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ABSTRACT: Novel coronavirus (SARS-CoV-2) enters its host cell through a surface spike protein. The viral spike protein has
undergone several modifications/mutations at the genomic level, through which it modulated its structure−function and passed
through several variants of concern. Recent advances in high-resolution structure determination and multiscale imaging techniques,
cost-effective next-generation sequencing, and development of new computational methods (including information theory, statistical
methods, machine learning, and many other artificial intelligence-based techniques) have hugely contributed to the characterization
of sequence, structure, function of spike proteins, and its different variants to understand viral pathogenesis, evolutions, and
transmission. Laying on the foundation of the sequence−structure−function paradigm, this review summarizes not only the
important findings on structure/function but also the structural dynamics of different spike components, highlighting the effects of
mutations on them. As dynamic fluctuations of three-dimensional spike structure often provide important clues for functional
modulation, quantifying time-dependent fluctuations of mutational events over spike structure and its genetic/amino acidic sequence
helps identify alarming functional transitions having implications for enhanced fusogenicity and pathogenicity of the virus. Although
these dynamic events are more difficult to capture than quantifying a static, average property, this review encompasses those
challenging aspects of characterizing the evolutionary dynamics of spike sequence and structure and their implications for functions.

■ INTRODUCTION
Severe acute respiratory syndrome (SARS) was first identified
to cause severe respiratory illness and detected in the
Guangdong province of China in November 2002, which
turned into a global outbreak.1,2 In late 2019, it again emerged
as SARS-CoV-2 in the city of Wuhan, China, causing a
pandemic of acute respiratory disease known as coronavirus
disease 2019 (COVID-19).3 Global research efforts have been
spurred to develop specific therapeutics for COVID-19 and
vaccines targeting various SARS-CoV-2 encoded proteins.
Among other proteins, the SARS-CoV-2 spike (S) protein is a
key target for the induction of neutralizing antibodies and the
development of T-cell responses during infection. With next-
generation sequencing techniques, it is now known that after
the Wuhan variant, the viral spike protein has undergone
several modifications throughout the course of months of
alterations, increasing the virus’s ability to infect and elude the
immune system at a much faster pace than we could follow.4−8

The exceptional and unanticipated genome flexibility of SARS-
CoV-2 is frequently linked to the faster rate of mutational
adaptation of the viral genome.9 While evolution is normally a
slow time scale phenomenon, such a faster mutational pace of
SARS-CoV-2 allows researchers to assort a good collection of
mutational data in a relatively less time frame. Thus, depending
on the country of origin/1st detection, a number of variants of
this virus have been detected, leaving their fresh footprints over
its evolutionary trajectory intervened by several variants of
interest (VOIs) and variants of concern (VOCs). This
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trajectory may carry a critical characteristic evolutionary signal,
and a thorough statistical analysis of this dynamic trajectory is
of the utmost necessity. Unfortunately, the dynamic processes
of mutational changes have been less investigated over the
entire viral genome and protein sequence. When this 1D
sequence information would translate into 3D structure, how
the mutational changes in VOCs would change the dynamic
behavior of the corresponding structure/function needs more
attention. To understand the multistep SARS-CoV-2 entry
process, structural biology and chemistry have been dedicated
to determining static snapshots of biomolecules at an atomistic
level. However, the dynamic fluctuation within biomolecules
retains more information that helps elucidate the functional
mechanism through which the virus evolves by changing its
infectivity and transmission. Thus, we need to focus on
developing and exploiting more such techniques that can
accurately quantify dynamic fluctuations within biomolecules,
apart from extracting only static structures. Being cognizant of
the above facts, this review not only provides a detailed
connection between the dynamic evolution of sequence and
structure of spike protein but also highlights recent research
advancements that characterize both.

■ EVOLUTIONARY DYNAMICS OF SPIKE PROTEIN
AND THE EMERGENCE OF DIFFERENT VOCS

To facilitate the membrane fusion, spike glycoprotein (S
protein), the primary surface antigen of SARS-CoV-2, binds to
the host-cell receptor hACE2 (human angiotensin-converting
enzyme 2) to perform its job.10−17 The viral spike protein and
its other nonstructured proteins (NSPs) have undergone
several modifications so far, increasing the virus’s ability to
infect and elude the immune system. As a result, based on the
Pango lineage identification, more than 1300 lineages have
been established.18 14 divergent clades are used to

phylogenetically describe the genetic relationships between
this lineages.19 In addition, SARS-CoV-2’s rapid evolutionary
divergence during this pandemic is a feature that may be
greatly explained by natural selection. Given the observed high
rate of mutations, it is imperative to study the dynamics of the
virus’s transmission and comprehend how the virus changes in
concert with the host population and the factors guiding this
evolution. It is crucial to look into the mutational pattern and
viral spread of over 30,000 base-pair-long genomic sequences
of SARS-CoV-220 and its variants. Due to the lack of a
proofread mechanism and lack of variety, the overall genome
of SARS-CoV-2 also seems to exhibit an abnormally high rate
of recombination.21,22 Therefore, genomic level data on
various viral proteins including surface glycoprotein domains
aids in examining the viral transmission pattern to comprehend
the progression of the illness and the effectiveness of
administered vaccines and medications.23,24

Many methods have been used to study the dynamics of
viral transmission and evolution. Here, we emphasize the
integration of various methods with genomic research to
understand the evolutionary history of the virus.

■ GENOMIC ANALYSIS OF SARS-COV-2
Genome sequencing enables researchers to categorize a virus
as a specific variant and establish its lineage, going beyond
testing for SARS-CoV-2. With the emergence of different
variants throughout the globe (Figure 1), genomic surveillance
has been a crucial aspect of public health initiatives. Numerous
single nucleotide variations (SNVs) have been found25 in the
millions of SARS-CoV-2 genome sequences that have been
deposited in databases, such as the Global Initiative on Sharing
All Influenza Data (GISAID; https://www.epicov.org/),26,27

National Genomic Data Center of China (https://ngdc.cncb.
ac.cn/) and National Center for Biotechnology Information

Figure 1. Origin (addressing first detection) map of variant of concern (VOCs) and variant of interest (VOIs). World map representing the
country of the emergence of different VOCs and VOIs. The red represents the VOC emergent countries, and the blue represents the VOI emergent
countries.
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(NCBI; https://www.ncbi.nlm.nih.gov/) databases. Numerous
researchers have turned their attention to the functions of
certain SNVs in the zoonotic origin, development, and
transmission of SARS-CoV-2.3,28−32 Researchers discovered
that the SARS-CoV-2 can be separated into the L and S main
lineages during the early COVID-19 epidemic.25 Because of
the presence of leucine and serine residues at positions 8782
and 28144, respectively, the “L” and “S” lineages received their
distinct names. Two SNV pairs at sites 8782 and 28144, with
practically perfect linkages, were used to distinguish between
the L and S lineages. These SNV pairs were C8782/U28144
for L and U8782/C28144 for S, with the reference genome
(NC_045512) corresponding to the L lineage. It was
discovered that whereas the U-to-C substitution at position
28144 causes leucine to mutate into serine, the C-to-U
mutation at position 8782 did not affect the final amino acid. It
is crucial to note that when the phylogenetic tree is rooted
using the bat and pangolin CoVs as the outgroup, the S lineage
is categorized as the ancestral sequence.33 Based on Forster’s
nomenclature, SARS-CoV-2 is divided into three classes: A, B,
and C, where class A corresponds to the S lineage, and L
lineage is further divided into classes B and C. Additionally,
GISAID divides the virus into four primary groups: S, L, V, and
G based on the S/L and other SNVs. Although a significant
portion of the viral genome has been extensively investigated,
the distinction between the L and S strains remains a persistent
phenomenon. For instance, Tang and colleagues34 examined
nearly 127,119 high-quality SARS-CoV-2 genomic data in
2021 and found that 120,958 (95.15%) belonged to the L
lineage, 5950 (4.68%) belonged to the S lineage, and just 211
(0.17%) could not be accurately classified into either of the
categories. Moreover, the community transmission of SARS-
CoV-2 has been traced using genomic epidemiology, which has
shown that the epidemics in Oceania,35,36 Europe,37−43 and
the Americas44,45 were the result of numerous distinct
introductions followed by the local spread of specific virus
strains. These analyses show that by grouping related variants,
the genomic sequences of SARS-CoV-2 may be effectively used
to capture the lineage evolution as the epidemic develops.
Previous studies46−49 have shown that the S protein, which

is under natural selection and where recombination signals
have been recorded, is one of the most variable areas of the
SARS-CoV-2 genome. This suggests that this protein evolves
continuously and plays a crucial role in adapting to humans.
This variation in the S protein is frequently linked to the virus’s
evolutionary background. Flores-Alanis and groups50 research
on the S gene suggests that the original CoV that gave rise to
SARS-CoV-2 most likely originated from a bat rather than a
pangolin. Regarding the receptor binding domain (RBD), the
study shows that the region required for hACE2 (-RBD)
binding is a hybrid between RaTG13 and MP789 CoVs. The
SARS-CoV-2 likely acquired the fundamental function of the
RBD from the MP789 CoV by recombination with an
ancestral CoV, which had a RaTG13 genomic background.
The SARS-CoV-2 ancestor then transitioned to humans, where
the RBD has undergone extensive conservation and the S
protein has been preserved by positive selection. This
demonstrates the intricacy of the dynamics of CoV cross-
species infection and the significance of CoV genetic exchange
explored via genomic analysis. Additionally, Dash and
colleagues51 demonstrated that RBD mutations in the whole
genome isolates of 35 patients sequenced by the Regional
Medical Research Center (RMRC), Bhubaneswar, India,

occurred frequently, indicating a rise in the virus’ antigenicity.
They discovered through genetic analysis that the frequency
with which various mutations in the RBD occur improves the
binding affinity of the specific isolate toward the ACE2
receptor. Moreover, Liu and colleagues52 used the SARS-CoV-
2 virus to methodically evaluate the activity of ACE2 orthologs
from 48 mammalian hosts, which shed light on the virus’s
probable host range and interspecies transmission. This study
raised the possibility that SARS-CoV-2 may be far more
widespread than previously believed, highlighting the need to
keep an eye on vulnerable hosts, particularly those with the
capacity to transmit zoonoses to stop further outbreaks.
Another study53 showed that the RBD’s two sequence sections,
“VGGNY” and “EIYQAGSTPCNGV”, as well as a disulfide
bridge joining 480C and 488C in the extended loop, serve as a
strong structural cues for the identification of the hACE2
receptor.
From these studies, one can realize the necessity of data

analysis and the preprocessing of genomic sequences to
prepare an enormous amount of genetic data for future
research. Some studies entirely focus on creating a workflow to
preprocess the SARS-CoV-2 genome sequences.48 There, it
was found that the alpha and omicron variants had sequences
with 99.76% and 98.47% similarity with respect to the wild-
type sequence. However, the sequence similarity of the gamma
variant is 96.72%. In addition, the study found that the
omicron variant has increased protein diversity only in the
spike and nucleocapsid regions. The lower virulence of the
gamma variant compared with other VOCs was caused by a
higher level of sequence divergence throughout the genomic
sequences. Padhan and colleagues54 showed that even though
SARS-CoV-2 evolved from SARS-CoV, it is more closely
linked to bat-SL-CoV according to sequence analysis. Their
analysis of the early epidemic phase uncovered a number of
novel mutations, including those that the receptor binding
motif (RBM) in the RBD acquired and those that resulted in
the generation of a furin-like cleavage site in the spike protein
with the insertion of a proline-arginine-arginine-alanine
(PRRA) segment that was not seen in earlier bat-SL-CoV.
The presence of a furin-like cleavage site may indicate that
SARS-CoV-2 is highly contagious in people due to easy
entrance and improved cell attachment.

■ STUDIES OF 1D SEQUENCE EVOLUTION USING
INFORMATION THEORY

In addition to genetic studies, information theory has been
used to understand the evolutionary dynamics of SARS-CoV-2.
To distinguish between the SARS-CoV-2 subtypes, highly
informative genomic variation sites known as informative
subtype markers (ISM) have been identified.55 A genome-wide
Shannon entropy and site selection (dN-dS) analysis was
carried out by Ghanchi and associates56 to assess the genomic
diversity between SARS-CoV-2 genomes. In early pandemic
strains compared with later strains, they found more entropy
and diversity, which suggests that the genomes became more
stable in succeeding COVID-19 waves. This saturating
entropic behavior would probably result in the virus choosing
site-specific alterations that are beneficial to it.
To follow the evolution of SARS-CoV-2, various efforts have

been made to set up an epidemiological surveillance system
using information theory due to the S protein gaining many
mutations. Recently, we showed how crucial it is to analyze
domain-wise mutational entropy to comprehend the evolution
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of viruses.57 We described a new responsive quantity called
mutational response function (MRF) that, based on its
evolutionary database, accurately quantifies domain-wise
average entropy-fluctuation in the spike glycoprotein sequence
of SARS-CoV-2. We found that the evolutionary crossover
from a particular variety to a VOC is accompanied by a
significant shift in MRF, maintaining the hallmark of a dynamic
phase transition. The details of the MRF description can be
found elsewhere.57 Using viral genomic and protein sequences,
our method creates a pipeline that can be used to follow the
evolution of any variant. Additionally, VOCs have been
predicted using mutational entropy. Zhao and colleagues58

showed how to model competition between many variations
using mutational entropy to determine which lineage will
develop into a VOC and when this would emerge. For the
alpha variation (B.1.1.7), they utilized a threshold value of
mutational entropy (4.25) to gauge the rate of evolution for
various variants. Instead of using phylogenetic analysis, their
approach relies on sequence mutation, which sheds light on
the rate of evolution. They also divided the formation of
various VOCs into stages, allowing them to analyze the rivalry
between several versions throughout the history of a certain
VOC.
Besides the 1D sequence, VOCs have left their impression

on their respective 3D structures and structural dynamics.
Therefore, how the characteristic mutations of VOC change
the structure−function mechanism from that of the Wuhan
variant remains an extensive area of research since the
emergence of this virus. The following sections discuss a 3D
structural overview of S/spike protein and mutational response
on the spike structure.

■ STRUCTURAL OVERVIEW OF THE SPIKE PROTEIN
OF SARS-COV-2

Spike protein of SARS-CoV-2 is a homotrimer, in which each
chain consists of 1273 residues. In the prefusion conformation,
the spike protein comprises the S1 head domain and S2
subunit, where S1 wraps around the twisted S2 bundle. The
interaction of the spike and the host cell receptor is mediated
by the RBD which is an intrinsic part of the S1 head. Apart
from RBD, the other critical functional components are the N-
terminal domain (NTD), carboxy-terminal domain-1 (CTD1),
carboxy-terminal domain-2 (CTD2), a loop called 630 loop
which functions as a connector between these two domains
(CTD1 and CTD2). The S2 subunit consists of the FPPR
(fusion peptide proximal region) loop, heptad repeat 1 (HR1),
central helix (CH), heptad repeat 2 and transmembrane. This
HR1 bends back toward the viral membrane, forming a helix
bundle in conjunction with CH (Figure 2). Table 1 shows the
residue range of different domains of a single chain of the spike
protein.
The structural features of these different components of the

spike protein of SARS-CoV-2 and the characteristic function-
alities are summarized in Table 2.

■ STRUCTURAL DYNAMICS OF SPIKE PROTEIN
Each monomer of the trimeric spike structure dynamically
switches between the S1-head-up and S1-head-down con-
formational states.11,14,66−69 For the trimer, altogether, four
distinct conformational states have been found in the prefusion
state: (i) 3 down, (ii) 1 up-2 down, (iii) 2 up-1 down, and (iv)
3 up. These four states are primarily driven by distinctive intra-

and interchain interactions. The symmetric states are defined
as 3 up and 3 down, whereas the remaining states are referred
to be asymmetric. These findings are supported by several
computational studies.59,70−75 The spike uses hACE2 as the
host receptor.68,69,76−79 hACE2 accessibility is mediated by the
S1 head-up conformation, whereas the hACE2 inaccessible
state is mediated by the S1 head-down conformation. Such a
connection between RBD and ACE2 has also been
characterized by several experimental and computational
studies.12,80−84 In a recent study,85 the conservation of ACE2
and its ability to act as a receptor by SARS-CoV-2 has been

Figure 2. Structural overview of spike protein with several of its key
functional segments. (A) Structural transformation of the spike
protein during its transition from prefusion to postfusion (having S1
dissociation followed by S2 elongation). (B) The entire circle
corresponds to a single chain full-length spike protein. Each of the
colored arcs in the circle represents different segments of the spike
including NTD (in yellow), RBD (in light green), RBM (in crimson
red), CTD1 (in purple), CTD2 (in magenta), 630 loop (in mint
green), FPPR loop (in orange), HR1 (in cyan), and CH (in deep
red).

Table 1. Domain Segmentation of Spike Glycoprotein of
SARS-CoV-2

Domain Residue Range

NTD 13−304
RBD 319−521
CTD1 522−590
630 loop 620−640
CTD2 591−671
Junction 672−709
S2 710−1273
FPPR loop 828−853
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studied extensively, where ACE2 sequence of 410 vertebrates
and 252 mammals has been included in the cohort. Our study
mainly focuses on the interaction of the virus with the hACE2
receptor.
Coronaviruses gain entry into cells through the binding of

viral spike proteins to the host-cell receptors, followed by the
subsequent priming of the spike protein by host-cell protease.
The binding is also followed by cleavage at two cut sites: S1/
S2 (PRRAR685) and S2′. This cleavage causes conformational
changes in the protein’s structure, enabling the virus to fuse
with the host cell membrane. However, TMPRSS2 is a type of
host cell serine protease with an extracellular protease segment
that can cleave the spike protein of SARS-CoV-2, thereby
initiating membrane fusion attacking through the S2′
region.86−89 Therefore, understanding the interaction between
the spike protein, TMPRSS2, and ACE2 is crucial in the
development of future drugs and therapeutics to combat this
virus.
The structure of TMPRSS2 consists of two distinct

domains: a N-terminal activation domain and a C-terminal
proteolytic or catalytic domain. The N-terminal segment faces
the transmembrane of the host cell, while the C-terminal
section is directed outward and is designed to interact with
target peptides, the spike protein. TMPRSS2 encourages cell-
to-cell fusion, even in the absence of furin-mediated cleavage at
the S1/S2 site. In a recent study,90 the structure of TMPRSS2
has been found with its individual catalytic triad, which
potentially contribute to immune evasion and cell infectivity.
Along with the recognized and functionally active S2′ site
(residue: 806−814, an extended loop region in the outward
direction and solvent exposed), two additional potential
cleavage sites in the S2 domain are T1 (residue: 837−845)
and T2 (residue: 976−986). These two domains have been
identified as TMPRSS2 serine protease target sites. It has been
observed that among these two, TMPRSS2 cleaves the spike
protein predominantly in the S2′ area (KPSKR8425SFIED).
The primary interaction between the spike protein and
TMPRSS2 is facilitated by the classical protease binding
mode, where this interaction involves a burial of the interfaces.
Research has shown that the furin protease enzyme is

responsible for initiating the cleavage of the spike protein in
the S1/S2 region, resulting in the cleavage of the spike protein
into S1 and S2. This cleavage leads to exposure of the S2
domain and TMPRSS2 recognition sites. The cleavage sites
that have been detected are crucial for TMPRSS2 to cleave the
S2 domain of the spike protein, which enables viral entry into
the host cell through membrane fusion. Since this epitope
remains conserved, it can be a potential target for developing
vaccines and therapeutic drugs. Moreover, in order to inhibit
the TMPRSS2 activity and its interaction with the S2 subunit
of the spike protein, researchers have tested various clinically
approved protease inhibitors such as Chemostat, Upamostat,
Nafmostat, and Bromhexine.90

Thus, by preventing the cleavage activity in the particular
segments of the spike proteins by blocking the interaction of
the spike with TMPRSS2 using TMPRSS2 inhibitors, the
engagement of the protein with the host cell can be
terminated. These insights may contribute to the development
of TMPRSS2 inhibition-related medications as well as
potential intervention techniques.

■ THE ROLE OF GLYCANS IN THE
STRUCTURE−FUNCTIONS OF SPIKE PROTEIN

With the internal structural components of the spike protein, it
also becomes crucial to recognize how the structure is
protected by N-linked glycans.66 It is proven that robust
glycosylation coating on the SARS-CoV-2 spike is essential for
the spike to evade the immune system and activate the
prefusion mechanism, facilitating protein folding.91−93 The
glycan shield plays an important role in the virus’s patho-
genesis, and the evolution of glycosylation sites may be linked
to protein sequence evolution to optimize its function. Each
trimer of the spike protein has 66 N-linked glycosylation sites
comprising of over 50% of the protein’s molecular weight.
Using a combined site-specific mass spectrometric approach
and Cryo-EM analysis, Watanabe and his group66 demon-
strated how the N-linked glycans obstruct particular regions of
the spike protein’s surface and also provides a comprehensive
precedent of site-specific glycan, highlighting the features in a
trimeric spike that is natively folded. The SARS-CoV-2 virus
contains a gene that is supposed to direct the production of 22
N-linked glycan sequences for each protomer. Interestingly,
none of these glycan sites in the spike have undergone any
mutations. Out of the 22 sites, 8 are primarily composed of
oligomannose-type glycans, while the remaining 14 sites
mostly contain complex-type glycans that have been processed.
Approximately 52% of these glycosylation sites have fucose
molecules attached, and 15% of the glycans comprise at least
one sialic acid residue. The spike structure of SARS-CoV-2
contains a combination of oligomannose and complex-type
glycans at six specific sites (N61, N122, N606, N717, N801,
and N1074). The proximity of certain glycosylation sites
(N165, N234, N343) can shield the receptor binding sites on
the spike, particularly when the RBD is in a down
conformation. Oligomannose-type glycans are found through-
out the S1 and S2 subunits of the spike and are likely protected
by the protein component, as seen in the N234 glycan, which
is partially wedged between the NTD and RBD. The
membrane-proximal C terminus (N1158, N1173, N1194)
and the extended flexible loops structures (N74 and N149),
which were not resolved in the Cryo-EM microscopy maps,
have both been classified as having N-linked glycans.66

Studies have reported that some of the N-glycan sites within
the spike structure have been observed to play a role in
regulating the functionality of the spike. The glycan shielding
has been investigated for both the up and down states of the
receptor binding domain.94 During the release of the receptor
binding domain, a sudden decrease in glycan shielding has
been observed. The N343 on the receptor binding domain has
been identified as a crucial residue that participates in the RBD
opening mechanism by acting as a “glycan gate” that pushes
the RBD from the down to the up conformation. Conversely,
when the RBD is in the down state, glycans at positions N165,
N234, and N343 shield the RBD of the SARS-CoV-2 spike.66

The receptor binding motif (RBM) is consistently shielded by
the N165 and N234 glycans, while the shielding by the N343
glycan decreases with RBD opening.94 In addition to the
shielding, the N165 and N234 have been found to play a
crucial role in maintaining the RBD up confirmation through
their structural support, as demonstrated by the biolayer
interferometry experiment.72 The removal of these two glycans
via N165A and N234A mutations has been shown to result in a
significant reduction in ACE2 binding, which results in the
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conformational shift of the RBD toward the down state. It has
been observed that the alteration in the topology of the glycan
shield around N370 and the acquisition of N-glycosylation at
N234 may contribute to the enhanced infectivity of the SARS-
CoV-2 and make it more contagious compared to other closely
related coronaviruses.95

Furthermore, a recent study96 demonstrates a noteworthy
characteristic of these glycans, namely that their steric
composition can cause a delay in the spike protein’s
conformational shift on the way to the postfusion pathway.
The fusion peptides have a crucial chance to seize the host cell
during this glycan-induced delay. On the other hand, the entry
of the viral particle into the host is unlikely to occur in the
absence of glycans. Their approach provides a significant
structural foundation for understanding the dynamics of this
widespread disease, while demonstrating how the glycosylation
state might influence infectiousness.

■ LINKERS CONTROLLING THE UP−DOWN
MOVEMENT OF RBD

The junction between the two lobes of the S1-head domain is a
connector region that accommodates two linkers (linker 1:
329−337, linker 2: 526−535) (Figure 3A). The S1 head’s up−
down dynamics are regulated by these noteworthy linkers. If
the position of two flexible linkers is restrained, providing a
harmonic bias potential (simulation details and modeling
information have been provided in the Supporting Informa-

tion), the spike head’s dynamics can be blocked. It will stay in
its up state if the initial state is an up state, and vice versa. This
simple but significant finding can help to understand how such
linkers in a spike chain can govern a crucial event of the
biomolecular prefusion machinery.
The correlation between linker dynamics and RBD move-

ment is demonstrated by the aforementioned finding (Figure
3B,C). When the linker was unrestrained, the RBD was able to
provide two states with bistability in its population. However, a
constrained linker restricts RBD movement, which causes the
latter to have a stiff, fixed conformation.

■ POSTFUSION MECHANISM
After ACE2 binds to the RBD, S1 dissociation occurs as a
result of cleavage at the S2′ site, a second cleavage site of S2
stalk,12,97 followed by severance at the S1/S2 boundary98

which leads to the initiation of the membrane fusion
mechanism.96,97 The SARS-CoV-2 spike adheres to the same
postfusion mechanism as it was identified in SARS-CoV.65 In
postfusion, the spike protein functions as a loaded spring that
is released following S1 dissociation at the S2′ location.
According to investigations where the Cryo-EM structure of
the postfusion state has been resolved, the S2 segment of the
structure goes through a “jack knife”-style transition (Figure
2A). Here, HR1 (heptad repeat-1, a vital segment of S2) and
CH (central helix) get elongated and combine to create an
exceptionally long, three-stranded coil (∼80A), which causes

Figure 3. The linker region and its control over the up−down movement of the spike head. (A) Structural overview of the linker joining the RBD
and CTD1 in the S1 head. (B) Trajectory of the distance between the RBD and S2 representing the unrestrained linker allows the transition of the
RBD between two states, up and down (black curve), whereas the restrained linker inhibits the swing of the RBD keeping it stay at one specific
conformation (red). (C) The probability distribution of the distance trajectory representing the event of RBD transition in linker unrestrained
(black, bimodal nature indicating a transition between up and down state) and linker restrained condition (red, unimodal nature signifies one
specific conformation of the RBD, up/down).
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the firmly bound stem region of S2 to lengthen. The three-
stranded β sheet that is formed by the connector domain and a
section of the S1/S2−S2′ fragment is constant in both the
prefusion and postfusion structures. Residues 1127 to 1135
link the connector β-sheet in the postfusion state, expanding it
into four strands and directing the C-terminal HR2 toward the
viral membrane. Three helical sections in the S1/S2−S2′
fragment (residues 737−769), which pack against the groove
of the CH part of the coiled coil to form a brief six-helix bundle
structure, are bound together by two disulfide bonds. The C-
terminal section of HR2 forms a longer helix that, along with
the rest of the HR1 coiled-coil, forms the second six-helix
bundle structure. The N-terminal region of HR2 adopts a one-
turn helical conformation and packs against the groove of the
HR1 coiled coil. The result is an extremely rigid architecture
that has the long central coiled-coil reinforced repeatedly along
its long axis.10 Additionally, it has been determined through
comparative sequence analysis, structural evaluation, and
molecular dynamics simulation99 that an immunologically
significant epitope (residue range 662−671, sequence
CDIPIGAGIC) in the spike protein, which has been shown
to be the target of neutralizing antibodies,100,101 is structurally
conserved across the substantial variants of the SARS-CoV-2.
Moreover, it has been revealed that the characteristics of this

epitope are unaffected by mutations linked to the VOCs. The
epitope is located outside of both the NTD and RBD,102 more
precisely it resides extremely close to the furin cleavage site. A
vaccine that targets this domain may be beneficial in halting
the S1 dissociation process, which may therefore prevent the
initiation of the postfusion mechanism and reduce the virus’s
ability to inject the viral genome into the host cell. The epitope
is perforated to solvent in both the close and open
conformation of the spike protein, which is reinforced by
SASA (solvent accessible surface area) and is indeed a
structural feature that is crucial for vaccine development
because epitope access is necessary for antibody binding. The
empirical results suggest that the 662−671 epitope may be a
favored motif for the development of the COVID-19 vaccine
and perhaps a prospective target for irresistible antibodies.

■ MUTATIONAL RESPONSE ON THE
STRUCTURE−FUNCTION OF SPIKE PROTEIN

The spike glycoprotein of SARS-CoV-2 has undergone
multiple mutational evolutions, leading to the emergence of
several VOCs and VOIs.103 Each variant spike evolved with
additional significant structural modifications likely to affect
virus pathogenesis. These mutation-mediated structural
changes affect not only antigenic properties but also the

Figure 4. Circos plot of the occurrence of mutations represented in histograms. Each color signifies several motifs of the spike as labeled in the
figure. The histogram bars correspond to the frequency of occurrence of a specific mutation in the spike counted in all of the variants. This plot
shows largely occurring mutations for particular amino acids such as Δ69/70, T95I, G142Δ/D, Y142Δ/S, L452R/Q, E484K/Q/A, N501Y,
D614G, P618H/R.
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functionality of the virus. They have functional roles in
enhancing transmissibility by making it more resistant to
antibody neutralization.104 Moreover, the RBD and ACE2
binding affinity has also changed due to some effective
mutational alterations that eventually result in increased
binding capacity of the RBD in the prefusion state.105,106

The variants that appeared to spread more efficiently than
the one in the initial outbreak (the strain Wuhan-Hu-1107)
were revealed to be more lethal. We displayed the distribution
of all of the mutations (Figure 4) that have occurred since the
genesis of the variants and noted that certain mutations occur
very often. We term those crucial residual positions as
recurrent mutation regions, as they have a high probability
of getting mutated among the variants. In this section, we will
discuss the mutations that most frequently occurred among the
variants and their impact from a structural standpoint. The
residue range of important domains of SARS-CoV-2 is listed in
Table 1. We have tabulated the mutational data corresponding
to VOCs and VOIs (Table 3).
A few key mutations, including deletion mutations, have

been examined and determined to significantly impact the
structural and functional aspects, which are discussed in the
following sections.

Δ69/Δ70. The 6-nucleotide deletion at positions 69
(histidine) and 70 (valine) in the spike protein is caused by
the 69/70del mutation in the SARS-CoV-2 spike gene. These
two residues are in a disordered loop in the NTD of the spike
structure. The 69/70del mutation, primarily observed in the
alpha variant (B1.1.7 lineage), has been recently found in the
omicron variant (lineage B1.1.529). In a study of the B.1.1.7
lineage, it was found that H69/V70 deletion boosts the spike
infectivity and cleavage of S2, it does not grant immunity to
antibodies. These deletions also increase the incorporation of
cleaved spikes into virions and cause them to be more
infectious.108 BA.1 and BA.3 are the omicron groups with the
69−70 deletion in the spike protein’s NTD, leading to S-gene
target failure. In recent studies, this advantageous property has
been reported for the omicron variant to gain a strong escape
tendency against the defenses of the immune system which
results in it being more transmissible.109,110

D614G. The spike protein of SARS-CoV-2 appears to
promote rapid viral spread by replacing aspartic acid (D) at
position 614 with glycine (G) in the carboxy(C)-terminal
region of the S1 domain. The D614G mutation is possibly one
of the best examples of the effects of mutational alterations in
the SARS-CoV-2 spike protein. It is retained in all the VOCs
and VOIs of SARS-CoV-2 that have emerged to date. After the
Wuhan-Hu-1 strain, this single point mutation D614G alone
caused a threat with increased infectivity and resulted in the
variant B.1, known as the Italy variant of the SARS-CoV-2
virus. This was first identified in March 2020.111,112 Although
there was no significant change in the 614G spike structure,
this point mutation affected the functions of a few structural
segments called the 630 loop and FPPR loop, thereby
modulating the structural rearrangement and the stability of
the trimer.113 Each protomer adopts three distinct prefusion
conformations in these mutants due to this mutation, which
differ principally in the position of one RBD.63,114

In contrast to 614D S trimer, which has a disordered 630
loop, the 614G S trimer has a wedge-shaped 630 loop that
inserts between the same protomer’s NTD and CTD1. This
insertion causes shielding of the hydrophobic residual interface
of CTD2, along with the interaction between residues from

NTD and the loop itself. In 614D S, this interface was solvent
exposed; however, in 614G, it is buried. The CTD2 is
stabilized due to the blocking of the exposed hydrophobic
surface, inhibiting the release of the N-terminal segment of S2,
which helps in halting premature shedding of S1, thereby
improving the stability of the S trimeric protein.63,115 In
addition, this phenotype of the D614G mutation causes the
FPPR to have an order−disorder transition unlike in D614.
Furthermore, when ACE2 binds to the RBD-up conformation,
then both the 630 loop and the FPPR loop are expelled from
their locations. This FPPR loop shift may assist in exposing the
S2′ site adjacent to the fusion peptide for proteolytic cleavage
in the closed S trimer conformation which appears to influence
the membrane fusion event.10,115,116

E484K. The RBD of the spike protein contains the
glutamate (E) to lysine (K) substitutions at position 484
(E484K), which is found in the rapidly spread VOCs beta and
gamma, also in a few VOIs. The E484K mutant can avoid
vaccination-induced antibodies. This enables resistance to
neutralizing antibodies, potentially weakening the protective
effects of vaccine-induced immunity. Monitoring the E484K
mutation, which is found in the viral receptor binding domain
and has been independently surfacing in various SARS-CoV-2
variants, is crucial.117,118

Nonaka and coauthors have also studied the E484K spike
mutation. They reveal a case of SARS-CoV-2 reinfection from
different lineages in Brazil, including the E484K mutation, a
variant linked to the virus evading neutralizing antibodies.
Their findings of SARS-CoV-2 reinfection with an E484K
variant support in vitro and in silico studies that predict the
potential for lineages carrying this mutation to evade
neutralizing antibodies. These studies emphasize the signifi-
cance of genomic surveillance in finding and tracking new viral
lineages with potential implications for public health policies
and immunization strategies.119

N501Y. It has been demonstrated that several genetic
alterations in the receptor-binding domain has caused the
spread rate of the SARS-CoV-2 virus to become significantly
faster.120 One of the residues in the RBD−ACE2 interaction
region, asparagine at position 501, has been changed to
Tyrosine (N501Y) as a result of these mutations.121 Experi-
ments suggest that the N501Y could increase the SARS-CoV2
affinity of the RBD of spike protein for binding to ACE2.122,123

It is known that different protein−protein electrostatic
interactions play a major role in how well viruses attach to
host receptors.124,125 A study demonstrates how the SARS-
CoV-2 N501Y mutation can impact the binding of the RBD
with ACE2, with an emphasis on the influence of electrostatic
interactions on the binding energy.105 Moreover, additional
hydrogen bonds were observed between the spike RBD
domain side residues Y500, Y501, G502, V503, and Y505,
enhancing the interaction between the ACE2 receptor and the
RBD.126−128 Due to the considerable change in the electro-
static interaction, it was demonstrated that the binding affinity
of SARS-CoV-2 to human ACE2 is higher in the N501Y
mutant structure than in the wild type.129

P681R/H. As the pandemic progressed, a number of
sequenced SARS-CoV-2 genomes have shown mutations at
P681. Fusogenicity and the generation of syncytia are
determined by the 681 position in the viral spikes.130

Mutations at this location are capable of enhancing furin
cleavage, as shown by the structural modeling of P681
mutations.131 Moreover, P681R alone has been shown to
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boost cellular infectivity through furin cleavage in pseudovirus
models, whereas P681H does not appear to have a significant
effect on furin cleavage or viral infectivity independently.132,133

The furin cleavage site has a significant impact on the viral
infectivity. Studies have revealed that the O-glycosylated sites
near the furin cleavage site are governed by the GALNT
enzyme family, resulting in a reduction in furin cleavage.
Additionally, research demonstrates that the O-glycosylation
process is dependent on a unique proline located at position
681 (P681), which disrupts the O-glycosylation and results in
an enhancement of furin cleavage. The host’s O-glycosylation
may affect the infectivity and tropism of a virus by altering the
furin cleavage of the spike and provides a clearer understanding
of the significance of the P681 mutations present in the highly
transmissible alpha and delta variants.134−136 The delta spike
mutation P681R of SARS-CoV-2 plays a crucial part in the
substitution of the alpha-to-delta variant. In basic human
airway tissues and human lung epithelial cells, delta SARS-
CoV-2 effectively outperforms the alpha variant. The
replication of the delta variant is drastically decreased to a
level lower than the alpha version when the P681R mutation is
restored to wild-type P681.133,137−141

L452R. The L452R mutation is linked to immune escape
and may lead to stronger viral cell attachment; both effects are
anticipated to increase the pathogenicity, transmissibility, and
infectivity of the virus. According to one study, 14 of 34 RBD-
specific monoclonal antibodies had less neutralizing effective-
ness when carrying the L452R mutation.142

Human leukocyte antigen (HLA)-restricted cellular immun-
ity is mediated by cytotoxic T cells, and L452R confers viral
escape from this defense.136 It was predicted that changes to
residue L452, which is close to the RBD-ACE2 interaction
interface, may increase the affinity of receptor binding at least
marginally, increasing the rate of infectivity of human
cells.143−145 The L452 mutants’ effective immune evasion
and improved virus-cell attachment might increase the
virulence, transmissibility, and/or infectiousness of SARS-
CoV-2.146

Furthermore, the epsilon variant B.1.429 has the L452R
mutation, which is linked to an increase in viral load and a 20%
increase in transmissibility.142 In trials using pseudotyped virus
(PV) particles, this variant was found to enhance ACE2
binding, increasing infectivity39 and 3 to 6-fold decrease in
neutralization sensitivity to vaccine-elicited sera. It has been
discovered that the SARS-CoV-2 spike RBM containing the
L452R and Y453F alterations allows the virus to replicate more
readily.145

Notably, L452R, one of the most prevalent mutations in the
RBD, appears in the delta variant but is absent in the omicron
variant. According to reports, the L452R mutation improves
the infectivity and fusogenicity of SARS-CoV-2.145 Zhang and
group created an L452R-mutated version of the omicron
(omicron-L452R) and discovered that it may cause high
infectivity and restore fusogenicity via improving spike protein
cleavage. The omicron-L452R mutation of a L452R also
significantly increases glycolysis in host cells. Their findings
imply that the absence of the L452R mutation from the delta
variant accounts for the omicron variant’s reduced fusoge-
nicity.147 The L452R mutation needs to be investigated further
to characterize its targeted therapeutic antibodies and vaccines.

■ A FEW OTHER NOTABLE MUTATIONS
Along with these significant mutations, many other observed
mutations appear to have a sizable number of occurrences in
different segments of the spike protein. NTD carries a
noticeable number of crucial deletions and mutations in the
new variants that play an essential role in the spike’s
functionality.142,148−155 In addition, mutation such as T95I
can have a detrimental effect on antibody neutralization.156

G142D, Del144, R246I and Del242−244 mutations are
considered to promote mAb resistance.157,158 Recognition of
monoclonal antibodies might be diminished by these
mutations.159 D215G also helps in antibody neutralization
and immune escape.155 An extensive analysis of these
mutational impacts needs assured investigation.

■ NEW CUTTING-EDGE EXPERIMENTAL AND
COMPUTATIONAL TECHNIQUES OVERCOMING
THE CHALLENGING ASPECT OF SPIKE
STRUCTURE, FUNCTION, AND SEQUENCE
EVOLUTION

Getting a thorough understanding of the virus’s structure was
one of the biggest problems during the early stages of the
pandemic. In order to allow researchers from all over the world
to take action before the corresponding study was published,
researchers from Fudan University sequenced the viral genome
and made it publicly available.160 Understanding the viral
process, the viral protein’s interaction with the human host,
and the following interactions of ligands and small molecules
with the viral protein have all benefited greatly from structural
biology. We now understand the viral dynamics better because
of structural biologists’ extensive structural analysis of the viral
proteins.161,162 Within weeks of the initial SARS-CoV-2
genome becoming accessible to the public, the first 3D
structure of the main protease was determined using X-ray
crystallography and uploaded to the Protein Databank (PDB
ID: 6LU7).163 After X-ray crystallography, the spike protein’s
initial crystal structure was finally determined using cryo-
electron microscopy (cryo-EM) spectroscopy.7

In the early stages of the pandemic, researchers concentrated
on using X-ray crystallography to understand the structure of
the virus. The size and complexity of the molecule under study
are not constrained a priori, making it one of the most effective
methods for macromolecular structure determination, often
achieving a quasi-atomic resolution.77,164 Free electron lasers
are used to create extremely brief X-ray pulses with peak
brilliance 9−10 orders of magnitude higher than that of third
generation synchrotrons. These pulses have a duration of tens
of femtoseconds.165−167 Over the years, X-ray crystallography
has consistently been the method of choice for structural
biologists. A protein’s 3D structure can be determined by X-ray
crystallography if enough protein can be produced and
crystallized at the same time in a well-organized lattice. The
crystal is rotated using an X-ray beam, and the diffraction
pattern of those results is converted into a map of electron
density that reveals the protein’s structural viewpoint. This
information, along with the protein sequence, is frequently
used by structural biologists to comprehend how proteins fold
into various secondary structures such as alpha helices and beta
sheets. Although X-ray crystallography remains the most
effective tool in contemporary structural biology and has the
potential to resolve macromolecule structures at the atomic
level, recent technological advancements have sparked a
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resolution revolution in the single-particle cryo-EM approach.
Researchers opt for cryo-EM, an alternative crystallographic
technique, when dealing with proteins that are incapable of
being crystallized. Cryo-EM has experienced significant
technical advancements recently and is taking the lead in
high-resolution macromolecular structure determination, par-
ticularly supra-assembles.168 Using the cryo-EM method, a
protein is thinly frozen onto a metal grid. Low-energy electrons
are used to bombard the layer in place of X-rays, creating a 2D
picture of the individual proteins. The 3D image of the protein
is created by computationally sorting and reconstructing
thousands of these noisy images. Cryo-EM’s ability to produce
images from multiple copies of the protein also has added the
advantage of enabling researchers to observe how a protein
might move in various conformations.
Until the middle of the 2010s, conventional transmission

electron microscopy (with resolutions on the order of
nanometers) and X-ray crystallography were typically sepa-
rated by a significant gap in feasible imaging resolutions due to
the constraints of these techniques (with resolutions on the
order of angstroms). High-resolution structure determination

by any approach remained, for the most part, inaccessible to
the structure of an entire virion, whether it be by itself or in the
context of a host cell. With the Nobel Prize-winning invention
of cryogenic vitrification of aqueous materials, including
viruses, for cryo-EM imaging by Dubochet and colleagues,169

this started to alter. Although these early cryo-EM micrographs
were virtually free of preservation artifacts, they were
nevertheless distorted and had low signal-to-noise ratios. The
area of cryo-EM crystallography has also advanced, thanks to
innovations like electron detectors, enhanced tomographic
reconstruction, and subtomogram averaging techniques. These
scientific developments make it simpler for structural biologists
to recreate the atomic-level features of the structure of giant
asymmetric macromolecules.170−172 While conventional elec-
tron microscopy with contrast agents and chemically fixed
samples remains the method of choice for quickly identifying
viruses, particularly those that are present in infected cells or
tissues, cryo-EM increases our capacity to collect high-
resolution data. When SARS-CoV-2 first appeared, these
technologies were already developed and could be used in
conjunction with traditional electron microscopy, cryo-EM,

Figure 5. Protein Databank Analysis for PDB structures of SARS-CoV-2. (A) Month wise SARS-CoV-2 structure submission analysis shows the
increase in structure submission postepidemic onset with July 2022 corresponding to the largest structure submission month. (B) Year wise Protein
Databank Analysis for different structure submission methodology. X-ray Diffraction and electron microscopy dominate the characterization
techniques followed for characterizing the crystal structure of SARS-CoV-2. Solution NMR (SNMR) and neutron diffraction (ND) methods have
also garnered attention as potential characterization techniques with their usage increasing post 2020.
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and X-ray crystallography to quickly apply to the virus and its
components on a continuous resolution spectrum.
We examined the Protein Databank to determine the rate of

data submission and the kind of crystallographic methodology
used for structure elucidation after a large number of
crystallographic structures of SARS-CoV-2 were submitted.
We discovered that the number of submitted constructions
climbed quickly, from 842 in the year 2020 to 1044 in 2021 to
1144 in 2022 (Figure 5A). Additionally, we looked at the
methods used for structure prediction and discovered that X-
ray crystallography is still the go-to way for doing so. However,
the speed at which the structure was resolved by electron
microscopy increased. The distinctive outcome we discovered
was the rise to 8 in the use of solution NMR for structural
refinement by 2022 (Figure 5B). There were other techniques
utilized as well, such as neutron diffraction and solid-state
NMR, although X-ray crystallography and electron microscopy
contributed the majority of the structure refinement.
The best course of action is to expand the number of

intelligent multiscale imaging studies that combine various
methodologies to provide a complete picture of the biological
process as more complex structures emerge in nature. These
gaps in the imaging modalities’ resolution spectrum are filled
by cryo-EM and cryo-electron tomography (cryo-ET)
techniques. Cryo-EM enables the visualization of more
complicated macromolecular assemblies, whereas cryo-ET
enables the imaging of complete biological structures in situ.
Additionally, both methodologies’ handled problems are
constantly evolving as a result of growing technical improve-
ments. On the other hand, X-ray crystallography continues to
be the industry standard for applications needing the utmost
resolution, such as structure-based drug discovery. However,
more recent methods have the potential to be used for future
contributions. One such method is nuclear magnetic resonance
(NMR), a potent method for determining the binding
interfaces and analyzing the dynamics of proteins.173 The
work of Bartenschlager and colleagues,174 in which they
combined fluorescent microscopy, transmission electron
microscopy (TEM), scanning electron microscopy (SEM),
and cryo-ET image reconstruction to visualize the structural
changes in cells induced by SARS-CoV-2 infections, is one of
the best examples of multiscale imaging applied to SARS-CoV-
2.
In addition to experimental methods, computational

methods have drawn a great deal of interest. To comprehend
the evolutionary development of SARS-CoV-2,53,57,175−180

determine the potency of natural phytochemicals as potent
drugs against the virulence proteins of SARS-CoV-2,181−189

and track the viral progression in the general population via
mathematical modeling,190−197 a variety of computational
techniques have been developed. In our earlier research,57 we
created a machine learning feedforward model that could
forecast the possible mutational locations in the delta variant.
We created several features to train our model, with the most
crucial feature being the mutational entropy of the virus’s
protein sequence. In the spike protein, our model identified
probable mutation-prone regions that could change in the
upcoming generation. A deep learning methodology was put
forth by Chimmula and Zhang198 to forecast the pattern of the
COVID outbreak and the potential halting point. They made
future predictions about the COVID-19 response using long-
term memory (LSTM) networks. The LSTM models were also
used by Tomar and Gupta199 to forecast the number of

recovered cases, daily positive cases, and deceased patients in
India for the upcoming 30 days. A quick COVID-19 screening
tool called nCOVnet was created by Panwar and his team.200

They created a CNN model based on deep learning and
trained it using chest X-ray pictures. Their algorithm had a
97% accuracy rate in predicting a patient who might test
positive for COVID-19.
Moreover, mathematical models also played a crucial role in

understanding the spread of COVID-19. Using complex
mathematical models, researchers can estimate the impact of
different interventions and predict the potential outcomes of
different scenarios, providing valuable insights and information
for policy makers and public health officials. Wang and
colleagues197 developed a computational model to understand
the diverse progression of COVID-19 patients infected with
SARS-CoV-2. The model integrated the clinical data and
analyzed the intracellular viral dynamics, multicellular infection
process, and immune responses by using a combination of
differential equations and stochastic modeling. The study
found that increasing the host antiviral state or virus-induced
type I interferon production rate can delay the transition from
asymptomatic to symptomatic outcomes. The study also found
that T cell exhaustion plays a crucial role in the transition
between mild, moderate, and severe symptoms, and patients
with severe symptoms lack naiv̈e T cells. The study highlights
the importance of interferons and T cell responses in
regulating the stage transition during COVID-19 progression
and provides potential guidance for personalized therapy in
COVID-19 patients. Adam and colleagues201 used the
mathematical model to investigate the role of superspreading
events (events where a small number of individuals infect a
large number of people) in the transmission of the virus. The
researchers found that superspreading events were responsible
for a large proportion of infections and that controlling them
would be the key to reducing the overall spread of the virus.
Lai and colleagues202 developed a stochastic susceptible-
exposed-infectious-removed modeling framework based on
travel networks to simulate the spread of COVID-19 in
mainland China. They parametrized the model using
epidemiological data on COVID-19 and historical and near-
real-time anonymized data on human movement. The
researchers used the model to conduct before and after
comparable analyses to quantify the relative effect of three
major groups of nonpharmaceutical interventions (NPI): the
restriction of intercity population movement, the identification
and isolation of cases, and the reduction of travel and contact
within cities to increase social distance. The study found the
implementation of a combination of NPIs significantly
impacted the reduction of the transmission of COVID-19
across China. The researchers found that if NPIs were
implemented earlier, the magnitude and geographical range
of the outbreak would have been notably reduced.

■ SUMMARY
The Covid-19 pandemic has made us realize the dire need to
understand the sequence/structure/function paradigm of the
spike protein of SARS-CoV-2 and its variant of concerns. The
current situation is like this fast-evolving virus left its afresh
evolutionary footprint in the genetic and amino acidic
sequence through which it modulated its structure−function
whenever required.57 Although short-term and this evolu-
tionary trajectory may or may not carry a critical characteristic
signal, a thorough analysis is of utmost necessity. For the past 3
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years, the vast quantity of current data associated with the
SARS-CoV-2 spike protein poses a higher degree of challenges
connected to the sequence/structure/function paradigm. In
fact, this remains a central challenge of computational
structural biology: to decode the language of biological
sequences and to decipher the structural, functional, and
evolutionary clues hidden in it. In the investigation of decoding
the meaning of sequence, two following approaches are usually
employed: (i) pattern recognition techniques to check for
sequence similarity and connect to the related structures and
functions; (ii) ab initio prediction methods to resolve 3D
structure from 1D sequence and then connect with structure−
function relation.203 The first approach inspires us to
understand the unconventional evolutionary strategies adopted
by RNA viruses that help them evolve from a certain variant to
a VOC. Once a specific variant evolves faster, one can track its
mutational trajectory from its country of origin which sheds
light on several mutationally fluctuating sites at both the
genomic and amino acidic levels. Using information entropy
and statistical mechanical approaches, it is then possible to
distinguish the nature of the mutational fluctuation. Depending
on the nature of fluctuation, one can identify the transition
from one variant to VOC. This review also summarizes how
information entropy and mutational response function help
characterize the changes both at a single residual level and in a
collective domain-wise manner.
With the new cutting-edge sequencing technology, a

diversity of database analyses, taxonomic classification at the
molecular level, various approaches of pattern recognition, and
numerous structure-based algorithms, including 3D structure
prediction from 1D sequence information have been developed
and evolved.48,204−209 Although these developments indeed
help connect the above complex notion of sequence-structure
annotation, much remains to be understood from the
functional aspects. To communicate the functionalities, it is
rather critical to understand the structural and conformational
dynamics of the protein at a microscopic level. This poses a
next-level challenge in dealing with complex structural
dynamics associated with flexible domains, linkers, and highly
flexible loop regions that actively control the functional
mechanism. For instance, in this review, we have highlighted
the linker between the two lobes of the S1-head domain, which
actively controls the up−down dynamics of the spike head and
its accessibility to the host-cell receptors. We have also
summarized the control mechanism of two other critical loops,
630 and FPPR loops. It is interesting to note that these
dynamic regions are highly prone to mutations. D614G is one
of the best examples that bear the mutational response over
these loop regions (IDRs) and retains almost in all variants of
concerns and interests as shown in Table 3. This fatal mutation
highly affects the functions of 630 and FPPR loops and,
thereby, the stability of the spike trimer.
The above examples imply that although experimental and

computational capabilities have significantly advanced to
address the structure, function, and evolution of SARS-CoV-
2, we still need a better way to understand their dynamic
perspective. Thus, among other experimental techniques to
resolve structural information, NMR spectroscopy has
emerged as the method of choice for studying both the
protein structure and dynamics in solution. It is interesting to
follow Figure 5, which elucidates a lot about the need of the
hour. Immediately after the emergence of SARS-CoV-2, if we
follow the usage pattern of different structure resolving

techniques, it is reflected in how the usage of NMR is rising
from 2020 to 2022. Despite major progress in experimental
and computational methods, obtaining reliable information
about the structure and dynamics from experimental NMR
data remains challenging. Thus, molecular dynamics simu-
lations have been emerged as an indispensable tool in the
analysis of NMR results.210 To understand the structural
dynamics of highly flexible regions, several sophisticated
knowledge-based and physics-based in silico sampling
techniques have been developed.211,212 Apart from the classical
molecular dynamics simulation approach, in this review, we
have also highlighted how coarse-grained molecular dynamics
simulations help discern the broad conformational phase space
of the dynamic regions and discuss how the conformational
preferences may modulate the function in spike protein.96 We
are optimistic that the ongoing development of improved
technologies will make it possible to decipher not only the
sequence−structure−function annotation but also their
dynamic demeanor.
Needless to say, through all the above developments, we

would like to characterize better the spike protein (a critical
target for vaccine development) which may help invent new
therapeutics and vaccine development strategies as new VOCs
would emerge. Recently, two targeted phage-based vaccination
strategies against SARS-COV-2, dual ligand peptide-targeted
phage and adeno-associated virus/phage (AAVP) particles,
have been developed and have undergone preliminary
evaluation.213 Surveying vaccine development strategies is
beyond the scope of this review. It indeed needs another
review to tour that world of discoveries.
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