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Abstract: The SARS-CoV-2 spike protein mediates target recognition, cellular entry, and ultimately
the viral infection that leads to various levels of COVID-19 severities. Positive evolutionary selection
of mutations within the spike protein has led to the genesis of new SARS-CoV-2 variants with
greatly enhanced overall fitness. Given the trend of variants with increased fitness arising from
spike protein alterations, it is critical that the scientific community understand the mechanisms
by which these mutations alter viral functions. As of March 2022, five SARS-CoV-2 strains were
labeled “variants of concern” by the World Health Organization: the Alpha, Beta, Gamma, Delta,
and Omicron variants. This review summarizes the potential mechanisms by which the common
mutations on the spike protein that occur within these strains enhance the overall fitness of their
respective variants. In addressing these mutations within the context of the SARS-CoV-2 spike protein
structure, spike/receptor binding interface, spike/antibody binding, and virus neutralization, we
summarize the general paradigms that can be used to estimate the effects of future mutations along
SARS-CoV-2 evolution.
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1. Introduction

Of the structural proteins that comprise the SARS-CoV-2 virus, it is likely that none is
as well-studied as the spike (S) protein. The S protein is critical for the function of SARS-
CoV-2, being the protein responsible for target recognition, cellular entry, and endosomal
escape [1]. Given the multifaceted nature of the S protein, it is not surprising that the
enhanced fitness seen in many variants of SARS-CoV-2 has been attributed to mutations of
the S protein [2].

Perhaps one of the best exemplars of the impacts of mutational changes in the SARS-
CoV-2 S protein is the D614G mutation. Mutation D614G was first identified in mid-2020
and rapidly spread throughout the global population, with over 95% of all sequenced
SARS-CoV-2 variants containing this mutation by January 2021. Today, the D614G mutation
is found within all major circulating strains of SARS-CoV-2 and has been attributed to
substantially increasing the infectivity of the virus [3].

The newly identified SARS-CoV-2 variant of concern (VOC) as of December 2021,
Omicron, has a total of 34 mutations (30 nonsynonymous mutations, 3 deletions, and
1 insertion) relative to the wild-type S protein, accounting for 2.5% of all amino acids
occurring within the protein [4]. Given the rapid rate with which these mutations are
appearing, it is now more important than ever for the scientific community to understand

Viruses 2022, 14, 640. https:/ /doi.org/10.3390/v14030640

https:/ /www.mdpi.com/journal /viruses


https://doi.org/10.3390/v14030640
https://doi.org/10.3390/v14030640
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0003-4279-9802
https://orcid.org/0000-0002-1330-1131
https://doi.org/10.3390/v14030640
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v14030640?type=check_update&version=2

Viruses 2022, 14, 640

20f11

the potential mechanisms by which these alterations are positively selected along SARS-
CoV-2 evolution. This review addresses the understood mechanisms by which these
mutations likely enhance the infectivity and/or the immunity-escaping ability of the virus,
while consolidating general paradigms that can be utilized to estimate the mechanisms by
which other mutations will likely arise during SARS-CoV-2 evolution.

2. Structure of the SARS-CoV-2 Spike Protein

To comprehend the mechanisms by which mutations of the S protein are able to
enhance infection and /or immune escape, it is critical to understand the general structure
and function of S as a whole. The SARS-CoV-2 S protein comprises two subunits, S1 and S2,
which can be subdivided into two and five primary subdomains, respectively [5]. The
S protein as a whole is responsible for target recognition, binding, and cellular entry by
SARS-CoV-2, with S1 and S2 playing distinct roles during this process [6]. The S1 subunit
is responsible for target recognition and binding, while S2 is involved in membrane fusion
and endosomal escape.

The S1 subunit contains an N-terminal domain (NTD) and a C-terminal receptor-
binding domain (RBD). The RBD (~21 kDa) is responsible for the recognition of the
angiotensin-converting enzyme 2 (ACE2) which acts as the receptor for SARS-CoV-2 vi-
ral entry [7]. The RBD recognizes a number of other structurally related targets, though
the RBD’s role in recognition of these receptors is not yet well-understood in the context
of disease progression, symptoms, and severity [8]. In contrast to the RBD, the NTD of
51 is underinvestigated and therefore less well-characterized. The NTD plays a critical
role in overall S protein structural conformation, and mutations occurring in the NTD
are linked to SARS-CoV-2 immune escape [9]. The NTDs of related coronaviruses are
capable of facilitating infection via the recognition of sugar-containing molecules such as
glycoproteins, although the exact role of this potential binding is debated in the context of
SARS-CoV-2 [10]. The primary mechanism of SARS-CoV-2 initial infection is viral entry
mediated by S (on virus) and ACE2 (on host cells) interactions in humans (Figure 1a) as
well as in model organisms such as nonhuman primates.
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Figure 1. ACE2-mediated cellular infection by SARS-CoV-2. (a) Schematic of direct cellular entry of
SARS-CoV-2 viral particles into human cells, mediated by ACE2. (b) Cellular infection by ACE2-spike
mediated cell-cell fusion. Infection in human (h) cells is used as an example.
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The S2 subunit contains a fusion peptide (FP) subdomain, two heptad repeat sub-
domains (HR1 and HR2), a transmembrane subdomain, and a C-terminal tail [10]. After
initial ACE2 recognition and viral attachment, the FP subdomain wedges into the cellular
membrane, at which point the HR1 and HR2 subdomains are pulled toward one another
in an antiparallel confirmation [11]. After contact, the HR1 and HR2 subdomains form
a six-helical bundle, causing the viral particle as a whole to come into close proximity to
the cell, ultimately leading to membrane fusion and viral entry [12]. The transmembrane
subdomain anchors the S to the envelope of SARS-CoV-2, while the C-terminal tail sits
inside the viral particle. Though the role of the transmembrane subdomain is primarily
structural, the C-terminal tail was demonstrated to promote S escape from the endoplas-
mic reticulum [13]. This escape of S from the endoplasmic reticulum likely leads to the
aggregation of S on the surface of infected cells, which can interact with the ACE2 receptor
expressed on neighboring cells, ultimately leading to cell-cell fusion, syncytia formation,
and spread of the viruses from infected cells to neighboring cells [14] (Figure 1b).

3. SARS-CoV-2 Variants of Concern

The World Health Organization (WHO) currently designates five strains of SARS-CoV-
2 as variants of concern (VOC): Alpha, Beta, Gamma, Delta, and Omicron [15]. The Pango
lineages for these variants are B.1.1.7, B.1.351, P.1, B.1.617.2, and B.1.1.529, respectively [16].
The defining mutations for each SARS-CoV-2 variant and their relative location within
S are shown in Figure 2a,b, respectively.
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Figure 2. Mutations of spike protein within VOCs. (a) Defining mutations of WHO-labelled VOCs
and their relative position in the S1/52 subunits. (b) Visual representation of the relative position
of mutations within the SARS-CoV-2 spike protein. Mutations are reported as listed in the CoV-
Lineages database as of December 2021. NTD: N-terminal domain; RBD: receptor-binding domain;
FP: fusion peptide; HR1: heptad repeat 1; HR2: heptad repeat 2; TM: transmembrane region;
IC: intracellular domain.

SARS-CoV-2 strains are given a VOC designation on the basis of either a demon-
strated increase in transmissibility or an increase/alteration in disease presentation [15].
Although the pathogenicity and overall mortality of these strains are debatable, it is gener-
ally accepted that all five VOCs have enhanced transmissibility (with increased infectivity
and/or immune escape) compared to the earlier “wild-type” SARS-CoV-2 identified in
the Wuhan outbreak during early 2020 [17-19]. In particular, the most recent dominant
variant, Omicron, displays advantageous fitness in transmission and immune escape, sug-
gestive of potential serotype demarcation [20]. The overall increased fitness for positive
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selection of these variants is further supported by the fact that 6 of the 52 total mutations
that can be found among these variants existed in over half of all sequenced genomes
as of January 2022.

4. Mutations of the S1 Subunit Containing the Receptor-Binding Domain

Due to the role of the RBD in ACE2 recognition and binding, it stands to reason that
changes in the amino acid sequence of RBD can dramatically impact S binding affinity for
ACE2 and, ultimately, SARS-CoV-2 infectivity. This is reflected by the fact that while muta-
tions occur throughout this region, most of them are located on the surface of S (Figure 3a),
allowing for direct interactions with potential ligands (Figure 3b,c). A 2020 deep mutational
analysis conducted by Starr et al. screened for alterations of human ACE2 affinity that
occurred as a result of single-site mutations within this region [21]. Comparing the results
of this study to variants of concern that have arisen as of March 2022 (Figure 3a), among
sixteen mutations that contributed to reduce the neutralization of the mutant viruses by
post-vaccinated sera, only seven likely conferred increased binding affinity of S for ACE2
(G339D, N440K, L452R, S477N, T478K, E484K, and N501Y). These data suggest that bind-
ing affinity between S and the host receptor is not the predominant factor contributing to
the positive selection of mutations within the RBD [21]. Polymorphism of ACE2 is rare
(mean Fst 0.0167), with alterations hypothesized as modifying RBD-ACE2 affinity being
exceedingly uncommon, even within this subset [22].
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Figure 3. Mutations within the RBD of SARS-CoV-2 spike protein. (a) Visual representation of
mutations within the RBD (magenta) of SARS-CoV-2 spike. Notably, 15 out of the 32 amino acid
substitutions in the spike protein are localized in the RBD. (b) Structural location of SARS-CoV-2 S
subunits. (c) Close-up view of RBD (magenta) and VOC-occurring mutations (red). (d) Frequency,
effect on ACE2 affinity, modification of charge at physiological pH, alterations in hydrophobicity at
pH 7, and direct evidence of decreased neutralization by postvaccinated sera for mutations within
the RBD of S protein. Frequency is presented as a percentage of reported SARS-CoV-2 genomes
logged within the GISAID database, as a notion of fitness advantage. Alteration in ACE2 affinity
based on data by Starr et al. [21], with mutations that increase ACE2 affinity in blue and mutations
negatively impacting ACE2 affinity in red. Frequency represented as a percentage of reported
SARS-CoV-2 genomes logged within the GISAID database retrieved 10 March 2022. Alterations in
hydrophobicity based on previously established values [23]. Alterations in residue charge based on
standard calculations at physiological pH.
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An alternative explanation for positive selection of mutations within the RBD of SARS-
CoV-2 is enhancement of resistance to postvaccinated sera [24]. Studies testing monoclonal
antibodies isolated from SARS-CoV-2-vaccinated individuals have demonstrated resistance
conferred by nearly all RBD mutations [19,25-28] (Figure 3d). This is not surprising
as 40% of the antibodies produced against SARS-CoV-2 target the RBD, and the vast
majority of these antibodies are neutralizing antibodies [29]. Additionally, the majority
of mutations within this region alter either the charge or hydrophobicity of the RBD,
dramatically increasing the probability of antibody escape via modified epitope affinity or
local conformational changes decreasing epitope accessibility. An interesting exception to
this trend of individual mutations showing increasing resistance to postvaccinated sera is
represented by the G496A substitution, though this may be due to this mutation being fairly
recent and data on its effects being limited at this time. Taken together, it can be inferred
that the primary driver of positive selection arising from the majority of mutations within
the RBD is enhanced neutralization resistance as opposed to increased affinity of S to ACE2.

Thirteen of the sixteen RBD mutations associated with VOCs are found within the
Omicron variant, ten of which exclusively occur in the defining sequence of Omicron. A
popular theory for the sudden appearance of these mutations (many of which reduce ACE2
affinity) is that the Omicron strain evolved in an immunocompromised patient, thereby
reducing selective pressure and allowing for multiple concurrent mutations as the strain
developed [30]. This theory is further supported by the strain first being identified in an
immunocompromised patient in South Africa [30]. An alternate theory for the sudden
appearance of this multitude of mutations is the occurrence of zoonosis. Five of the defining
Omicron mutations (K417, E484, Q493, Q498, and N501) are commonly found in mouse-
adapted SARS-CoV-2 strains, suggesting that the strain may have initially developed in
animal species (for example, murine) and then was transmitted to and further evolved
within the human population [31]. These observations demonstrate the possibility that
not all individual COVID-19 mutations arise as a result of normal selective pressures,
but may occur as the culmination of net-positive concurrent mutations that arise under
atypical conditions.

5. Mutations of the S1 Subunit N-Terminal Domain

The reasons for the positive selection of variants bearing mutations within the NTD
of SARS-CoV-2 S are multifaceted, with common mutations occurring throughout the
NTD subdomain (Figure 4a,b). Though 35% of antibodies targeting SARS-CoV-2 target
the NTD, only about one-third of these antibodies have a neutralizing effect [29]. Further
investigation of neutralizing antibodies targeting NTD have revealed a “supersite” to
which nearly all of these antibodies bind [32]. An interesting hallmark of antibodies
targeting the NTD region is their ability to decrease cell—cell fusion, suggesting that the
NTD may play a role in syncytium formation [32]. Fourteen of the eighteen mutations
that occur in the NTD of VOCs occur within close proximity (eights angstroms) of this
antigenic supersite (Figure 4c). Taken together with the fact that many of these mutations
occur within the Omicron variant (which appeared only after vaccinations became widely
distributed), it is possible that resistance to neutralizing antibodies (particularly those
found in postvaccinated sera) targeting the NTD play a large role in the positive selection
for SARS-CoV-2 [33].
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Figure 4. Mutations within the NTD of SARS-CoV-2 spike protein. (a) Structural representation of
substitutions (red) within the NTD (green) of SARS-CoV-2 spike protein. (b) Visual representation of
mutations within the NTD of spike protein. (c) Frequency, residue distance from NTD “supersite”,
modification in charge at physiological pH, and change in hydrophobicity at pH 7. Residue distance
was calculated in PyMOL on the protein three-dimension structure (PDB-6ZGG), by measuring the
distance between the nearest atom of “supersite” amino acids identified by Mccalum et al., 2021 [32]
and the nearest atom of amino acids of interest.

Though they do not occur near the NTD neutralization “supersite”, T95] and A69-70
occur in almost one-quarter of all sequenced genomes and are indicators of the highly
successful Omicron variant, which has demonstrated a clear fitness advantage, suggesting
positive selection for these mutations. Analysis of A69-70 in pseudoviral models revealed
a substantial ability for this mutation set to increase infectivity [34]. Further analysis
demonstrated that this increase is primarily mediated by enhancement of cell—ell fusion,
while simultaneously having little to no effect on neutralization by NTD-neutralizing
antibodies [34]. Similarly, analysis of metadata for qPCR cycling thresholds obtained from
patients infected with SARS-CoV-2 showed an increase in viral load for patients with
variants bearing the T95I mutation, especially in the presence of A142 [35]. Structural
modelling additionally revealed topological changes that may occur in the NTD “supersite”
as a result of T95I, suggesting that it is possible for other mutant residues, even if they are
not in the supersite region, to alter the topology of the supersite and affect SARS-CoV-2
neutralization by postvaccinated sera [35].

6. Other S1 Mutations and Mutations Occurring between S1 and S2

Mutations that occur outside of major subdomains such as the NTD and RBD also
heavily influence SARS-CoV-2 infectivity and/or sensitivity to sera from convalescent
and/or vaccinated individuals. Although they do not occur in major subdomains, all
residues within this region substantially alter local charge and/or hydrophobicity, qualities
that greatly increase the likelihood of modifying local protein structure and, ultimately,
function. This observation suggests that these mutations have arisen as a result of positive
selection as opposed to random genetic drift.
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T547K
A570D
D614G
H655Y
N679K
P681H
P681R

D614G is the most ubiquitous of all known SARS-CoV-2 mutations of the S protein,
having occurred in over 99% of all sequenced cases of COVID-19 as of 2022 (Figure 5a).
While D614G does not occur firmly within any particular subdomain (Figure 5b,c), it
seems to have an effect on multiple aspects of the S protein. Initial pseudoviral models
for infection demonstrated that D614G greatly enhances SARS-CoV-2 infectivity, likely
resulting from increased incorporation of S into the SARS-CoV-2 virion [36]. Further
analysis of D614G demonstrated that the mutation alters the conformation of the RBD,
increasing its occurrence in an “up” state that enhances the binding affinity between S and
ACE2, as well as increasing S accessibility by furin [37].

(b) D614 T547 A570

No change
Change

More hydrophilic
No change

More Hydrophobic

Figure 5. Mutations occurring outside of major SARS-CoV-2 spike subdomains. (a) Frequency, charge
modifications, and alteration in hydrophobicity for mutations occurring outside of major spike
subdomains. (b) Structural representation of mutations occurring within this region (P681 is not
shown, as it is on the other surface of the current 3D view). (c) Schematic representation of mutations
occurring outside of major spike subdomains.

As the pandemic has progressed, mutations at P681 have emerged in the majority of
sequenced SARS-CoV-2 genomes. These mutations are particularly interesting as they occur
in a 10-residue stretch from amino acids 680-689, which comprise the furin cleavage site
which develops during viral particle production. Structural modeling of P681 mutations
have demonstrated that alterations at this site are capable of increasing furin cleavage [38].
In pseudoviral models, only P681R has been demonstrated to independently increase
cellular infectivity via furin cleavage, while P681H does not appear to significantly impact
either furin cleavage or viral infectivity independently [39,40]. The A570D mutation may
also impact furin cleavage, with structural analysis of this alteration showing an increase in
the spacing between individual chains of S trimer (brought about by drastic changes in both
charge and hydrophobicity), potentially enhancing furin accessibility [41]. Pseudoviral
testing of the A570D was unable to demonstrate that the mutation can independently
increase infectivity, with the mutation destabilizing the SARS-CoV-2 pseudovirion [42].
This finding indicates that positive selection of A570D may occur as a result of interaction
with coinciding mutations that are known to stabilize SARS-CoV-2 pseudovirions (such as
D950N and D1118H) [42].
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7. Mutations of the S2 Subunit

The mechanisms through which mutations within the S2 subunit affect SARS-CoV-2
infectivity are potentially diverse, with the S2 subunit containing five subdomains, each
having a distinct function. Only four mutations within the S2 region occur commonly
in SARS-CoV-2 VOCs other than the recent Omicron strain (and are therefore better re-
searched): T716I, D950N, S982A, and D1118H (Figure 6a). Two of these three mutations
(D950N and S982A) lie within the HR1 domain, suggesting that alterations within this
region may be particularly prone to driving positive selection (Figure 6b). This positive
selection may occur by altering the association of HR1 with HR2, the possibility of which is
further enhanced when considering that both mutations substantially alter either the charge
or hydrophobicity at these sites. Structural analysis of the region between the heptad repeat
domains (where D1118H occurs) showed that residues within this region play an important
role in repositioning the S2 domain postfusion, allowing for the heptad repeat domains to
interact with the targeted cell membrane [43].

More hydrophilic

No change
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Figure 6. Mutations occurring within the S2 subunit of SARS-CoV-2 spike protein. (a) Frequency,
modification in charge at physiological pH, and alteration in hydrophobicity for mutations occurring
within the S2 subunit. (b) Visual representation of mutations occurring within the S2 subunit.

The S982A substitution increases the presentation of the “up” RBD state by eliminating
the interaction with T547, which stabilizes the “down” RBD state. This change in RBD
state is partially counteracted by the complementary A570D mutation that occurs in the
Alpha SARS-CoV-2 variant [44]. It was demonstrated that the D570 residue is capable of
forming an interprotomer hydrogen bond with N856, effectively re-establishing the bond
that stabilizes this “down” confirmation [44]. Within the S trimer, when D1118H mutation
occurs, the three histidine residues (one from each monomeric S) form a histidine triad
within the trimer, stabilizing the overall structure of the trimeric S complex [45]. Although
there is, as yet, no direct evidence of the role this stabilization plays, it was suggested that
this effect may compensate for local destabilizations caused by associated mutations such
as T716I [44]. The concurrence of these conflicting mutations within the same variants
indicates that there is likely a balancing act between maintaining S stability and allowing
for the switching between various conformations in the pre- and postfusion states.

8. Conclusions

Mutations within the S protein of the circulating variants of SARS-CoV-2 are increas-
ing at a significant rate and are likely to occur more often as selective pressures from
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host immunity gained in previous infections and/or vaccinations continue to drive rapid
evolution. Although many mutations have presented over the course of the pandemic,
diligent research has elucidated a general trend: many of the emerging and surviving
mutants enhance SARS-CoV-2 functions regarding infectivity and immune escape. With
new variants constantly emerging, future therapies, as well as vaccinations, will be more
successful if they demonstrate effectiveness over a broad range of S variants. Given these
rapid changes, it may also be beneficial to give particular consideration to therapies that
function independently of S structure and functionality.

Author Contributions: Conceptualization, N.M. and W.H.; writing—original draft preparation, N.M.
and G.V.; writing—review and editing, T.Z., YW., M.C.M., G.V. and W.H.; visualization, N.M.;
supervision, W.H.; funding acquisition, W.H. All authors have read and agreed to the published
version of the manuscript.

Funding: Research related to this review topic in the authors’ laboratories was funded in part by
grants from the National Institutes of Health (U01 AA029348 and R21 EB031310). M.C.M. was funded
by the Careers in Immunology Fellowship from the American Association of Immunologists.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Statistics pertaining to SARS-CoV-2 variant and sequence frequencies
were taken from the GISAID repository https:/ /www.gisaid.org/ (accessed on 10 March 2022). The
furin cleaved spike protein of SARS-CoV-2 with one RBD erect structure (PDB, 6ZGG) [46] was used
to draw the 3D structure of spike in this review article. PyMOL (The PyMOL Molecular Graphics
System, Version 2.0, Schrodinger, LLC, New York, NY, USA) was used to render the spike 3D structure
in all figures and measure the residue distances in Figure 4.

Acknowledgments: We thank Gus Kousoulas at Louisiana State University and Yongjun Guan at
Antibody Biopharm Inc. for helpful discussions.

Conflicts of Interest: W.H. received financial support from MegaRobo Technologies Corporation,
which was not used in this study. The other authors declare no conflict of interest.

References

1.

10.

11.

12.

Huang, Y.; Yang, C.; Xu, X.E; Xu, W.; Liu, S.W. Structural and functional properties of SARS-CoV-2 spike protein: Potential
antivirus drug development for COVID-19. Acta Pharmacol. Sin. 2020, 41, 1141-1149. [CrossRef] [PubMed]

Mengist, H.M.; Kombe Kombe, A.J.; Mekonnen, D.; Abebaw, A.; Getachew, M.; Jin, T. Mutations of SARS-CoV-2 spike protein:
Implications on immune evasion and vaccine-induced immunity. Semin. Immunol. 2021, 55, 101533. [CrossRef] [PubMed]
Korber, B.; Fischer, WM.; Gnanakaran, S.; Yoon, H.; Theiler, J.; Abfalterer, W.; Hengartner, N.; Giorgi, E.E.; Bhattacharya, T.;
Foley, B.; et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of the COVID-19 Virus. Cell
2020, 182, 812-827.e19. [CrossRef] [PubMed]

He, X.; Hong, W.; Pan, X; Lu, G.; Wei, X. SARS-CoV-2 Omicron variant: Characteristics and prevention. MedComm 2021, 2,
838-845. [CrossRef]

Xia, X. Domains and Functions of Spike Protein in Sars-Cov-2 in the Context of Vaccine Design. Viruses 2021, 13, 109. [CrossRef]
Li, F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu. Rev. Virol. 2016, 3, 237-261. [CrossRef]

Wan, Y.; Shang, J.; Graham, R.; Baric, R.S.; Li, F. Receptor Recognition by the Novel Coronavirus from Wuhan: An Analysis Based
on Decade-Long Structural Studies of SARS Coronavirus. J. Virol. 2020, 94, e00127-20. [CrossRef]

Ibrahim, I.M.; Abdelmalek, D.H.; Elshahat, M.E.; Elfiky, A.A. COVID-19 spike-host cell receptor GRP78 binding site prediction.
J. Infect. 2020, 80, 554-562. [CrossRef]

Klinakis, A.; Cournia, Z.; Rampias, T. N-terminal domain mutations of the spike protein are structurally implicated in epitope
recognition in emerging SARS-CoV-2 strains. Comput. Struct. Biotechnol. J. 2021, 19, 5556-5567. [CrossRef]

Seyran, M.; Takayama, K.; Uversky, V.N.; Lundstrom, K.; Palu, G.; Sherchan, S.P; Attrish, D.; Rezaei, N.; Aljabali, A.A.A,;
Ghosh, S.; et al. The structural basis of accelerated host cell entry by SARS-CoV-2dagger. FEBS . 2021, 288, 5010-5020. [CrossRef]
Koppisetti, R.K.; Fulcher, Y.G.; Van Doren, S.R. Fusion Peptide of SARS-CoV-2 Spike Rearranges into a Wedge Inserted in
Bilayered Micelles. J. Am. Chem. Soc. 2021, 143, 13205-13211. [CrossRef] [PubMed]

Zhu, J; Xiao, G.; Xu, Y.; Yuan, F; Zheng, C.; Liu, Y.; Yan, H.; Cole, D.K; Bell, ].I.; Rao, Z.; et al. Following the rule: Formation
of the 6-helix bundle of the fusion core from severe acute respiratory syndrome coronavirus spike protein and identification of
potent peptide inhibitors. Biochem. Biophys. Res. Commun. 2004, 319, 283-288. [CrossRef] [PubMed]


https://www.gisaid.org/
http://doi.org/10.1038/s41401-020-0485-4
http://www.ncbi.nlm.nih.gov/pubmed/32747721
http://doi.org/10.1016/j.smim.2021.101533
http://www.ncbi.nlm.nih.gov/pubmed/34836774
http://doi.org/10.1016/j.cell.2020.06.043
http://www.ncbi.nlm.nih.gov/pubmed/32697968
http://doi.org/10.1002/mco2.110
http://doi.org/10.3390/v13010109
http://doi.org/10.1146/annurev-virology-110615-042301
http://doi.org/10.1128/JVI.00127-20
http://doi.org/10.1016/j.jinf.2020.02.026
http://doi.org/10.1016/j.csbj.2021.10.004
http://doi.org/10.1111/febs.15651
http://doi.org/10.1021/jacs.1c05435
http://www.ncbi.nlm.nih.gov/pubmed/34375093
http://doi.org/10.1016/j.bbrc.2004.04.141
http://www.ncbi.nlm.nih.gov/pubmed/15158473

Viruses 2022, 14, 640 10 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cattin-Ortola, J.; Welch, L.G.; Maslen, S.L.; Papa, G.; James, L.C.; Munro, S. Sequences in the cytoplasmic tail of SARS-CoV-2
Spike facilitate expression at the cell surface and syncytia formation. Nat. Commun. 2021, 12, 5333. [CrossRef] [PubMed]
Buchrieser, J.; Dufloo, J.; Hubert, M.; Monel, B.; Planas, D.; Rajah, M.M.; Planchais, C.; Porrot, F; Guivel-Benhassine, F;
Van der Werf, S.; et al. Syncytia formation by SARS-CoV-2-infected cells. EMBO J. 2020, 39, €106267. [CrossRef]

World Health Organization. Available online: https:/ /www.who.int/en/activities/ tracking-SARS-CoV-2-variants/ (accessed on
10 March 2022).

Rambaut, A.; Holmes, E.C.; O'Toole, A.; Hill, V.; McCrone, ].T.; Ruis, C.; du Plessis, L.; Pybus, O.G. A dynamic nomenclature
proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat. Microbiol. 2020, 5, 1403-1407. [CrossRef]

Teyssou, E.; Delagreverie, H.; Visseaux, B.; Lambert-Niclot, S.; Brichler, S.; Ferre, V.; Marot, S.; Jary, A.; Todesco, E.; Schnuriger, A;
et al. The Delta SARS-CoV-2 variant has a higher viral load than the Beta and the historical variants in nasopharyngeal samples
from newly diagnosed COVID-19 patients. J. Infect. 2021, 83, el—e3. [CrossRef]

Rajah, M.M.; Hubert, M.; Bishop, E.; Saunders, N.; Robinot, R.; Grzelak, L.; Planas, D.; Dufloo, J.; Gellenoncourt, S.; Bongers, A;
et al. SARS-CoV-2 Alpha, Beta, and Delta variants display enhanced Spike-mediated syncytia formation. EMBO ]. 2021, 40,
€108944. [CrossRef]

Planas, D.; Saunders, N.; Maes, P.; Guivel-Benhassine, F.; Planchais, C.; Buchrieser, J.; Bolland, W.H.; Porrot, E; Staropoli, I.;
Lemoine, F; et al. Considerable escape of SARS-CoV-2 Omicron to antibody neutralization. Nature 2022, 602, 671-675. [CrossRef]
Simon-Loriere, E.; Schwartz, O. Towards SARS-CoV-2 serotypes? Nat. Rev. Microbiol. 2022, 20, 187-188. [CrossRef]

Starr, T.N.; Greaney, A.J.; Hilton, S.K,; Ellis, D.; Crawford, K.H.D.; Dingens, A.S.; Navarro, M.].; Bowen, ].E.; Tortorici, M.A.;
Walls, A.C.; et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals Constraints on Folding and ACE2
Binding. Cell 2020, 182, 1295-1310.e20. [CrossRef]

Suryamohan, K.; Diwanji, D.; Stawiski, EW.,; Gupta, R.; Miersch, S.; Liu, J; Chen, C.; Jiang, Y.P; Fellouse, FA,;
Sathirapongsasuti, J.F.; et al. Human ACE2 receptor polymorphisms and altered susceptibility to SARS-CoV-2. Commun. Biol.
2021, 4, 475. [CrossRef]

Monera, O.D.; Sereda, T.J.; Zhou, N.E.; Kay, C.M.; Hodges, R.S. Relationship of sidechain hydrophobicity and alpha-helical
propensity on the stability of the single-stranded amphipathic alpha-helix. J. Pept. Sci. 1995, 1, 319-329. [CrossRef] [PubMed]
ter Meulen, J.; van den Brink, E.N.; Poon, L.L.; Marissen, W.E.; Leung, C.S.; Cox, E; Cheung, C.Y.; Bakker, A.Q.; Bogaards, ].A;
van Deventer, E.; et al. Human monoclonal antibody combination against SARS coronavirus: Synergy and coverage of escape
mutants. PLoS Med. 2006, 3, €237. [CrossRef] [PubMed]

Long, S.W,; Olsen, R.J.; Christensen, P.A.; Bernard, D.W.; Davis, J.J.; Shukla, M.; Nguyen, M.; Saavedra, M.O.; Yerramilli, P,;
Pruitt, L.; et al. Molecular Architecture of Early Dissemination and Massive Second Wave of the SARS-CoV-2 Virus in a Major
Metropolitan Area. mBio 2020, 11, e02707-20. [CrossRef] [PubMed]

Upadhyay, V.; Lucas, A.; Panja, S.; Miyauchi, R.; Mallela, K.M.G. Receptor binding, immune escape, and protein stability direct
the natural selection of SARS-CoV-2 variants. |. Biol. Chem. 2021, 297, 101208. [CrossRef]

Weisblum, Y.; Schmidt, E; Zhang, F; DaSilva, J.; Poston, D.; Lorenzi, J.C.; Muecksch, F.; Rutkowska, M.; Hoffmann, H.H.;
Michailidis, E.; et al. Escape from neutralizing antibodies by SARS-CoV-2 spike protein variants. Elife 2020, 9, 61312. [CrossRef]
[PubMed]

Liu, Z.; VanBlargan, L.A.; Bloyet, L.M.; Rothlauf, PW.; Chen, R.E.; Stumpf, S.; Zhao, H.; Errico, ].M.; Theel, E.S.; Liebeskind, M.].;
et al. Identification of SARS-CoV-2 spike mutations that attenuate monoclonal and serum antibody neutralization. Cell Host
Microbe 2021, 29, 477-488.e4. [CrossRef]

Graham, C.; Seow, J.; Huettner, I.; Khan, H.; Kouphou, N.; Acors, S.; Winstone, H.; Pickering, S.; Galao, R.P.; Dupont, L.; et al.
Neutralization potency of monoclonal antibodies recognizing dominant and subdominant epitopes on SARS-CoV-2 Spike is
impacted by the B.1.1.7 variant. Immunity 2021, 54, 1276-1289.E6. [CrossRef]

Wang, L.; Cheng, G. Sequence analysis of the emerging SARS-CoV-2 variant Omicron in South Africa. J. Med. Virol. 2022, 94,
1728-1733. [CrossRef]

Sun, Y.; Lin, W.,; Dong, W.; Xu, J. Origin and evolutionary analysis of the SARS-CoV-2 Omicron variant. J. Biosaf. Biosecur. 2022, 4,
33-37. [CrossRef]

McCallum, M.; De Marco, A.; Lempp, EA,; Tortorici, M.A; Pinto, D.; Walls, A.C.; Beltramello, M.; Chen, A.; Liu, Z.; Zatta, F; et al.
N-terminal domain antigenic mapping reveals a site of vulnerability for SARS-CoV-2. Cell 2021, 184, 2332-2347.e16. [CrossRef]
[PubMed]

Emam, M.; Oweda, M.; Antunes, A.; El-Hadidi, M. Positive selection as a key player for SARS-CoV-2 pathogenicity: Insights into
ORFlab, S and E genes. Virus Res. 2021, 302, 198472. [CrossRef] [PubMed]

Meng, B.; Kemp, S.A,; Papa, G.; Datir, R.; Ferreira, I.A.; Marelli, S.; Harvey, W.T.; Lytras, S.; Mohamed, A.; Gallo, G.; et al.
Recurrent emergence of a SARS-CoV-2 spike deletion H69/V70 and its role in the Alpha variant B.1.1.7. Cell Rep. 2021, 35, 109292.
[CrossRef] [PubMed]

Shen, L.; Triche, TJ.; Bard, J.D.; Biegel, J.A.; Judkins, A.R.; Gai, X. Spike Protein NTD mutation G142D in SARS-CoV-2 Delta VOC
lineages is associated with frequent back mutations, increased viral loads, and immune evasion. medRxiv 2021. [CrossRef]
Zhang, L.; Jackson, C.B.; Mou, H.; Ojha, A; Peng, H.; Quinlan, B.D.; Rangarajan, E.S.; Pan, A.; Vanderheiden, A.; Suthar, M.S;
et al. SARS-CoV-2 spike-protein D614G mutation increases virion spike density and infectivity. Nat. Commun. 2020, 11, 6013.
[CrossRef]


http://doi.org/10.1038/s41467-021-25589-1
http://www.ncbi.nlm.nih.gov/pubmed/34504087
http://doi.org/10.15252/embj.2020106267
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
http://doi.org/10.1038/s41564-020-0770-5
http://doi.org/10.1016/j.jinf.2021.08.027
http://doi.org/10.15252/embj.2021108944
http://doi.org/10.1038/s41586-021-04389-z
http://doi.org/10.1038/s41579-022-00708-x
http://doi.org/10.1016/j.cell.2020.08.012
http://doi.org/10.1038/s42003-021-02030-3
http://doi.org/10.1002/psc.310010507
http://www.ncbi.nlm.nih.gov/pubmed/9223011
http://doi.org/10.1371/journal.pmed.0030237
http://www.ncbi.nlm.nih.gov/pubmed/16796401
http://doi.org/10.1128/mBio.02707-20
http://www.ncbi.nlm.nih.gov/pubmed/33127862
http://doi.org/10.1016/j.jbc.2021.101208
http://doi.org/10.7554/eLife.61312
http://www.ncbi.nlm.nih.gov/pubmed/33112236
http://doi.org/10.1016/j.chom.2021.01.014
http://doi.org/10.1016/j.immuni.2021.03.023
http://doi.org/10.1002/jmv.27516
http://doi.org/10.1016/j.jobb.2021.12.001
http://doi.org/10.1016/j.cell.2021.03.028
http://www.ncbi.nlm.nih.gov/pubmed/33761326
http://doi.org/10.1016/j.virusres.2021.198472
http://www.ncbi.nlm.nih.gov/pubmed/34118359
http://doi.org/10.1016/j.celrep.2021.109292
http://www.ncbi.nlm.nih.gov/pubmed/34166617
http://doi.org/10.1101/2021.09.12.21263475
http://doi.org/10.1038/s41467-020-19808-4

Viruses 2022, 14, 640 11 of 11

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Gobeil, S.M.; Janowska, K.; McDowell, S.; Mansouri, K.; Parks, R.; Manne, K ; Stalls, V.; Kopp, M.E; Henderson, R.; Edwards, R.J.;
et al. D614G Mutation Alters SARS-CoV-2 Spike Conformation and Enhances Protease Cleavage at the S1/S2 Junction. Cell Rep.
2021, 34, 108630. [CrossRef]

Mohammad, A.; Abubaker, J.; Al-Mulla, F. Structural modelling of SARS-CoV-2 alpha variant (B.1.1.7) suggests enhanced furin
binding and infectivity. Virus Res. 2021, 303, 198522. [CrossRef]

Saito, A.; Irie, T.; Suzuki, R.; Maemura, T.; Nasser, H.; Uriu, K.; Kosugi, Y.; Shirakawa, K.; Sadamasu, K.; Kimura, I; et al.
Enhanced fusogenicity and pathogenicity of SARS-CoV-2 Delta P681R mutation. Nature 2022, 602, 300-306. [CrossRef]
Lubinski, B.; Fernandes, M.H.V,; Frazier, L.; Tang, T.; Daniel, S.; Diel, D.G.; Jaimes, J.A.; Whittaker, G.R. Functional evaluation
of the P681H mutation on the proteolytic activation of the SARS-CoV-2 variant B.1.1.7 (Alpha) spike. iScience 2022, 25, 103589.
[CrossRef]

Ostrov, D.A. Structural Consequences of Variation in SARS-CoV-2 B.1.1.7. . Cell Immunol. 2021, 3, 103-108.

Tang, H.; Gao, L.; Wu, Z.; Meng, F,; Zhao, X.; Shao, Y.; Shi, X;; Qiao, S.; An, J.; Du, X,; et al. Characterization of SARS-CoV-2
Variants N501Y.V1 and N501Y.V2 Spike on Viral Infectivity. Front. Cell. Infect. Microbiol. 2021, 11, 720357. [CrossRef] [PubMed]
Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-Benhassine, F.; Rajah, M.M.; Planchais, C.; Porrot, F.; Robillard, N.; Puech,
J.; et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody neutralization. Nature. 2021, 596, 276-280. [CrossRef]
[PubMed]

Gobeil, S.M.; Janowska, K.; McDowell, S.; Mansouri, K.; Parks, R.; Stalls, V.; Kopp, M.E; Manne, K.; Li, D.; Wiehe, K.; et al. Effect
of natural mutations of SARS-CoV-2 on spike structure, conformation, and antigenicity. Science 2021, 373, eabi6226. [CrossRef]
Xia, S.; Wen, Z.; Wang, L.; Lan, Q.; Jiao, F; Tai, L.; Wang, Q.; Sun, F; Jiang, S.; Lu, L.; et al. Structure-based evidence for the
enhanced transmissibility of the dominant SARS-CoV-2 B.1.1.7 variant (Alpha). Cell Discov. 2021, 7, 109. [CrossRef] [PubMed]
Wrobel, A.G.; Benton, D.J.; Xu, P; Roustan, C.; Martin, S.R.; Rosenthal, P.B.; Skehel, ].J.; Gamblin, S.]. SARS-CoV-2 and bat RaTG13
spike glycoprotein structures inform on virus evolution and furin-cleavage effects. Nat. Struct. Mol. Biol. 2020, 27, 763-767.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.celrep.2020.108630
http://doi.org/10.1016/j.virusres.2021.198522
http://doi.org/10.1038/s41586-021-04266-9
http://doi.org/10.1016/j.isci.2021.103589
http://doi.org/10.3389/fcimb.2021.720357
http://www.ncbi.nlm.nih.gov/pubmed/34722330
http://doi.org/10.1038/s41586-021-03777-9
http://www.ncbi.nlm.nih.gov/pubmed/34237773
http://doi.org/10.1126/science.abi6226
http://doi.org/10.1038/s41421-021-00349-z
http://www.ncbi.nlm.nih.gov/pubmed/34750362
http://doi.org/10.1038/s41594-020-0468-7
http://www.ncbi.nlm.nih.gov/pubmed/32647346

	Introduction 
	Structure of the SARS-CoV-2 Spike Protein 
	SARS-CoV-2 Variants of Concern 
	Mutations of the S1 Subunit Containing the Receptor-Binding Domain 
	Mutations of the S1 Subunit N-Terminal Domain 
	Other S1 Mutations and Mutations Occurring between S1 and S2 
	Mutations of the S2 Subunit 
	Conclusions 
	References

