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A B S T R A C T

The recent release of SARS-CoV-2 genomic data from several countries has provided clues into the potential
antigenic drift of the coronavirus population. In particular, the genomic instability observed in the spike protein
necessitates immediate action and further exploration in the context of viral-host interactions. By temporally
tracking 527,988 SARS-CoV-2 genomes, we identified invariant and hypervariable regions within the spike
protein. We evaluated combination of mutations from SARS-CoV-2 lineages and found that maximum number of
lineage-defining mutations were present in the N-terminal domain (NTD). Based on mutant 3D-structural models
of known Variants of Concern (VOCs), we found that structural properties such as accessibility, secondary
structural type, and intra-protein interactions at local mutation sites are greatly altered. Further, we observed
significant differences between intra-protein networks of wild-type and Delta mutant, with the latter showing
dense intra-protein contacts. Extensive molecular dynamics simulations of D614G mutant spike structure with
hACE2 further revealed dynamic features with 47.7% of mutations mapping on flexible regions of spike protein.
Thus, we propose that significant changes within spike protein structure have occurred that may impact SARS-
CoV-2 pathogenesis, and repositioning of vaccine candidates is required to contain the spread of COVID-19
pathogen.
1. Introduction

The current novel coronavirus disease 2019 (COVID-19) outbreak is
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) (Andersen et al., 2020). By August 2021, the World Health Organi-
zation (WHO) reported 207,784,507 confirmed cases with 4,370,424
deaths all over the world. Global sequencing initiatives have been
indispensable in understanding SARS-CoV-2 genomic diversity. There is
a great deal of interest in identifying how spike protein of SARS-CoV-2 is
evolving as it directly interacts with the human ACE2 (hACE2) receptor
(Walls et al., 2020). Efforts to understand mutations and predict associ-
ated pathogenesis have been hampered by our inability to evaluate
combinations of mutations.

The spike protein has multidomain structural architecture and com-
prises S1 and S2 subunits (Walls et al., 2020). The viral infection
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commences upon binding of the S1 subunit to the hACE2, followed by the
proteolytic cleavage in the spike protein resulting in the dissociation of
the S1 and S2 subunits, further leading to membrane fusion and virus
entry inside the cell (Hoffmann et al., 2020b). S1 subunit is the key
domain responsible for mediating the receptor binding and hence is
considered to be the potential target for vaccines and drugs against
COVID-19 (Lan et al., 2020; Dai and Gao, 2021; Wang et al., 2021c). S1
subunit (1–685 a.a.) is comprised of a signal peptide followed by the
N-terminal domain (NTD), and the receptor-binding domain (RBD)
(Walls et al., 2020). Although the function of the NTD is not clearly
known, it has been suggested to harbor the neutralizing epitopes (Chi
et al., 2020; Liu et al., 2020; Graham et al., 2021). The RBD is a
well-established domain that is characterised into a receptor-binding
motif (RBM) and the core region (Mittal et al., 2020; Shang et al.,
2020). Residues of the RBM play an important role in mediating key
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Fig. 1. Genomic Diversity of SARS-CoV-2 spike protein. In total, 1,624,465
genomes were retrieved from GISAID, as plotted in the pie chart, with different
colors showing country-wise submitted genomes till May 2021. The modeled
full-length spike protein is shown in surface representation, with the S1 and S2
subunit colored in grey and cyan, respectively. In total, 6517 mutations were
mapped on one protomer, out of which 1312 were found to be on unique sites.
The size of the sphere indicates frequency of mutations, with dark to low gra-
dients showing a higher to lower frequency range. The amino acids mutating at
higher frequency are marked in text. (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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interactions with the hACE2 receptor (Lan et al., 2020). Many RBD tar-
geting antibodies interfere either with RBD-hACE2 binding or inhibit the
RBD to acquire the up conformation (Chen et al., 2020; Barnes et al.,
2020; Ju et al., 2020). Recent studies on monoclonal antibody response
against mRNA vaccines have shown a co-dominant antibody binding to
the NTD and RBD, thereby making NTD an equally important therapeutic
target (Amanat et al., 2021). Another interesting functional motif is the
connecting linker region between the RBD and HR1 that contains two
critical furin cleavage sites, namely- S1/S2 site and S2’ followed by a
fusion peptide (Xia et al., 2020; Hoffmann et al., 2020a). The under-
standing of these regions and how they are evolving during the current
pandemic is critical for enhancing present vaccine efficacy.

Early analysis of viral variants revealed a single amino acid substi-
tution D614G, which has now become a widespread dominant variant
(Korber et al., 2020). Although it did not reveal greater clinical severity,
structural features of mutant D614G spike showed interesting charac-
teristics (Volz et al., 2021; Groves et al., 2021). The conformational state
of spike protein was found more stable in an “up” conformation (Yur-
kovetskiy et al., 2020). In Oct 2020, multiple co-occurring mutations in
the SARS-CoV-2 within spike protein were reported (Rees-Spear et al.,
2021). Three major lineages, including B.1.1.7 (Alpha), B.1.351 (Beta),
and P.1 (Gamma) were seen emerging in patients from the UK, South
Africa, and Brazil, respectively (Rambaut et al., 2020; Tegally et al.,
2020; Resende et al., 2021), which are now classified as the VOCs.
Compared to previous variants, the Alpha variant raised concern due to
the presence of N501Y mutation in the RBD of the spike protein.
Particularly in spike, this variant emerged with several other mutations
like 69/70 deletion and P681H mutation present in the N-terminal
domain (NTD) and near S1/S2 site, respectively (Rambaut et al., 2020).
Another variant from South Africa (B.1.351) emerged independently
with multiple mutations in the RBD (K417N and E484K) along with
N501Y, however, lacked the 69/70 deletion mutations in the NTD
segment (Tegally et al., 2021). The lineage B.1.526 is classified as a
Variant of Interest (VOI) which have multiple spike mutations with
unique substitutions L5F, T95I, and, D253G, which were not present
earlier in any other lineages (Annavajhala et al., 2021; West Jr et al.,
2021). Recently, a rapidly transmitting variant emerged in India, namely-
B.1.617.2 (Delta) with unique RBD mutations E484Q and L452R, two
deletions (E156del and F157del) and a substitution (R158G) in the NTD,
and 4 other mutations including D614G (Kannan et al., 2021). A
sub-lineage of Delta with an additional mutation, K417N is termed as
AY.1 (Delta-plus). Interestingly, each lineage contains more than a
handful of spike mutations also present on non-RBD regions. Although
they are not the focus of extensive characterisation, they are likely to
contribute in a specific manner towards spike evolution. A better struc-
tural understanding of the pattern underlying these lineages, as a whole
will facilitate in predicting the immune response with new SARS-CoV-2
variants.

In this work, we integrated large-scale genomic variations of SARS-
CoV-2 spike protein with extensive structural characterisation. We
identified mutational hotspots based on a temporal acquisition of mu-
tations and found distinct variant and invariant patches distributed
throughout the structure. The contribution of lineage-defining mutations
was evaluated domain-wise to understand structural motifs that are
accumulating more mutations than others. Some of these mutations have
also evolved into VOCs. Based on mutated structural models of known
VOCs, we found that structural properties such as accessibility, secondary
structural type, and intra-protein interactions at local mutation sites are
greatly altered. Extensive molecular dynamics simulations of the D614G
mutant spike structure with hACE2 further revealed dynamic features
that may play a key role in the conformational ensemble of the spike
protein. Our results support the view that structural changes of promi-
nent SARS-CoV-2 lineages significantly alter structural properties of
spike protein and hence may require updating spike-based vaccine
candidates.
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2. Results

2.1. Genomic diversity of spike protein

We present meta-analysis of SARS-CoV-2 genomic data from GISAID
sampled until May 2021. Amino acid substitutions, including missense
and deletions/insertions were extracted for the spike protein. In total,
6517 mutations were observed in 1,624,465 spike sequences. The fre-
quency of each substitution was mapped onto the full-length spike
structuremodel as shown in (Fig. 1). Both S1 and S2 subunits are marked,
with the S1 domain of the SARS-CoV-2 consisting of the N-terminal
domain (NTD: 14–305 a.a.) and the receptor binding domain (RBD:
319–541 a.a.) clearly accumulating more mutations. The S1 subunit
harbours the prominent D614G mutation present in 99.84% of genomes
(Isabel et al., 2020). The sequence alignment conservation with spike
protein homologs also revealed that the S1 subunit is highly variable
compared to the S2 stalk, with the HR1 region as the most conserved
segment (Fig. S1). While the majority of residues show low-frequency
mutation rate, two major frequency groups were observed. Eight prom-
inent mutations were present in the first group with more than 50%
frequency; N501Y, P681H, T716I, D1118H, A570D, S982A,
HV69/70del, and Y144del. The second group with a frequency between
1 and 20% displayed 32 unique residues, with 53% and 18% amino acids
present in the NTD and RBD domains, respectively. We thus, were able to
associate mutations with structural domains and next utilized large-scale
genomic data to understand the domain-wise temporal acquisition of
mutations.
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2.2. Temporal analysis of mutational hotspots reveals hypervariable
regions on spike protein

How did distinct protein regions evolve since the start of the covid-19
pandemic? To answer this, we located high-frequency mutations (>1%
frequency) on the spike structure to understand the invariant and variant
patches on different spike domains. Not all residue positions are sus-
ceptible to mutations. A clear trend emerging from dynamic tracking of
genomic data is the constant evolution of specific S1 domains in the NTD,
RBD, and linker regions (Fig. 2A; Fig. S2). In early pandemic, L5F sub-
stitution in the signal peptide was present, alongwith D614G mutation in
the linker. From July 2020, a noticeable accumulation of mutations was
observed in the NTD and RBD regions. The S2 stalk showed least number
of mutations, with three variable segments, specifically the L1 region
(701–716 a.a.), S982 residue in the HR1, and D1118 residue in the loop
region connecting HR1 and HR2 region.

To look at deeper level, a quantitative description of the time pro-
gression of highly variable S1 domain regions is shown in Fig. 2B. Within
the NTD, five prominent variant stretches were observed, with Y144
deletion, G142D, E156-F157 deletion, and R158G segment as the largest
contiguous patch. The N-terminal region of the NTD, namely L18F, T19R,
292
T20N, evolved early during the pandemic. Later during the pandemic,
several segments in N1, N3, and N5 loops of NTD mutated significantly
faster, indicating that these regions are hypervariable segments, also
shown as protein snapshots. Interestingly, the connecting region between
the NTD and RBD (N2R: 310–319) is not mutating. While the core of the
RBD consisting of five stranded antiparallel β-sheet is an invariant region,
the RBM motif that binds to the hACE2 receptor harbored 99% of the
RBD mutations. Only a single K417 residue is present outside the RBM,
however, it is still at the interface and is known to form a salt bridge with
D30 of the hACE2 receptor. The linker region consists of variant stretches
contributed from three prominent mutations A570D, H655Y, and P681
H/R along with D614G. Overall, spike protein harbors multiple prevalent
mutations which form mutational clusters that have relatively evolved
more than others. Apart from the well-characterised functional signifi-
cance of RBM, previous reports have also characterised NTD as a major
antibody epitope. We speculate that these protein regions are important
for the function or stability of protein and hence are under greater se-
lective pressure. In a recent study, a collection of SARS-CoV-2-
neutralizing antibodies reveal significant antibodies directed against
the NTD, and the most potent were targeted at the 2–51 patch on the
NTD. (Liu et al., 2020; McCallum et al., 2021; Chi et al., 2020). We
Fig. 2. Mutation clusters of SARS-CoV-2 spike
protein. (A) The schematic view of the domain ar-
chitecture of SARS-CoV-2 spike protein is shown in
the top row. The circular plot shows the ‘normalised
mutation frequency’ in a time-dependent manner.
Each row represents one month and, in total 17-
month period from January 2020 to May 2021 is
shown. The spike protein of 1273 residues is divided
into 129 ten-residue bins and is shown for S1 and S2
subunits separately. The normalised mutation fre-
quency is calculated as the ratio of Ni and Nref. The Ni

refers to cumulative number of mutations from global
GISAID data for each bin and Nref is the bin that cor-
responds to maximum frequency bin. The color
gradient of red denotes the intensity of mutation fre-
quency, with 1 being the highest. The D614G present
in the linker region is marked as a star for reference as
it is now present in �98% of the genomes. (B)
Zoomed in circular plots are shown for three major
parts of the S1 subunit; NTD, RBD, and Linker regions.
The corresponding structural mapping for each
domain is shown to depict mutational spots. The
mutation site is depicted in stick representation
highlighting the variant patches. (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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speculate that collectively these protein regions are important for the
function or stability of protein and hence are under greater selective
pressure.
2.3. Integrating defining spike mutations within lineages reveal coaxiality
at NTD

SARS-CoV-2 is continually evolving and population genomics studies
reveal constellation of mutations that define a particular lineage. In
principle, lineages reveal pool of mutations that is characteristic of subset
of viral population. To gather insights on co-occurring mutations, we
obtained lineage information of SARS-CoV-2 from the PANGOLIN data-
base. Fig. 3A shows the time evolution of 43 SARS-CoV-2 lineages.
Strikingly, number of spike mutations have significantly increased since
evolution of B.1.1.7 lineage in October 2020 (Fig. S3). For instance, the
recent Delta lineage accumulated a total of 9 defining spike mutations
throughout the protein.

The lineage data also allowed us to examine the underlying link of co-
occurring mutations with the structural domains. For example, are these
co-occurring mutations emerging in a specific pattern?We identified that
lineage-defining mutations were maximally located on the NTD region
followed by RBD, Linker, S2 subunit, and signal peptide (Fig. 3B). In
particular, 5 NTD residues appeared in combination that persisted in
multiple lineages. On the other hand, fewer RBD residues were involved.
A deeper understanding of residue-wise distribution showed that specific
domain combinations were preserved in six major lineages, including
five VOCs. We observed that the majority of the combinations occur
within four domains, with NTD as a key co-occurring domain (Fig. 3C).
For instance, L18F, T20N, P26S, D138Y, and R190S are present in P.1
lineage. Similarly, the recent B.1.617.2 lineage possess 4 NTD mutation
combination (T19R, E156del, F157del, and R158G). The RBD residues,
Fig. 3. Dynamical tracking of genomes reveal spike protein mutational
ensemble. (A) The circular plot shows temporal progression of occurrence of
top lineages over a span of 17 months (January 2020–May 2021). The color
gradient highlights the prevalence of particular lineage in each month, where
the key lineages are highlighted in red color. (B) The violin plot depicts domain-
wise distribution of defining mutation present in each lineage where each dot
represents a lineage. (C) The arc diagram plots the network of co-occurring
mutations between different spike domains, where the size of the node de-
notes the degree and edges are colored according to the inter-domain connec-
tions. (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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on the other hand, utilise less number of mutations that have overlapped
with number of lineages. A single amino acid substitution L452R is
present in multiple lineages, including B.1.526, B.1.427, B.1.429,
B.1.617.1, B.1.617.3, and lineages designated as Delta (B.1.617.2, AY.1,
AY.2, and AY.3). Similarly, E484K is present in B.1.525 (Eta), P.1
(Gamma), and B.1.351 (Beta). The combination of K417N, E484K, and
N501Y substitutions was also present in B.1.351 (Beta) and P.1 (Gamma).
The linker region with P681R and H655Y along with D614G were the
main amino acid co-occurring substitutions. In addition, NTD also has
more intra-domain mutation combinations across VOC linegaes.

Overall, there exists a pattern of mutational clusters with the highest
fraction of inter-domain combinations mapping to the NTD-RBD, NTD-
linker, and NTD-S2 regions. These results indicate that NTD forms a co-
axial cluster that is under stronger selective pressure than other domains.

2.4. Structural determinants of mutations in VOCs reveal higher
accessibility and disordered loops

Are these co-occurring mutations altering the spike topology or its
interface that may impact versatility of protein interactions? In order to
understand molecular level details, we generated six glycosylated spike
protein models for key lineages (Fig. 4A). These structures now provide
us with spatial maps that include amino acid substitutions and in some
cases deleted segments. Most of these changes render the local region
with an increased surface accessibility (Fig. 4B). We analysed the change
in the relative surface area (RSA) for each characteristic mutation in
these lineages. In total, � 70% of the characteristic mutations in B.1.351
and Delta lineages showed a significant increase in the surface area, and
the rest remained unchanged. The P.1 and B.1.526 lineages showed
limited increased RSA for 40% and 16.7% of its defining mutations,
respectively. Interestingly, the average RSA for the entire RBM across all
the key lineages (39.05 Å2) was comparable to WT RBM (39.75 Å2),
except for the B.1.526 lineage which displayed a relatively lower average
RSA (37.44 Å2) for its RBM region.

In addition, we have analysed the existing cryo-EM structures of spike
protein variants, and found a good concordance with our structural
analysis. In particular, we have compared the structural models of B.1.1.7
(PDB ID: 7EDF, 7EDG, 7EDH), B.1.351 (PDB ID: 7LYQ), and P.1 (PDB ID:
7M8K). Due to several missing patches harbouring characteristic muta-
tions or unavailable deleted segments, direct quantitative analysis was
challenging. However, for the three B.1.1.7 cryo-EM structures, we
observed similar side-chain orientation of these substitutions in the
structural models generated from this work (Fig. S4). The overall RMSD
of our model with B.1.1.7 cryo-EM structures are- PDB ID: 7EDF ¼ 3.03
Å, 7EDG¼ 2.75 Å, and 7EDH¼ 2.70 Å. Similar sidechain orientations for
the mutated residues were observed for P.1 and B.1.351 cryo-EM struc-
tures. Overall, the minimised structural models for VoCs provide a good
estimate of substituted structural locations within spike protein.

We further explored additional structural parameters from the
COVID-3D resource for characteristic mutations to gain insights into the
implications of SARS-COV-2 mutations on the structure (Portelli et al.,
2020). COVID-3D provides a missense tolerant score (MTR) for each
variant which is a measure of tolerance towards that substitution.
Remarkably, these variant patches show a great concordance with MTR
scores that reflect how these mutations are tolerated, with an average
MTR score of 0.81 and 0.75 for the mutations in the NTD and RBD,
respectively. For the characteristic NTD mutations across VoCs (L18F,
T19R, T20N, D80A, and T95I), we observed the MTR score of �0.738
suggesting that these mutations show a neutral impact on the protein
structure. Further, for the characteristic RBD mutations across VoCs
(K417 T/N, L452R, S477N, T478K, E484K, and N501Y), we observed
MTR scores between 0.68 and 0.91, suggesting these substitutions to be
tolerant.

Next, we investigated the secondary structural features of the regions
where these substitutions and deletions occur in these key lineages
(Fig. S5). Interestingly, majority of the characteristic mutations (21 out of



Fig. 4. Altered relative surface area and presence of the mutations on variable loops. (A) Structural snapshots of the characteristic mutations in each key lineage
are highlighted in red spheres on one of the chains of the spike trimer, with the glycans highlighted in brown. (B) The relative surface area for each mutation site in all
variant models was analysed. The bar plot depicts the percentage of the characteristic mutations resulting in an increased surface accessibility as compared to the WT.
(C) The grouped bar plot shows the quantitative measure for the secondary structure assessment of each variant and the presence of their respective characteristic
mutations on the variable loop region, sheet, and helix of the spike protein. (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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35) in these selected key lineages reside within variable loop regions, as
can be seen from Fig. 4C. 70% of the characteristic mutations in the
B.1.1.7 lineage occur in the loop regions. Similarly, in the B.1.526 and
B.1.617.2 lineages, 66.7% of the characteristic mutations are harbored in
the loops, whereas in P.1, B.1.351, and AY.1 lineages, the location of
these mutation sites quantifies to be 60–62.5%. Further, 12 out of 15
mutations in the NTD and 4 out of 7 mutations in the RBD across all five
VOCs and B.1.526 fall in the variable loop region. These findings reveal
that mutations are relatively increasing the surface accessibility of
mutated loci and loop regions are accruing more mutations.
Fig. 5. Intra-protein interaction network of WT vs B.1.617.2 spike. (A)
Comparative global intra-molecular network for WT and Delta spike protein,
where unique hydrogen bonds are marked in red on one of the chains of spike
trimer. The total number of salt bridges and hydrophobic contacts are high-
lighted in green and blue, respectively and the mutations of B.1.617.2 are
marked in yellow. (B) The zoomed-in panels display the comparison between
local hydrogen bond network around the characteristic mutations for which the
side chains are shown in stick representation in the NTD and RBD of the WT and
Delta variant. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
2.5. Probing local interaction network of spike protein revealed dense
hotspots in Delta variant

We were further interested in understanding how combination of
amino-acid substitutions may alter overall protein interaction network.
By comprehensively analysing the intra-molecular hydrogen bonds, salt-
bridges, and hydrophobic contacts in these key lineage structural models,
we observed significant variations in non-covalent bond pattern
compared to wild-type structure (Fig. 5A; Fig. S6). The number of
hydrogen bonds increased by 34.8% in these variants as compared to the
WT with 330 unique hydrogen bonds formed. For instance, in B.1.617.2
(Delta variant) four hydrogen bonds upon T19R mutation were found,
whereas only one hydrogen bond was observed at this site in the WT
protein structure. Whereas, one of the two major deletions in the NTD of
B.1.617.2 variant resulted in the loss of 4 hydrogen bonds mediated by
E156 in the WT (Fig. S7). Another consecutive substitution, R158G also
perturbed the formation of 5 hydrogen bonds in the variant. The RBD of
B.1.617.2 harbors two defining mutations (L452R and T478K), out of
which L452R substitution enhanced the local hydrogen bond networking
by forming 3 bonds as compared to the one inWT (Fig. 5B; Fig. S8). There
were 18 salt-bridges in the WT spike which were found to be retained in
the VOCs. However, 8 unique salt-bridges were observed in the variants,
out of which 2 lie in the NTD, 2 in the RBD, and 4 in the S2 subunit. The
number of interactions driven by hydrophobic residues also significantly
increased, with 32 novel contacts observed in the VOCs.

Next, to examine the impact of these mutations on the protein
structure, we calculated domain-wise residue interaction network (RIN)
294
in wild-type and six key spike variants, namely- B.1.1.7, B.1.351, P.1,
B.1.526, B.1.617.2, and AY.1. In these networks, residues are represented
as nodes and contacts between them are edges. Comparative analysis of
networks of VOCs with wild-type revealed perturbations in local contacts
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and there is an overall increase in the total number of intra-protein
contacts in these key lineages. Remarkably, the intra-molecular RBD
contacts increased significantly with 660 additional contacts or edges
and 70% of the residues displayed a degree>10. In B.1.1.7 lineage, there
is one critical mutation in the RBM namely- N501Y, which has been re-
ported previously to enhance the interaction with the hACE2 (Zahradnik
et al., 2021; Zhu et al., 2021). Hence, we analysed the inter-protein
interaction network of the binding interface between the RBD and
hACE2 (Fig. S9). Structural analysis of the WT and B.1.1.7 variant bound
to hACE2 revealed the formation of a high number of contacts after
N501Y substitution. Similarly, P.1 and B.1.351 lineages have three key
mutations in the RBM, namely- K417 T/N, E484K, and N501Y. For
K417T in B.1.351 lineage, no significant alterations were observed.
Whereas, most of the RBM residues in AY.1 variant displayed enhanced
contacts (Fig. S10). All the potent NTD targeting antibodies recognize the
‘NTD supersite’, consisting of the N1, N3, and N5 loop (Lok, 2021). In the
wild-type structure, NTD displayed a total of 2843 local contacts with
52% of the NTD residues having a degree of >10. The higher degree
residues comprised 8 out of the 17 characteristic mutation sites in NTD
across the key lineages (T19, H69, Y144, E156, R158, R190, R246 &
D253). Although B.1.1.7 intra-NTD network is supported by 233 residues
with higher degree contacts, three deletions in the N2 loop of the NTD
(H69del, V70del & Y144del) greatly perturb the local interaction
network which was observed to mediate around 10, 9, 15 local contacts
each in the WT spike, respectively. Similar alterations were observed
around the furin cleavage site with 44% more number of contacts within
protein residues.
Fig. 6. Dynamics of the wild-type and D614G mutant spike. (A) Full-length 1-R
zoomed-in image highlights the residues within 5 Å of the 614th residue in WT and m
wise distribution of RMSD in WT & mutant trajectories in the left and right panel, re
and NTD in WT & D614G mutant spike protein as a function of time. The structures ar
and green, respectively while brown shows the RBM motif. (For interpretation of the r
of this article.)
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We speculate that these intramolecular changes may directly impact
increased virulence or enhanced immune escape features of VOCs. For
instance, the deletions present within NTD in multiple lineages (HV69/
70del, Y144del, E156-F157del) are predicted to vary the conformation of
an exposed NTD loop. This particular loop has been associated with
increased infectivity (McCallum et al., 2021). Also, the changes within
NTD occur on prominent mABs recognition sites (Liu et al., 2020). In the
mutated model of B.1.617.2, R19 residue is surface accessible while in
wild-type the T19, was relatively buried. Across RBD, some mutations
clearly confer immune escape (Barton et al., 2021). The T478K is present
directly on the RBM, and the long side chain of K478 might impact the
neighbouring ACE2 residues in contact with the RBD residues. We
observed formation of new contacts around the mutation site, implying
stronger binding to ACE2. The presence of a furin cleavage site is
important for infectivity and virulence of SARS-CoV-2 and mutation near
this region has been reported to lead to conformational changes that
impact pre-fusion stable structure (Gobeil et al., 2020; Wrobel et al.,
2020). These findings suggest that combinations of mutations present in
VoCs lineages perturb the local interactions other than exact point of
substitution and we further speculate that these rewired contacts may
influence functionally important regions.
2.6. Molecular dynamics simulations of full-length D614G spike showed
structurally flexible regions

Collective internal motions in proteins are linked with the full-length
spike structural model of wild-type and one mutant structure of spike
BD-up spike model in the POPC membrane-bound to hACE2 is depicted. The
utant, where 614 is highlighted in black color. (B) Box plot showing the domain-
spectively. (C) Snapshots showing the dynamics of RBM with respect to the RBD
e shown in surface representation with chains A, B, and C colored in blue, purple,
eferences to colour in this figure legend, the reader is referred to the web version
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protein in an open state. From here the 1-RBD-up spike structures bound
to hACE2 were inserted into the membrane and each system was simu-
lated for 450 ns each (Fig. 6A). In comparison to the starting structure,
root mean square deviations were plotted for each domain (Fig. 6B). Our
analysis revealed increased stability of the D614G protein (0.89 � 0.007
nm) as compared to the WT spike system (Fig. S11). Interestingly, a
relative decrease in the deviation of mutant NTD (0.63 � 0.002 nm) and
RBD regions (0.74 � 0.005 nm) was found, as shown in Fig. 6B. In
addition to RBD and NTD, high flexibility was found in the HR2 and CTD
which have been linked to post-fusion event (Huang et al., 2020;
Turo�nov�a et al., 2020). Followed by the RBD, the SD1 (542–591 a.a.) and
SD2 (592–681 a.a.) regions showed a similar trend in both the WT and
D614G systems with an average RMSD of 0.61� 0.003 nm. Fig. 6C shows
the representative snapshots highlighting dynamical changes within the
NTD and RBD regions at different time frames. Specifically, the RBM in
D614G (0.72� 0.002 nm) is observed to be relatively stable as compared
to that of the WT system (1.00 � 0.009 nm).

Interestingly, each of the spike protein monomers is inter-twinned in
such a fashion that it orients the RBD closer to the next chain NTD. We
analysed the correlation between the RBD and NTD of each chain and our
analyses revealed that the distances between these domains are higher in
the wild-type (6.20 nm and 6.48 nm). In the D614G trajectory, it corre-
sponded to a relatively compact state with significantly less distance
between the NTD and RBD (5.97 nm and 5.82 nm, respectively) as shown
in Fig. S12. This results in a compact conformation of the D614G and
more importantly results in higher proximity with the hACE2 structure.
Mapping of the flexibility parameter, root mean square fluctuations
(RMSF) of both domains revealed significant stability in mutant struc-
tures (Fig. S13). In wild-type, we observed distinct patches within the
NTD (142–152, 180–184, and 248–257) and RBD (474–490, 496 to 503)
that are highly mobile. The simulations were performed under limiting
conditions, especially the heterogeneous membrane lipids that were not
considered. However, we obtained dynamics of full-length spike that
allowed us to further map mutations onto the dynamical regions.
Approximately, 43.6% and 12.67% of the total mutations of the spike are
present in the NTD and RBD domain, respectively.

Various surface epitopes have been proposed to be present on the
spike structures. Three distinct regions, namely, N-terminus (residues
14–20), a supersite β-hairpin (residues 140–158), and a supersite loop
(residues 245–264) constitute epitopes within the NTD region (McCal-
lum et al., 2021). Similarly, the RBD epitopes are characterised as the
ridge (residues 455–456, 471–491), loop (residues 443–453, 494–502),
and core (residues 365–373, 382–387) (Greaney et al., 2021). We have
mapped these prevalent mutations on these known epitopes of NTD and
RBD on full-length spike structure (Fig. S14). Out of 22 mutations in the
NTD region, nine mutations are located in the NTD epitope region.
Specifically, L18F, T19R, and T20N are present in the N-terminus
epitope, whereas G142D, W152 R/L/C, M153T, and F157 are present in
the supersite β-hairpin epitope. D253G and A262S are present in the
supersite loop epitope of NTD. Interestingly, five out of eight mutations
of RBD are present in the epitope region, where L452Rand N501Y sub-
stitutions map to the RBD-loop epitope and S477N, T478K, and E484K
are harboured in the RBD-ridge epitope.

We further characterised these epitope regions with respect to the
flexibility or rigidity of the region. For this, we integrated our structural
knowledge of these epitopes with the understanding of the dynamic re-
gions of spike protein, primarily NTD and RBD from our MD simulations
using RMSF as the parameter. All three NTD epitopes map to the highly
fluctuating regions. Out of all the RBD epitopes, the RBD-ridge epitope is
present in the higher flexible region, whereas the RBD-loop epitope is
present in the moderately flexible region. While the RBD-core epitope is
present at a very less flexible region of RBD. We speculate that these
flexible regions evolve faster and hence play a key role in protein
function.
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3. Discussion and conclusions

There are several driving forces for and against the selection deter-
mining the fitness advantage. The timely tracking of the sequencing of
SARS-CoV-2 genomes in parallel with a large number of structural data
has enabled several quick biological discoveries (Neher et al., 2020).
During the ongoing pandemic, the genomes served as quick indicator
maps and provided real-time tracking of key mutations (Rambaut et al.,
2020; Faria et al., 2021). Especially, mutations on the SARS-CoV-2 spike
protein are of substantial interest as they directly induce antibody
response. Several vaccine candidates are also focused on spike protein
(Martínez-Flores et al., 2021). Therefore, comprehensive efforts are
required to decompose structural factors responsible for altered in-
teractions in spike variants.

Here, we dynamically tracked genomic variations of SARS-CoV-2
spike protein submitted in GISAID over a span of 17 months which
enabled a pan-spike mutational analysis that revealed more than 2500
mutations on the protein. We found precise mutational hotspots that are
accruing more mutations and emphasize that there exists selective
pressure on these stretches. Apart from well-characterised RBD region,
several loops of NTD showed hypervariable regions. In addition, SARS-
CoV-2 lineages mutations exhibit NTD mutations co-occurring with
RBD, Linker, and S2 domain, indicating coaxial framework of mutations.
Further structure-based analysis of VOCs revealed that mutated side
chains appear on surfaces and loops. Dense local networks around
functionally important regions were significantly perturbed in VOCs. A
caveat of the present structural analysis of VOCs is estimation of struc-
tural properties based on minimised structural snapshots. Our simula-
tions of the D614G spike variant bound to ACE2 further elaborates on
dynamical features with increased compactness in the NTD-RBD region.

Previous experimental studies have also revealed amino acid prop-
erties that directly impact spike protein function by altering infectivity,
transmissibility, or antigenicity (Zhang et al., 2020; Harvey et al., 2021;
Volz et al., 2021; Hu et al., 2020). Barton et al. studied the effect of five
prevalent RBD mutations (K417N, K417T, N501Y, E484K, and S477N)
on RBD-ACE2 interaction and suggested that the N501Y, E484K, and
S477N mutations showed increased affinity towards ACE2 binding as
compared to the wild type which might enhance transmission. However,
the amino acid substitution of lysine at 417 position to either asparagine
or threonine facilitates immune escape (Barton et al., 2021). Several
studies have contributed to the understanding of how spike mutations
affect immunogenicity, especially mutations within RBD (Weisblum
et al., 2020; Wang et al., 2021b; Liu et al., 2021). Further, deep muta-
tional scanning of SARS-CoV-2 RBD has revealed that most of the prev-
alent RBD mutations are tolerant towards protein folding and ACE2
binding (Starr et al., 2020). Thus, the possibility of immune escape still
exists under strong selection pressure. In a comparative study between
single-antibody escape and cocktail therapy, the latter was observed to
provide a powerful way to minimize mutational escape by SARS-CoV-2
(Baum et al., 2020). Our studies also point that the mutated structural
model from combined set of characteristic mutations in VoCs is greatly
altered, and thus antibodies targeted to topologically distinct regions
may be beneficial.

Recently, multiple cryo-EM structures of spike protein variants have
also been determined (Wang et al., 2021a; Gobeil et al., 2021; Yang et al.,
2021). The D614G spike has revealed varied interactions within proto-
mer that induce conformational changes within the S1 subunit (Zhang
et al., 2021; Yan et al., 2021). These changes, largely based on closed
conformations, propose that mutant G614 is stable and that it increases
the number of spikes that can facilitate infection (Yurkovetskiy et al.,
2020). We have also compared our data with cryo-EM derived VoCs
structural data. Interestingly, minimised structural model and experi-
mental structures show similar side chain orientations that also corre-
spond to higher accessibility. Interestingly, prevalent amino acid
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substitutions such as A222V, Y453F have also been linked with structural
perturbations or ACE2 binding (Hodcroft et al., 2021; Starr et al., 2020).
However, these changes are not participating as a defining mutation in
any VOCs.

Several computational approaches have been applied to study spike
variants (Celik et al., 2021; Antony and Vijayan, 2021). For instance,
early during the pandemic, the COVID-3D online resource provided
extensive spatial maps of SARS-CoV-2 mutations and an overall missense
tolerance score for each mutation (Portelli et al., 2020). Another report
during early pandemic listed the hypervariable genomic hotspots within
entire SARS-CoV-2 (Wen et al., 2020). Mutations hotspots have also been
characterised using Shannon Entropy and K-means clustering that reveal
positions that are most suspectable to mutations (Mullick et al., 2021).

The focus of the present study was to provide structural view on
extensive genomics variations within spike protein for a period of 17
months and how these mutations alter structural properties. Addition-
ally, a large number of previous computational studies have focussed on
extensive dynamics of spike protein and its variants. Multiple all-atom
molecular dynamics simulations of spike protein revealed essential
structural role of N-glycan at sites N165 and N234 (Casalino et al., 2020).
The critical glycan positions were found to modulate conformational
dynamics of RBD which is responsible for ACE2 binding. In a massive
effort by Folding@home distributed computing project, spike protein
simulations predicted complete opening of spike protein and substantial
conformational heterogeneity in the open state (Zimmerman et al.,
2021). Further, over 130 μs of weighted ensemble simulations of the fully
glycosylated spike protein provided kinetically unbiased RBD opening
pathways and revealed a gating role for the N-glycan at position N343. In
another study, a total of 20 μs MD simulation trajectory of both wild type
and D614G mutant provided mechanistic details of the increased occu-
pancy of open state in G614 form (Mansbach et al., 2021). Utilising a
different approach of normal mode analysis, Teruel et al., calculated
transition probabilities between the open and closed states, and proposed
an increase in open state occupancy for more infectious D614G mutant
and a similar effect was proposed on glycine residues (404, 416, 504, and
252) as well as residues K417, D467, and critical N501Y mutation site
(Teruel et al., 2021). In another interesting approach, neural network
model based on molecular dynamics simulations accurately mapped
simulated binding energies to experimental changes in the binding
strength upon spike protein mutations (Chen et al., 2021).

In our earlier detailed work on Delta variant surge in Delhi, we
speculated that three locations: RBD, NTD, and furin cleavage site are
collectively evolving for higher transmission (Dhar et al., 2021). Clearly,
much remains to be learned, in terms of which mutational combinations
and how their functional interactions (if any) change the biological
function of the virus. Either way, analysis of high-throughput data and
association with clinical markers must go hand in hand.

4. Materials and methods

4.1. Genome data acquisition and analysis

In total, 1,624,465 spike protein sequences of SARS-CoV-2 genome
were downloaded from the GISAID database submitted till 31 May 2021
(Shu andMcCauley, 2017). The low-quality sequences were removed and
the genomes having high coverage greater than 90% were considered.
527,988 genomes passed the filtering criteria for specific seven geogra-
phies and were taken for further analysis. The additional details associ-
ated with these genomes including geography and date of submission
was also considered for this study. Specifically, we selected 7 geographic
regions, China (1,456), India (16,768), Brazil (3,936), South Africa (3,
691), Australia (13,819), USA (287,843), and UK (200,475); constituting
62.24% of the total genomes. In addition, we also included 8477 Indian
genomes sequenced by NCDC, Delhi submitted to GISAID later to 31 May
2021. Any sequences without proper submission details were dropped
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out. The variant annotation was done using CoVsurver enabled by
GISAID in GISAID's EpiCoV database and Wuhan 2019-nCov genome
(GISAID Accession ID: EPI_ISL_402124) was used as the reference
genome for mutational analysis (Okada et al., 2020). The quality check
was performed and all the abrupt genomic sequences with more than 20
mutations per sample were removed. We also characterised month-wise
genomic information to capture the time progression of spike variants. To
remove the noise, we analysed mutations present in at least 1% of the
total samples in selected time duration. We assigned lineage information
for each sequence using Phylogenetic Assignment of Named Global
Outbreak Lineages (PANGOLIN) resource (O'Toole et al., 2021). For
analysing the inter-domain co-occurring combinations, we extracted the
defining mutations for the six major lineages.
4.2. Generation of hACE2-bound 1-RBD-up spike conformation

For extensive characterisation of spike protein using molecular dy-
namics simulations, we generated the full-length model of spike con-
sisting of 1273 residues in an open conformation. The cryo-EM structure
of the spike RBD-up state (PDB ID 6VSB) was taken as the template. In
addition, the HR2 region was modeled using the NMR structure of the
HR2 domain from SARS-CoV (PDB ID 2FXP) while that of the TM region
was generated using the NMR structure of HIV-1 Env polyprotein (PDB ID
5JYN) having a homology of 100% and 29% with the spike protein,
respectively. The PDB ID 5JYN was taken as it was the only template
available for the TM region at the time of model generation. The missing
residues in the structure were modeled as loops except for residues
1148–1161 which were restraint to form an alpha-helix. The structural
model was generated in 3 segments: 14–1147, 1148–1213, and
1214–1273 and were joined together using the standard peptide-bond
criteria in Chimera (Pettersen et al., 2004a). To obtain a complete
atomistic model of hACE2, we took the X-ray structure of human ACE2
bound to the RBD domain (PDB ID: 6M0J) as template. The D614G
mutation was then introduced in all three chains of the model in UCSF
Chimera. The full-length spike model of 1-RBD-up state bound to hACE2
was oriented in the membrane containing 2068 POPC lipids. The mem-
brane was generated using VMD and the spike structure was embedded in
the membrane using InflateGRO2 (Humphrey et al., 1996; Kandt et al.,
2007). The transmembrane residues (1214–1273) were positioned in the
membrane by translating the protein along the Z-axis.
4.3. Generation of wild-type and variant glycosylated spike protein models

The protein structure PDB ID 7A94 was taken as a reference structure
to generate wild-type spike model. This structure is a higher resolution
structure available for open bound conformation of spike consisting of
1146 residues (Benton et al., 2020). The complex structure depicts the
1-RBD-up conformation in spike protein, with the limitedmissing regions
[71–75, 625–632, 677–688, 828–852, and 941–943] modeled using
Modeler. The hACE2 structure in the template also had six residues
missing patch that were added by taking PDB ID 1R42 as a reference. The
complete 1146 spike-hACE2 structural model was used as a template to
create variant models using Dunbrack 2010 backbone-dependent
rotamer library in Chimera (Shapovalov and Dunbrack Jr, 2011).
Further processing of steps was done using Gromacs toolkit. The de-
letions for B.1.1.7, B.1.617.2 and AY.1 spike were introduced and adja-
cent residues were joined by introducing the peptide bond. The mutated
structural models were subjected to minimization in vacuum for exten-
sive sidechain minimization. The final step involved addition of glyco-
sylation using the Glycan Reader & Modeler of Charmm-GUI (Jo et al.,
2011).The detailed information of the site and type of glycosylation for
each chain of spike was taken from Casalino et al. (2020) study (Casalino
et al., 2020). All the glycosylated structural models are available on the
github link of this paper.
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4.4. Analysis of structural properties

The relative solvent-accessible surface area for each residue in spike
WT as well as the variants was calculated by Naccess (Hubbard and
Thornton, 1993) and the secondary structure assessment was performed
using STRIDE (Heinig and Frishman, 2004). We utilized network
approach to study the alterations in the local contact network around the
characteristic mutation sites. To obtain hydrophobic contacts, salt
bridges and hydrogen bonding pattern for each of the structural model,
the intra-protein interactions analysis has been carried out by using
Pyinteraph and the interaction plotter (pymol plugin) was used to map
the interactions identified by Pyinteraph on the 3D-spike structure
(Tiberti et al., 2014). For the contact based intra-protein network, we
took a cut-off of 3.5 Å to define the existence of a hydrogen bond between
sidechain of residues and mainchain-sidechain residue atoms. For salt
bridges, the charged residues were considered interacting if at least one
pair of atoms is at a distance within the cut-off.

In addition, we also analysed inter-protein contacts between hACE2
and spike RBD region. We performed the network construction for our
glycosylated spike structural models of WT and variants to capture the
changes occurring within the binding interface. For this we considered
the interface residues of RBD (400–508 a.a) and hACE2 (19–100 a.a,
300–360 a.a) and the co-ordinates for hACE2were saved from the PDB ID
7A94. RINalyzer plugin in Cytoscape 3.8.2 was used to construct the
networks (Demchak et al., 2014; Doncheva et al., 2011). The nodes
represent the residues and the interactions between residues are edges of
the network. A cut-off distance of 4Å was used to define a contact.

4.5. Molecular dynamics simulations

The full-length hACE2-bound 1-RBD-up complex structure in mem-
brane was placed in a rectangular box large enough to contain the protein
and the membrane. Na þ ions were added to neutralize and TIP3P water
representation was used to solvate the system (Mark and Nilsson, 2001).
The simulations were carried out using GROMACS version 2018.3 by
employing the CHARMM36 all-atom force field (Abraham et al., 2015).
Periodic boundary conditions were used and 1.2 nm was set as real space
cut-off distance. Particle Mesh Ewald (PME) summation using the grid
spacing of 0.16 nm was used in combination with a fourth-order cubic
interpolation to deduce the forces and potential in-between grid points
(Darden et al., 1993). The Van der Waals cut-off was set to 1.2 nm. A 2 fs
time step for numerical integration of the equations of motion was used
and the coordinates were saved at every 100 ps. The initial systems were
subjected to energy minimization using the steepest descent method.
Temperature and pressure were maintained at 310 K and 1 bar using
Nose-Hoover thermostat and Parrinello-Rahman barostat, respectively
(Bussi et al., 2007; Parrinello and Rahman, 1981). Simulations of both
wild-type and D614G systems were carried out for 450 ns each. All the
molecular images were rendered using UCSF Chimera and ChimeraX
(Pettersen et al., 2004b, 2021), VMD, (Humphrey et al., 1996) and
PyMOL (Schr€odinger, LLC, 2015). The graphs and plots were generated
using Python libraries.
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