in PDB (PDB ID: 6VYB) as template. The 3D
structure of ACE2 has been generated computationally
using the protein sequence available in UniProt (UniProt
ID: Q9BYF1) and then a template was used from PDB
(PDB ID: 6M18). Docking study was performed with
ACE2 separately with all the spike proteins taken from
the two groups (Figure 3a) and the average binding
energy was calculated separately for SPMHR and SPLHR
groups. We observed that the average binding energy for
the spike~ACE2 complex taken from the SPMHR group
is significantly lower than the average binding energy for

the same complex taken from the SPLHR (p < .0001). A
lower average binding energy for the spike-ACE2 com-
plex taken from the SPMHR indicates its higher stability
compared to the SPLHR group of complexes.

4 | DISCUSSION

We performed a comprehensive analysis of amino acid
usage of more than 0.2 million spike proteins to under-
stand the evolutionary dynamics of the emerging SARS-
CoV-2 pandemic. Earlier studies have identified several
mutations in the spike protein'®*%3!; however, the pre-
sent study has categorically analyzed the underlying
cause of different kinds of mutations that has shaped the
evolution of spike protein during the ongoing pandemic.
In the present study, variation of hydrophobicity of spike
protein was observed to be a significant factor influencing
the amino acid changes in spike protein. It is argued that
the majority of viral mutations are harmless, however,
some of these mutations may change infectivity, survival
capability, pathologic property, or immunogenicity and
antigenicity of the virus.*>**Previous reports pointed out
several important mutations and in most of these cases
directional mutational pressure changed toward higher
hydrophobic/lower hydrophilic amino acid.>***> Recent
studies suggest that the D614G variant is close to
reaching fixation around the world."*The present work
reinforces this observation that changes between aspartic
acid to glycine contributes towards the difference in
amino acid usage of spike protein associated with a
change in hydrophobicity. The mutation D614G on the
spike protein may also increase binding affinity between
the spike protein and host ACE2 receptor, thus enhanc-
ing virus loads that lead to increased infectivity.*® In
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FIGURE 3
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(a) Arrangement of hydrogen bonds (yellow) in spike (blue)-ACE2 (Pink) complex. (i) Spike protein taken from the SPMHR

indicates ACE2 receptor can interact with viral spike protein more effectively compared to (ii). Spike-ACE2 complex where spike protein
was taken from the SPLHR group. (b) Comparison of interaction profile of an identified mutation Q860V in spike-protein indicating

hydrophilic to hydrophobic amino acid substitution. Red and black letters represent mutant in spike protein and its receptor respectively.
(i) Wild type residue type residue Q860 having one polar interaction (sky), two Van der Waals interaction (green), two hydrophobic (blue)
interaction and one carbonyl interaction (orange). (ii) Mutant type residue 860 V having one Van der Waals interaction (green), four

hydrophobic (blue) interaction, and one carbonyl interaction (orange)

addition, recent reports also provide evidence of this vari-
ant in viral spread associated with higher viral load.*”*®
Substitution of aspartic acid with glycine reduces nega-
tive charge of the protein charge, while ACE2 has a
largely negative electrostatic potential on the surface, so
this electrostatic effect may also facilitate corona virus
infection.*

Our results also show that compared to spike proteins
collected during the earlier months, the recent sequences
preferred to have more hydrophobic residues, as is evi-
dent from the higher number of sequences followed
SPMHR pattern (Figure 2). The functional significance of
lower binding energy for the spike-ACE2 complex for
SPMHR group indicates that the ACE2 receptor can
interact with viral spike protein more effectively com-
pared to the spike~ACE2 complex from the SPLHR
group. To determine the potential role of hydrophobic

residues towards the binding affinity of spike-ACE2 com-
plex, we identified how many residues have changed
between two proteins taken for our molecular docking
study. We observed eight mutations (Table 1) that rev-
ealed hydrophobic to hydrophilic amino acid substitu-
tion. Figure 3b shows the change in the bonding pattern
when glutamine was substituted with valine. The Gibbs
free energy for unfolding was calculated to evaluate the
effects of each of these mutations individually on protein
complex stability.** The negative value of change in free
energy associated with these mutations indicated stabiliz-
ing mutations. The chemical significance of the Gibbs
free energy change between the two complexes comes
from the molecular dynamics simulation study. RMSD
and Rg plots (Figure 4a,b) illustrate that the spike-ACE2
complex from SPMHR group is comparatively more sta-
ble than the spike-ACE2 complex from SPLHR group.



GHOSH Er AL.

MW[ ]_Ey_ IUBMB LIFE

Further, the spike protein from SPMHR group exhibits
considerable higher number of interactions with the

spike-ACE2 complex from SPLHR group. There are
95 interactions (1 salt bridge, 8 hydrogen bonds, and
86 non-bonded contacts) for SPLHR category whereas,
there are 103 interactions (1 salt bridge, 9 hydrogen
bonds, and 93 nonbonded contacts) for SPMHR category.
Higher interactions of spike protein from SPMHR group
might contribute to high stable interaction with
the ACE2.

We have found 13,064 mutations in SPMHR cluster of
spike protein sequences. Then, we removed duplicate
mutations and identified 1,487 unique mutations. In the
set of 1,487 mutations there are 765 mutations rep-
resenting conversion from hydrophilic amino acids to
hydrophobic amino acids. We have checked whether
these 765 mutations are associated with higher stabil-
ity.** We found that 563 mutations out of 765 mutations
are stabilizing character. So, most of the substitutions
toward hydrophobic amino acids are stabilizing the
spike-ACE2 docked complex. Therefore, accumulation of

SPMHR
— —

ACE2 receptor-binding domain, compared to the
TABLE 1 Unfolding Gibbs free energies of mutations
calculated using PremPS server depicting change in protein
complex stability upon mutation
Mutation position AAG Effect of mutation
D215V —0.4 Stabilizing
A222V —0.84 Stabilizing
G261C 0.06 Mild stabilizing
E484G —0.16 Stabilizing
D614G —0.31 Stabilizing
Q860V —0.94 Stabilizing
K861L —-0.77 Stabilizing
S970F -1 Stabilizing
SPLHR
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hydrophobic amino acids by substituting hydrophilic
amino acid has a stabilizing effect on the spike-ACE2
complex. Selection of more hydrophobic amino acids in
spike protein has functional significance on more effec-
tive binding with ACE2 receptor.®

5 | CONCLUSION

The present study shed light on the protein hydrophobic-
ity as the mutational pressure for the evolution of spike
protein of SARS-CoV-2. Here, in the present article, we
have provided a comprehensive analysis of molecular
evolutionary data to understand the virus infection
potential which might be important for public health
measures and prevent future epidemics like SARS-CoV-2.
However, it would be judicious to consider the possibility
that mutational variants might modulate the virulence
and thereby might have impact on the pathogenicity of
the disease. The classification of spike proteins according
to the variation of hydrophobicity and thereby modulat-
ing the receptor binding affinity provides crucial informa-
tion for designing treatment and, eventually, vaccines.
The findings of the present study could help for the
design of potential vaccine candidates/small molecular
inhibitor against COVID19. Another future direction of
the present study might be to undertake haplotypic/
population level analysis in order to get a better view of
genetic variation between SPMHR and SPLHR groups of
spike proteins. The evolutionary characterization of the
wide spectrum of haplotypes distributed in SPMHR and
SPLHR may be used to determine the haplotype signifi-
cance and its association with disease severity, various
host genetic factors, and development of vaccines.
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