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Highlights:
What are the main findings?

• Understanding of mutations provides structural insight into SARS-CoV-2 variants;
• Comparison of mutations narrates the common and different mutations in the variants of

concern (VOCs);
• The SD1-SD2 domain and S2 subunit provides an opportunistic spot for future virulence and

vaccine development studies on SARS-CoV-2.

What is the significance of the main findings?

• The SARS-CoV-2 epidemic has paralyzed the healthcare system, shifting the focus of science.
It is crucial to comprehend the mutations documented in the Beta (B.1.351), Gamma (P.1),
Delta (B.1.612.2), and Omicron (B.1.1.529) variants, which will help us comprehend any future
concerns related to COVID 19 and could pave the way for defense strategies against any future
variants.

Abstract: The COVID-19 pandemic has impacted the world population adversely, posing a threat to
human health. In the past few years, various strains of SARS-CoV-2, each with different mutations in
its structure, have impacted human health in negative ways. The severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) mutations influence the virulence, antibody evasion, and Angiotensin-
converting enzyme 2 (ACE2) affinity of the virus. These mutations are essential to understanding
how a new strain of SARS-CoV-2 has changed and its possible effects on the human body. This review
provides an insight into the spike mutations of SARS-CoV-2 variants. As the current scientific data
offer a scattered outlook on the various type of mutations, we aimed to categorize the mutations of
Beta (B.1.351), Gamma (P.1), Delta (B.1.612.2), and Omicron (B.1.1.529) systematically according to
their location in the subunit 1 (S1) and subunit 2 (S2) domains and summarized their consequences as
a result. We also compared the miscellany of mutations that have emerged in all four variants to date.
The comparison shows that mutations such as D614G and N501Y have emerged in all four variants
of concern and that all four variants have multiple mutations within the N-terminal domain (NTD),
as in the case of the Delta variant. Other mutations are scattered in the receptor binding domain
(RBD) and subdomain 2 (SD2) of the S1 domain. Mutations in RBD or NTD are often associated
with antibody evasion. Few mutations lie in the S2 domain in the Beta, Gamma, and Delta variants.
However, in the Omicron variant many mutations occupy the S2 domain, hinting towards a much
more evasive virus.
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1. Introduction

A relative of the Middle East respiratory syndrome (MERS) (2012) and severe acute res-
piratory syndrome SARS-CoV-2 (SARS-CoV) (2002), SARS-CoV-2 developed itself globally
in 2019, targeting the respiratory system of the human body [1]. SARS-CoV-2 has attacked
the human airway through various immunological and pathological pathways, leaving
patients with many issues, including endothelial dysfunction, breathing problems, and
possible death [2–4]. It uses the transmembrane protease serine 2 (TMPRSS2) protein, the
angiotensin-converting enzyme 2, and the angiotensin-converting enzyme 2 (ACE2) recep-
tor, located on the epithelium of the lungs, to gain entry through an endosomal route [5,6].
As shown in Figure 1, the spike protein of the virus is divided into two main domains:
subunit 1 domain (S1) and subunit 2 domain (S2) [7,8]. The S2 domain mainly holds the
furin cleavage site, which is a cleavage site upstream to the fusion peptide with a polybasic
sequence motif (P681 RRA684, “PRRA”) connecting the S2 domain to the S1 domain [9].
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Capping the S2 subunit is the S1 subunit, which consists of S1A, S1B, S1C, and S1D [10].
The main components of the S1 domain are: the receptor binding domain (RBD), the N-
terminal domain (NTD), and two central domains: SD1 and SD2 [8]. The NTD plays a
crucial role in identifying certain components, such as the sialic acid carbohydrate, which
enables the virus to attach to the surface of the host cell [7]. Additionally, the receptor
binding motif (RBM), which interacts with the ACE2 receptor, is a component of the
RBD [7]. The protease domain (PD) on the ACE2 receptor is where the (RBM) on the RBD
attaches [7].

S2 is composed of a fusion peptide, a transmembrane region, two heptad repeats (HR),
and an intercellular region. It consists of 3 α-helices, β-sheets, many α-helical sections, as
well as α-helix and rich cysteine segments spanning the membrane [7]. After the post-fusion
state, the fusion peptide allows viral membrane fusion. Without this structure, the virus
would be helpless, and so, it is of significant interest in vaccine development. However,
with the waxing emergence of variants, the spike protein has undergone appreciable
degrees of change, which may lead to severe consequences [11]. Here, we illustrate the
various mutations that have emerged in the variants of concern (VOC): Beta (B.1.351),
Gamma (P.1), Delta (B.1.612.2), and Omicron (B.1.1.529) [12]. As shown in Figure 2, the
mutations observed are organized according to their location on the spike protein and their
summaries provided in Table 1 [13].
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2. Variants of SARS-CoV-2

The initial SARS-CoV-2, A.Wuhan (WH04), gave rise to Lineages A and B, with the
former evolving into several contemporary variants [12,14]. South Africa reported the Beta
(B.1.351) form, while Brazil and Japan highlighted the Gamma (P.1) variant. In India, the
Delta (B.1.612.2) version posed a significant health crisis.

3. Identified Mutations according to Their Location in the Beta, Gamma, Delta, and
Omicron Variant
3.1. S1 Domain (N-Terminal Domain (NTD))

The NTD region is known for its essential role in helping the virus attach to the surface
of its host [7]. However, the NTD region is also known as a point of recognition for vaccines
and the immune response, and so, most mutations in this region are expected to have a
buttressing effect on viral immunity [15,16]. The following mutations have been identified
in Beta, Gamma, Delta, and Omicron variant’s NTDs: L18F, T19R, T20N, P26S, A67V, H69-
V70 del, V70F, D80A, T95I, D138Y, del142-144, G142D, Y145D, E156- and F157- del, R158G,
R190S, del211, L212I, D215G, A222V, 241/242/243 del, ins214EPE, W258L. As mentioned,
some NTD mutations, such as L18F, T19R, T20N, P26S, R158G, R190S, and A222V, focus on
offering immune escape to the strains they emerge in.

L18F, T20N, R190S, and P26S are in the Gamma variant. While L18F is a non-polar
leucine on the 18th residue replaced by a phenylalanine, T20N has a threonine supplanted
by an asparagine, and P26S has a non-polar proline replaced with a serine at the C76T gene
locus. The P26S mutation occurs when a non-polar proline mutates into a polar serine.
The L18F residue is buried in the folded protein and increases the escape of multiple NTD
binding monoclonal antibodies, increasing the virulence of the Gamma strain [17,18]. T20N
brings about the glycan shielding of supersites by glycosylation, which alters the binding
capacity of antibodies, while P26S, located on the 5S glycoprotein at the C76T gene locus,
brings about strong immune evasion capabilities [19,20]. R190S, with its arginine replaced
by a serine, neutralizes the amino acid’s polarity, affecting its interaction with the ACE2,
enhancing the Gamma variant’s virulence and antibody evasion further [20,21]. Lastly,
A222V (alanine to valine), although seemingly inconsequential because of its transition from
a non-polar amino acid to another similar amino acid, actually brings about a structural
change in the inter-residual links due to the heavier valine increasing the opening of RBD,
slightly increasing the viral affinity toward ACE2, but not offering much of an evasive
advantage to the Delta variant [22–24]. Y145D (tyrosine to aspartic acid) and L212I (leucine
to isoleucine) are two mutations found in the Omicron variant’s NTD region, which reduce
viral affinity to monoclonal antibodies and offer increased evasiveness [25,26]. D80A in the
Beta variant’s NTD region lies within the third residue of epitope RFDNPVLPF [27].

The NTD region undergoes major changes through the T19R and T95I mutation
occurring in the Gamma variant, which help it increase SARS-CoV-2 virulence, while V70F,
E156-, and F156- induce structural changes. Similarly, Omicron NTD mutations, such as
A67V, del142-144, del211, and ins214EPE, contribute more to conformational changes, while
A67V, ins214EPE, and H69-V70 also offer increased evasiveness and transmission.

T19R improves the virus’ association with the ACE2 protein and helps it evade mono-
clonal antibodies, such as regdanvimab and bamlanivimab, by weakening their attachment
to the virus [28]. T95I, a replacement of neutral and polar threonine by an acidic polar
aspartic acid, has sustained itself in both the Delta and the Omicron variants. In the Delta
variant, T95I works with the G142D mutation to enhance the viral load and adaptation by
inducing the transition of a β-strand to an α-helix [29]. However, in the absence of T95I, the
β-strand morphs into an unorganized coil at amino acid (aa) 159-165, while the aa 183-190
strand remains α-helical in shape [29]. G142D, a non-polar glycine replaced by a polar
aspartic acid, produces three cardinal changes: a change in hydrogen bonding due to dis-
parate charges, an enlarged hydrogen bonding pocket at T95I, and lastly, a transition from
a Beta strand to an alpha helix at residues aa 159-167 and aa183-196 [29]. In its unmutated
structure, G142 interacts with R158. However, in the Delta variant, R158G mutation induces
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a steric clash, which disrupts the tightly fitted structure of SARS-CoV-2. The R158G mutates
to change the hydrophilic nature of arginine to a neutral glycine and induces steric clashes
with the side chain, G14D, which reduces the neutralization of monoclonal antibodies [30].
In the G142 position, the Omicron variant holds a deletion at 142-144. V70F, valine replaced
by a phenylalanine, induces a change in the protein’s secondary structure [31], whereas
E156- and F156- deletions increase ACE2 interactions with the RBD, improving the affinity
and infectivity of the Delta strain along with a possible structural alteration [32].

The H69-V70 deletion is a deletion that occurs in the apex of the helix loop motif. This
out-of-frame deletion was initially recognized as a mutation located in a relatively exposed
loop, which then morphs into a contracted loop, altering an antigenic site [33]. Moreover,
the H69-V70 deletion follows RBM alterations, like N439K or Y453F, and increases the
cleavage of S2 and embedment of the spike protein [33]. The H69-V70 deletion has also been
reported to cause an increase in syncytium formation, which is often observed in severely
deteriorated cases of SARS-CoV-2 patients [33]. Unlike the typical spike to ACE2 entry,
syncytia formation allows a shortcut into the cell through cell-to-cell transmission [33].
Consequently, variants with the H69-V70 deletion have been observed to display higher
infectivity and possibly increased pathogenicity. The 142-144 deletion also has a similar
effect, increasing the immune escape, causing a shift in the N3 central loop in the supersite,
and increasing infectivity [33,34]. The Y144 deletion in particular has been reported to
decrease the antibody binding affinity of the virus, increasing evasion [35].

The W258L (tryptophan to leucine) mutation also expresses structural changes by
skewing the R246 side chain, which results in the weakening of the interaction of anti-
body heavy chains with E31 and G26 as a result of the lengthened distance between the
interactions [36]. Due to its unique location in the Delta strain, it offers an ill-defined area
of vulnerability to antibody neutralization and demands further study to assess whether
mutations within the NTD are to blame [36].

The Omicron mutations A67V, del 211, and ins214EPE also express a structural change
within the SARS-CoV-2 spike protein. A67V (alanine to valine) is a mutation working with
the H69-V70 deletion to induce a change in the N2 loop while also altering the antigenic site
present in the wild type, possibly affecting viral infectivity [34,37]. Del 211 and ins214EPE
affect the loop formed by residues 209 to 216 located next to the N4 loop in the SARS-CoV-2
spike protein [37]. Moreover, ins214EPE in combination with Y145D causes an almost
7-fold increase in resistance against the antibodies, increasing viral evasiveness [38].

Among the remaining three NTD mutations (D138Y, a neutral non-polar glycine
replaced by an acidic and polar aspartic acid in the Gamma variant; D215G, a polar aspartic
acid replaced by a non-polar glycine in the Beta variant; and 241-243 deletions, also in the
Beta variant), there is limited information on how they influence the variant they emerge
in [39]. Moreover, mutations such as D80A (aspartic acid to alanine) in the Beta variant’s
NTD region lie within the third residue of epitope RFDNPVLPF and have a paucity of
data [27].

3.2. Receptor Binding Domain (RBD)

The RBD is the part of the SARS-CoV-2 spike protein that interacts with the ACE2
receptor. The specific segment that binds to the ACE2 receptor is the receptor binding motif
(RBM) [7]. Therefore, mutations in this region may promote better interaction with ACE2,
increasing stability and preventing antibody evasion.

The following mutations have been identified in the Beta, Gamma, Delta, and Omicron
variant’s RBD region: S371L, S373P, S375F, G339D, K417T, K417N, N440K, G446S, L452R,
S477N, T478K, E484Q, E484K, E484A, Q493R, G496S, Q498R, N501Y, and Y505H.

Mutations outside the RBM region of the RBD, such as K417N/T, display increased
immune escape and antibody immunization. While the K417N (lysine supplanted with
a neutral, polar Asparagine) mutation appeared in the Beta, Delta, and Omicron, K417T
(lysine replaced by a threonine) was found in the Gamma variant. K417N and K417T are
both reported to decrease the virus’ binding affinity to ACE2 [37,40]. However, when
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K417N/T is in the presence of the N501Y mutation, it increases RBD’s binding to the ACE2
receptor [40,41]. This allows increased viral entry and decreased antibody recognition
in K417N [40,41]. This not only annihilates the antibody interaction in K417N through
a 6.6-fold decrease but also interrupts the cardinal interaction that K417 held with Y52,
leading to increased evasiveness of the virus [30,41–43]. For K417T, an emergence with
N501Y increases the binding affinity through a four-fold increase in the interaction be-
tween ACE2 and RBD. Moreover, since K417T overlaps multiple epitopes for neutralizing
various antibodies, while K417N induces viral resistance to neutralization, it needs to be
monitored [19,40,44].

G339D, S317L, S373P, and S375P within the Omicron variant’s RBD region are reported
to improve viral evasion and increase viral affinity to ACE2. Mutations S371L (serine to
leucine), S373P (serine to proline), and S375F (serine to phenylalanine) were all previously
rare mutations, barely reaching 0.09% prevalence, but demonstrated a potential to provide
resistance against the antibodies [45–47]. This is possibly due to the change in conformation
of the antigenic site (loop connecting α2 and β2), which occurred alongside an increase
in ACE2 binding as a cumulative effect of these mutations [47–50]. G339D (glycine to
aspartic acid) was also a previously rare mutation with a prevalence of 0.1%. However, this
mutation is more associated with a slight increase in ACE2 binding and antibody evasion
for monoclonal antibodies, such as sotrovimab [23,24,46].

The remaining noted RBD mutations lie within the RBM region. Mutations, such
as L452R (leucine replaced by an arginine), E484Q (glutamine to glutamic acid), and
T478K (uncharged Threonine to a charged Lysine), are found in the Delta variant, whereas
E484K/A (glutamic acid to a lysine/alanine) and N501Y (Asparagine to a Tyrosine) occur
in the Beta, Gamma, and Omicron variant of SARS-CoV-2.

L452R, E484Q, and N501Y offer increased interaction stability with the ACE2 receptor.
E484Q and L452R appear together as a double variant. The original E484 located on the
RBD established two hydrogen bonds with the Y53 and S56 positions on the antibody.
However, with E484Q, these hydrogen bonds were disrupted, leading to a much weaker
bond with the antibodies [43]. The E484Q mutation may have a weakening effect with
L452R on ACE2 interaction [43]. However, many other studies argue that both point
mutations individually had higher infectivity, transmission, and neutralization effects [51].
E484Q and L452R collectively induced structural changes, leading to a higher affinity with
ACE2 and transmissibility due to increased S1-S2 cleavage [43]. This was also reinforced
by an increased amount of bonded contact points along with a higher affinity for ACE2,
which gave it a higher virulence and made neutralization difficult [51–53]. Despite their
synergistic effect, they did not show any increased neutralizing activity as double mutants,
apart from the initial neutralizing effect both mutations had to begin with, except for some
sera [52,54]. Conclusively, E484Q is a mutation that buttresses the stability and virulence of
the virus, and especially so as a double mutant with L452R in the Delta variant.

The E484 location also mutated to E484K/A. E484K is an escape mutation, as it reduces
the virus’s binding strength to monoclonal antibodies (convalescent and post-vaccination
sera) while increasing the binding affinity toward the ACE2 receptor [55]. This change is
due to salt bridge formation in commensuration to the formation of a hydrogen bond with
the Glu75 residue on the ACE2 receptor [55,56], whereas E484A in the Omicron variant
weakens viral affinity toward ACE2 by disrupting the necessary hydrogen bonds. However,
it makes up for this by offering increased viral evasion by offsetting many other interactions
with epitopes that cover the binding motif of ACE2 [37,46].

In response to the 3-fold dampening impact of the 417 mutations in both K417T and
K417N forms, N501Y and E484K collaborate to cause a gain of function mutation [57].
To understand this mutation, we must first understand the set of interactions between
ACE2 and SARS-CoV-2 spike protein in the form of salt bridges, non-bonded interactions,
and hydrogen bonding [57]. Salt bridge formations, such as SARS2-K417 and ACE2-D30,
SARS2-K458, ACE2-E23, and SARS-R403 and ACE2-E37, account for up to 40% of the
total binding energies along with non-bonded interactions (Y41 and K353) with the N501
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residue [57,58]. However, with the N501Y mutant, non-bonded interactions Y41, K353,
and D38 come into existence along with hydrogen bonding with K353 [58]. N501Y causes
a shift in its interactions, especially its salt bridges, affecting SARS2-Q498 and ACE2-
Y41 by lengthening its hydrogen bond and strengthening the hydrogen bond present
between SARS2-T500 and ACE2-D355 [57]. The affinity of ACE2 and SARS-CoV-2 depends
on their electrostatic interactions, and so, variants with 501Y manage to bind better by
a 10-fold increase and allow a stronger viral load to invade due to its decreased virus-
cell dissociation [57,59]. Moreover, the N501Y mutation has reduced viral compactness,
increased stability, and adapts an “open” state of perfusion, which buttresses its already
increased viral entry [53,60].

The last mutation, T478K, alters the electrostatic potential, engendering a positive
surface and forming salt bridges or hydrogen bonds with D38, E35, Q24, and K353 to
increase the interaction between ACE2 and the spike protein [37,61]. Moreover, the longer
side chain on the lysine residue engenders an increased steric hindrance whose effects are
yet to be analyzed [61].

The other Omicron mutations, N440K, G446S, S477N, Q493R, G496S, and Y505H,
improve SARS-CoV-2 evasiveness, while Q498R specifically strengthens viral affinity to-
ward ACE2. While N440K (asparagine to lysine) is reported to allow viral escape against
many neutralizing antibodies, G446S (glycine to serine) is more responsible for inducing
steric hindrance, since, despite its low prevalence of less than 0.09%, it is in direct contact
with ACE2 and reduces the activity of monoclonal antibodies (mAb), such as imdevimab
and cilgavimab [23,48,49,62]. Y505H (tyrosine to histidine) of the Omicron variant has
been known to improve viral escape against casirivimab, an antibody, but due to its low
prevalence of 0.08% before Omicron, a paucity of data remains [23,46]. S477N (serine
to asparagine), Q493R (glutamine to arginine), and G496S (glycine to serine) change the
antigenic traits, offering a significant immune evasion through steric hindrance against
the antibodies that bind to the RBD region [23,37,46]. In fact, S493R, Q496S, and Q498R
(glutamine to arginine) in particular are reported to strengthen viral affinity toward ACE2
by 6-fold with N501Y, a previously established mutation [37,62,63].

3.3. SD1-SD2 Region

The SD1-SD2 region in the S1 spike protein subunit has been reported to act by
triggering the RBD up and down movement [64]. Hydrophobic changes through mutations
have also been reported to change the likelihood of RBD movement [65]. Therefore, most
mutations within this region would alter how well the virus is transmitted. The following
mutations have been identified in the Beta, Gamma, Delta, and Omicron variant’s SD1-SD2
regions: T547K, D614G, and H655Y.

There are fewer mutations in the SD1-SD2 regions, and some have recently emerged,
such as T547K (threonine to lysine), which emerged in the Omicron variant. Others, such as
H655Y, have sustained themselves in both Gamma and Omicron, while the D614G (aspartic
acid to glycine) mutation has survived the longest, thriving in the Beta, Gamma, Delta, and
Omicron variants.

T547K increases the S1–S2 interaction between both protomers, contributing to a more
compact and twisted ‘closed’ and ‘open’ structure of the spike. Moreover, although it
stabilizes the “down” structure of spike protein with the help of L981F through salt bridge
formation with D389, it decreases the flexibility and stability of the spike protein [66–68].

D614G and H655Y both play a part in increasing the virulence of their strain. While
D614G has a direct impact on the flexibility and structure of the spike protein due to its
proximity to the spike promoter, H655Y effects the charge by shifting a positive histidine to a
neutral tyrosine, improving furin cleavage, antibody evasion, and viral transmission [8,44].
However, D614G does not produce such a straightforward change.
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The original D614 amino acid formed salt bridges with lysine at K854 and hydrogen
bonds with threonine at T859 (fusion peptide proximal region), enabling the formation
of a bridge between the S1 of one protomer and the S2 of the following protomer [69].
This natural bridge shielded the S2 and furin cleavage site, reducing S1 shedding [69].
However, with the appearance of the G614 mutant, these connections appear to have been
thwarted, inducing increased flexibility between the protomers and allowing the trimer to
open up, expanding the contact surface of the receptor binding domain (RBD) to the ACE2
receptor [69]. Furthermore, the surface of the protomer displays a disordered loop, which
appears jammed between domains, delaying the early dissociation of the S1 subunit and
resulting in a more stable S trimer [70]. According to some studies, the virus may be able
to use evasive mechanisms to thwart the B-immune cell response, since it is located at a
B-cell epitope [30,70]. D614G operates as a double-edged sword, though, which is more
plausible. The conformational shift that increased its virulence also caused a greater 1-RBD
or “up” shape, increasing the exposure of the epitope and rendering it more vulnerable to
neutralization [8]. It can therefore be affected by ACE2-based inhibitors and anti-SARS-CoV
sera. According to a recent study, a pseudovirus exhibiting G614 was more sensitive to
monoclonal antibodies directed against RBD and sera from recovering patients than its
wild counterpart [30,70].

3.4. S2 Domain

Previously, the S2 subunit of the SARS-CoV-2 spike protein held relatively fewer
mutations in comparison to the S1 subunit. However, Omicron did not follow this trend
and seems to have had many more mutations in S2 in comparison to the older variants.
The following mutations were identified in the older variants: P681R, A701V, D950N, and
T1027I. Meanwhile, in the Omicron variant, the following mutations have emerged: T547K,
N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, and L981F.

The P681R (proline to arginine) and D950N (asparagine to aspartic acid) mutations
emerged in the Delta variant, while A701V (arginine to valine) was found in the Beta and
T1027I (threonine to isoleucine) in the Gamma variant.

P681R/H and A701V are near the furin cleavage site and seem to affect viral trans-
mission in the Delta and Beta variants, respectively. P681R specifically increases the
effectiveness of furin cleavage, enhancing the separation of the S1 and S2 sites and increas-
ing the efficiency of viral entry, producing a more transmissible virus [71]. P681H (proline
to histidine), appearing in the Omicron variant, is reported to improve spike cleavage
using its furin-like proteases and contribute toward an adaptive immune escape. Despite
increasing cleavage, some studies argue that it had a limited impact on viral entry in the
previous B.1.1.7 Alpha variant and hence needs to be studied individually for its role in the
Omicron variant [72–74].

A701V, on the other hand, raises the affinity of protein interactions by enhancing the
spike protein’s binding affinity. Many of the mutations (N679K, P681H, N764K, D796Y,
and N856) in Omicron that appear near the furin cleavage site seem to be involved in
affecting spike protein cleavability. N679K (asparagine to lysine) causes increased O-linked
glycosylation on the cleavage site, which may prevent protease recognition and reduce
entry through the cell surface [75]. This not only results in decreased syncytia formation
and a polybasic furin cleavage site but also forces cells to enter through the endocytic
route, increasing furin-regulated cleavage [76]. Moreover, N764K (asparagine to lysine) and
N856K (asparagine to lysine) collectively generate two cleavage sites for SKI-1/S1P serine
protease (cut envelope glycoproteins), impairing infectivity by hindering the exposure of
furin peptide to allow membrane fusion [77]. However, studies report that while N764K is
associated with more infectivity and processed spike, N856K actually reduces viral spike
protein mediated invasion [38]. D796Y (aspartic acid to tyrosine) is known for potentially
impacting protease binding while also stabilizing the trimer by increasing glycan N-linked
chains with carbohydrate formed pi interactions [57,78,79].
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In heptad repeat 1 (HR1), the mutations show a trend toward fusion activity and
virulence. With D950N located on the HR1 in the Delta variant, its placement in the trimer
interface suggests that it may play a part in changing the behavior of the spike protein [80].
Moreover, mutations, such as Q954H, N969K, and L981F, appear in the Omicron variant.
While Q954H (glutamine to histidine) was expected to increase fusion activity and a six-
helix bundle emergence, it was recently clarified that it reduced fusion effectiveness with
N969K [38,81,82]. N969K (asparagine to lysine) not only induces reduced infectivity but
is also reported to displace the HR2 (heptad repeat 2) backbone [18]. L981F (leucine to
phenylalanine), on the contrary, is reported to increase syncytia formation, spike protein
mediated infection, effecting ACE2 affinity and interactions between HR 1 and 2 [38,79].

The T1027I mutation replaces a polar threonine with a non-polar isoleucine [44]. It
might be a factor in the Gamma variant’s trend toward enhanced virulence and diminished
susceptibility to serum and monoclonal antibodies [44].

The S2 region has the D950N mutation, which also affects the Delta variants [80]. A
neutral and polar Asparagine replaces the acidic and polar aspartic acid residue (D) at
position 950 (N). Its particular placement in the trimer interface suggests that it may play a
part in changing the behavior of the spike protein [80].

Little research has been conducted on T1027I, located on the ends in the Gamma
variant. However, it may be a significant contributor toward enhanced virulence and
diminished susceptibility to serum and monoclonal antibodies [44].

Table 1. Summary of mutations in major strains of SARS-CoV-2 and their subsequent effect. These
color scheme indicates different regions in spike protein.

Mutation Beta Gamma Delta Omicron Domain Location Mutation Effect

L18F . 4 . . S1 Domain NTD
It hinders the binding of

antibodies and increases the
virulence [83].

T19R . . 4 . S1 Domain NTD

It increases the binding of
the viral particle with the

ACE2 protein and increases
its evasiveness against

antibodies [28].

T20N . 4 . . S1 Domain NTD

It brings about the glycan
shielding of supersites
through glycosylation,

which alters the binding
capacity of the
antibodies [19].

P26S . 4 . . S1 Domain NTD It brings strong immune
evasion [20].

A67V . . . 4 S1 Domain NTD

It induces conformational
changeswithin the N2 loop

and enhances viral
infectivity [37].

H69-V70
del . . . 4 S1 Domain NTD

It increases viral
transmission and

evasiveness [33,35,84].

V70F . . 4 . S1 Domain NTD
It tends to change the

secondary structure of the
protein [31].

D80A 4 . . . S1 Domain NTD -
T95I . . 4 . S1 Domain NTD Increases virulence [29].

D138Y . 4 . . S1 Domain NTD -
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Table 1. Cont.

Mutation Beta Gamma Delta Omicron Domain Location Mutation Effect

del142-144 . . . 4 S1 Domain NTD
It enhances infectivity,

evasiveness, and shifts an
N3 central loop [33–35].

G142D . . 4 . S1 Domain NTD It produces structural
changes [29].

Y145D . . . 4 S1 Domain NTD

It increases viral
evasiveness and reduces
neutralization antibodies’

effectivity [25,38].
E156- and

F157- . . 4 . S1 Domain NTD -

R158G . . 4 . S1 Domain NTD
Reduces the neutralization
of monoclonal antibodies

[29,30].

R190S . 4 . . S1 Domain NTD Enhances viral immunity
[20,21].

del211 . . . 4 S1 Domain NTD It induces configurational
changes [37].

L212I . . . 4 S1 Domain NTD
It reduces the binding

affinity of some monoclonal
antibodies [26].

D215G 4 . . . S1 Domain NTD -

A222V . . 4 . S1 Domain NTD

It increases the opening of
RBD, slightly increasing

ACE2 affinity, but not
evasive capabilities [22–24]..

241/242/243del 4 . . . S1 Domain NTD -

ins214EPE . . . 4 S1 Domain NTD

It induces a structural
change in the loop in the

209-216 residue and
increases viral

evasiveness [37].

W258L . . 4 . S1 Domain NTD It skews the R246 side
chain [36].

G339D . . . 4 S1 Domain RBD

It induces a slight increase
in the binding affinity to

ACE2 and improves virus
evasion against some

neutralizing antibodies [46].

S371L . . . 4 S1 Domain RBD

It instigates a
conformational change
across antigenic sites,

inducing antibody
resistance and increasing

ACE2 binding
affinity [45–49]

S373P . . . 4 S1 Domain RBD

It induces a conformational
change in α2 and β2 loop
and antigenic site. It also
causes an increase in the

binding affinity to
ACE2 [45–48].
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Mutation Beta Gamma Delta Omicron Domain Location Mutation Effect

S375F . . . 4 S1 Domain RBD
It induces a change in

antigenic site and improves
viral evasion [46].

K417T . 4 . . S1 Domain RBD It increases immune escape
[40,44].

K417N 4 . 4 . S1 Domain RBD
It enhances virulence and
antibody immunization

[41,42,47].

N440K . . . 4 S1 Domain RBM It increases viral evasiveness
against antibodies [46,49].

G446S . . . 4 S1 Domain RBM

It induces steric hindrance
and reduces antibody

activity against the virus
[23,49,62].

L452R . . 4 . S1 Domain RBM

It leads to a more stable S
subunit and a higher affinity

for the ACE2 receptor
[43,85].

S477N . . . 4 S1 Domain RBM

It alters the antigenic traits
of the virus, improving the

virus’s evasion against
antibodies [37].

T478K . . 4 . S1 Domain RBM It engenders increased steric
hindrance [61].

E484Q . . 4 . S1 Domain RBM

Increases virulence and
virus stability due to

disrupted hydrogen bonds
[43,51].

E484K 4 4 . . S1 Domain RBM Enhances antibody
evasion [55].

E484A . . . . S1 Domain RBM

It weakens the interactions
with ACE2 but increases

viral evasion against
antibodies [37,46].

Q493R . . . 4 S1 Domain RBM

It contributes to increased
ACE2 binding affinity and

immune evasion by causing
steric hindrance

[23,37,48,49].

G496S . . . 4 S1 Domain RBM

It strengthens viral affinity
to ACE2 and improves viral

evasiveness against
antibodies [37,46,62].

Q498R . . . . S1 Domain RBM It improves viral affinity to
ACE2 [37,48,86].

N501Y 4 4 . . S1 Domain RBM

It increases viral affinity
with ACE2 and increases
viral entry into the host

[57,59].
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Mutation Beta Gamma Delta Omicron Domain Location Mutation Effect

Y505H . . . 4 S1 Domain RBM

It improves virus
evasiveness against

casirivimab, a monoclonal
antibody [23,46].

T547K . . . 4 S1 Domain SD1-SD2

It improves interactions
between S1 and S2,

destabilizes spike protein
structure, and decreases
spike protein flexibility

[66–68].

D614G 4 4 4 4 S1 Domain SD1-SD2

It increases virulence but
also makes it increasingly

susceptible to neutralization
[30,70].

H655Y . 4 . 4 S1 Domain SD1-SD2

Has a positive effect on
furin cleavage and enhances

the transmission of the
virus [44].

N679K . . . 4 S2 Domain Near Furin
Cleavage Site

It makes the furin cleavage
site more polybasic and

increases its cleavability [76].
It also encourages

glycosylation at the
cleavage site, discouraging

syncytia formation [75].

P681R . . 4 . S2 Domain Near Furin
Cleavage Site

It allows a more efficient
viral entry [71].

P681H . . . 4 S2 Domain Near Furin
Cleavage Site

It enhances spike cleavage,
viral infection, and offers

adaptive immunity but does
not significantly affect virus

entry [72–74].

A701V 4 . . . S2 Domain Near Furin
Cleavage Site

It boosts viral transmission
and aids in viral fitness [87].

N764K . . . 4 S2 Domain Near Furin
Cleavage Site

It provides two cleavage
sites for SKI-1/S1P serine

protease and increases
infectivity [38,77].

D796Y . . . 4 S2 Domain Near Furin
Cleavage Site

It is reported to have a
potential impact on protease
binding and stabilization of

the spike trimer [78,79].

N856K . . . 4 S2 Domain Near Furin
Cleavage Site

It impairs infectivity and
provides potential sites for

cleavage for serine
SKI-1/S1P protease [38,77].

D950N . . 4 . S2 Domain HR1

Its particular placement in
the trimer interface suggests

that it may play a part in
changing the behavior of the

spike protein [80].
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Mutation Beta Gamma Delta Omicron Domain Location Mutation Effect

Q954H . . . 4 S2 Domain HR1

It improves fusion activity
and has a possible

contribution toward higher
infectivity [81].

N969K . . . 4 S2 Domain HR1

It may cause a possible
displacement in HR2′s

backbone and is reported to
impair activity [18,38].

L981F . . . 4 S2 Domain HR1

It affects the virus’ binding
to the ACE2 receptor and

enhances viral spike protein
induced infections and

syncytia formation [38,79].

T1027I . 4 . . S2 Domain Trimerization
interface

It may be a significant
contributor toward

enhanced virulence and
diminished susceptibility to

serum and monoclonal
antibodies [32].

4. Conclusions

The SARS-CoV-2 virus has undergone extensive mutations, giving rise to several
variants, including the Beta, Gamma, Delta, and Omicron variant. The Beta, Gamma, and
Delta variants of the virus are more resistant to antibodies, have an increased affinity for
ACE2, and viral evasiveness against antibodies. We may infer from the current data that
mutations have mostly avoided the SD2 area of the S1 domain and have accumulated
primarily in the N-terminal domain. However, in the Omicron variant, this does not hold
true, as many previously rare mutations emerged in the S2 region. The Omicron variant is
less pathogenic, more stable due to its various structural changes, has an increased evasion
against antibodies, and its spike protein ‘closed’ and ‘open’ states appear more compact
and twisted [37,67,88].

The T19R, E156del/F157del, and R190S NTD alterations boost the viral particle affinity
for ACE2 binding or enhance virulence (A67V, H69-V70, del142-144). While the NTD
mutations, such as A67V, V70F, G142D, del 211, and ins214EPE, cause structural alterations,
others, such as L18F, P26S, Y145D, R158G, and L212I, enhance antibody evasion. The
receptor binding domain, the second most frequent locus for mutations, results in further
modifications, which not only boost ACE2 binding (G339D, S371L, S373P, K417T, L452R,
E484K/Q, and N501Y) but also antibody evasion (G339D, S375F, N440K, K417N, and
K417T). The SD1–SD2 region holds few, but stronger mutations (D614G and T478K) that
result in antibody evasion and effective S1/S2 cleavage (T547K).

The most common mutations are D614G and N501Y, which are present in nearly
all three of the variants mentioned. Certain patterns have been consistently seen in all
four variants. However, in recently emerging variants, such as Omicron, these patterns
have been overturned. Therefore, additional knowledge should be attained through de-
velopments in viral biology and surveillance strategies. We believe future assessments
should focus on the overall effects of such mutations on vaccine production, as well as their
consequence for patients with diabetes, cardiovascular disease, and obesity.
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