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ARTICLE INFO ABSTRACT

Keywords: Late in 2019, SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2) emerged, causing an unknown type
COfonaVirufeS of pneumonia today called coronaviruses disease 2019 (COVID-19). COVID-19 is still an ongoing global outbreak
Spike proteins that has claimed and threatened many lives worldwide. Along with the fastest vaccine developed in history to
;‘;RDS'COV'Z fight SARS-CoV-2 came a critical problem, SARS-CoV-2. These new variants are a result of the accumulation of
Mutations mutations in the sequence and structure of spike (S) glycoprotein, which is by far the most critical protein for

SARS-CoV-2 to recognize cells and escape the immune system, in addition to playing a role in SARS-CoV-2
infection, pathogenicity, transmission, and evolution. In this review, we discuss mutation of S protein and
how these mutations have led to new variants that are usually more transmissible and can thus mitigate the
immunity produced by vaccination. Here, analysis of S protein sequences and structures from variants point out
the mutations among them, how they emerge, and the behavior of S protein from each variant. This review
brings details in an understandable way about how the variants of SARS-CoV-2 are a result of mutations in S
protein, making them more transmissible and even more aggressive than their relatives.

1. Introduction endemic than a pandemic, SARS-CoV-2 quickly became global, based on
high transmissibility [2,3,9,10]. At the beginning of the pandemic,
COVID-19 was compared to other viral diseases caused by coronavi-

ruses, even the flu (Table 1). Earlier in the outbreak, even some scientists

SARS-CoV-2 belongs to the Coronavirus family, consisting of
positive-sense, single-stranded RNA viruses that are lipid-enveloped [1].

In December 2019, SARS-CoV-2 infected its first patient, starting what
would be a new pandemic established by the World Health Organization
(WHO) [2,3]. The ongoing outbreak showed how devastating a virus can
be even though SARS-CoV-2 is not that dangerous compared to other
deadly viruses [4-8].

Unlike SARS-CoV-1 and MERS-CoV outbreaks, which were more

did not give the necessary attention to COVID-19. However, as a
completely new disease, COVID-19 showed that it cannot be neglected
[11-15].

For example, in comparison with flu, COVID-19 has higher values of
Ry, CRF, incubation time, and hospitalization rates (Table 1). Those
results indicate that COVID-19 is not only just a strain of flu and deserves
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Table 1
Data comparison of COVID-19 with other viral diseases.
Influenza SARS-CoV- SARS- MERS-
2 CoV CoV
Basic reproductive rate 1.3 5.9-6.8 3 0.3-0.8
(Ro)
Case fatality rate (CRF) 0.05-0.1%  6.8% 9.6-11% 34.4%
Incubation time (days) 1-4 4-14 2-7 6
Hospitalization rate 2% 20% 70-85% 90%
Community attack rate 10% 30-40% 10-60% 4-13%

attention [16-19]. Compared to diseases caused by SARS-CoV and
MERS-CoV, COVID-19 presents low CRF value, so that SARS-CoV and
MERS-CoV have higher mortality than SARS-CoV-2 (Table 1). The
infection caused by SARS-CoV-2 has a broader clinical spectrum,
ranging from asymptomatic infection to severe viral pneumonia with
respiratory failure and death [18,20,21].

The high Ry of SARS-CoV-2 (Table 1) is probably due to the S pro-
tein's higher affinity (20 times more) than S protein from SARS-CoV-1
and MERS-CoV. The accumulation of favorable mutations in the S pro-
tein from SARS-CoV-2 made it more effective in recognizing human
receptors than the spike from [14,22-26]. The mutations' accumulation
in S proteins changed the S protein among different coronaviruses. It
also led to genetically different lineages of SARS-CoV-2, called variants,
that emerged and spread worldwide since the beginning of SARS-CoV-2
(Fig. 1) [27-31]. Today, there are two definitions of the variants of
SARS-CoV-2: 1) variants of interest — VolI; and variants of concern — VoC
(Table 2). Vols possess mutations that improve SARS-CoV-2 fitness.
VoCs arise from genetic changes that increase SARS-CoV-2 trans-
missibility and virulence, and can decrease the effectiveness of vaccines
and treatments (Fig. 1) [27]. In the case of VoCs of SARS-CoV-2, these
variants accumulated mutations on the S protein that either enhanced
the transmissibility or the escape from the immune system. Sometimes
these mutations are shared between the variants, while in other cases
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they are not (Fig. 1).

To the best of our knowledge, so far, no study has been published
containing all the relevant information about SARS-CoV-2 VoCs, dis-
cussing how the mutations accumulate and affect the fitness of the S
protein, and hence SARS-CoV-2. Based on that, this review is focused on
the discussion and tracking of the mutations in the S protein that have
led to the emergence of VoCs (Table 1). Additionally, we aim to un-
derstand the contribution of mutations to the S protein's three-
dimensional structure and how these alterations affect the trans-
missibility and virulence of SARS-CoV-2 VoCs compared to the wild-type
version that first came from Wuhan.

2. General aspects of SARS-CoV-2
2.1. Molecular biology of SARS-CoV-2

SARS-CoV-2 is a single-stranded, non-segmented, positive-sense RNA
with both 5cap and a tail at 3end [32,33]. The SARS-CoV-2 RNA is
similar to cellular mRNA, which is an essential evolutionary advantage,
by mimicking the cellular mRNA, directly driving viral RNA for trans-
lation [34]. The positive-sense RNA of SARS-CoV-2 allows the infection
in any permissive cell [33,35-37]. This characteristic of SARS-CoV-2
and other coronaviruses led Pfizer and BioNTech to produce the first
mRNA vaccine (BNT162b2). BNT162b2 is a nucleoside-modified posi-
tive sense-RNA encoding the full-length membrane-anchored SARS-
CoV-2 S protein enclosed in a lipid nanoparticle. After the shot, the skin
promptly dissolves the positive-sense RNA and is translated by cell
machinery of protein synthesis to viral S protein. Furthermore, S protein
is exposed and externalized to be recognized by the immune system
leading to the production of anti-SARS-CoV-2 antibodies [38].

During the SARS-CoV-2 replication cycle, the first protein produced
is a large replication complex. Then RNA, which has a ribosomal fra-
meshifting site [39], undergoes this frameshifting event. This event
leads to the displacement of ribosomal frames, also known as translation
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Fig. 1. Scheme model showing all the mutation on Spike protein from variants. In this model is possible to all the shared mutations among the variants and all the

unique mutation of each variant. Created with www.BioRender.com.
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Table 2
Variants of SARS-CoV-2.
Type Name Pango classification Origin Type Name Pango classification Origin
Variants of interest Lambda C.37 Peru Variants of concern Alpha B.1.1.7 United Kingdom
Mu B.1.621 Colombia
Epsilon B.1.427 United States Beta B.1.351 South Africa
B.1.429
Kappa B.1.617.1 India Gamma P1 Brazil
Eta B.1.525 United Kingdom Delta B.1.617.2 India
Omicron B.1.1.529 Discovered on South Africa
Lota B.1.526 United States
Zeta P2 Brazil

recording, resulting in multiple protein production from a single mRNA
molecule [39-44]. Moreover, the RNA serves for protein synthesis, RNA
replication, and assembly, producing new virus particles [45]. The
SARS-CoV-2 genome produces 16 non-structural proteins (nsp),
including PL proteinase, 3CL protease, RNA-dependent RNA polymerase
(RdRp), and helicase. The genome of SARS-CoV-2 also produces five
structural envelope proteins (E), a membrane attached protein (M),
nucleocapsid protein (N), and S protein (Fig. 2A).

2.2. Origin and evolution of SARS-CoV-2

SARS-CoV-2 is grouped in the B lineage of Beta-coronaviruses, the
same as SARS-CoV [46-48]. Both SARS-CoV and SARS-CoV-2 share 79%
of genomic identity, allowing similar structural, genetic, and pathogenic
characteristics [48]. Despite many gas in knowledge of SARS-CoV-2
origins, the WHO has started an investigation of SARS-CoV-2 [49-51].

This investigation is essential to avoid unbiased speculation that SARS-
CoV-2 was developed at laboratory. Today, there are two front lines of
investigations. First, the SARS-CoV-2 resulted from a laboratory incident
at the Wuhan Institute of Virology (WIV). Second, whether SARS-CoV-2
came out from Wuhan markets, mainly the Huanan market, which is
involved in trading of thousands of wild animals, including species with
high risk, such as civets and raccoons [46]. The positive results for SARS-
CoV-2 in environmental samples from the Huanan market support this
theory [49-51].

Rather than speculation, here only findings based on scientific data
will be discussed. Although there are many gaps in knowledge about the
ribosomal frameshifting site's influence on SARS-CoV-2's origin, some
studies have proposed a plausible explanation. Zhou et al. [52] sug-
gested that SARS-CoV-2 very likely came from an ancestor of naturally
SARS-like coronavirus from bats. The analysis of the genomic sequence
of SARS-CoV-2 provided a clue to the evolutionary aspect of SARS-CoV-2
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Fig. 2. Schematic representation of the SARS-CoV-2 particle and spike protein. (A) SARS-CoV-2 particle closuring the viral genome. (B) Spike protein consists of the
S1 (holding the NDT and RBD regions) and S2 (holding the FP, HR1 and HR2 regions) units. (C) The two conformations assumed by Spike protein. The closed
conformation with RBD inside the structure and the open conformation with RBD exposed to recognize ACE2 receptor. Created with www.BioRender.com.
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[52]. Genetic analysis revealed an identity of 96% between SARS-CoV-2
and RatG13 (from Rhinolophus affinis). These data support the idea that
bats are reservoirs of SARS-CoV-2 progenitor's and SARS-CoV-2 ances-
tors' spillover from bats to humans. It is intriguing that even with higher
genetic similarities, the RaTG13 S protein diverges in the RBD region
from the S protein from SARS-CoV-2, suggesting it may not bind to
human ACE2 [53]. Moreover, based on RBD sequencing and host-
receptor interactions, Pangolins (Manis Javanica) were considered a
possible reservoir based on high similarity with RBD of S protein from
SARS-CoV-2 [14].

Unexpectedly, the analysis revealed that S protein coronaviruses
from neither pangolins nor bats possess the polybasic cleavage site,
essential for SARS-CoV-2 infectivity and host range [54]. Mutational
analysis revealed the presence of insertions and deletions close to the S1-
S2 junction of S protein from SARS-CoV-2. This change indicates
acquisition of polybasic cleavage sites by SARS-CoV-2, established as a
new feature in the SARS-CoV-2 genome, had improved transmission,
species spillover, and human-human transmission [55-58]. This gain of
function by S protein from SARS-CoV-2 may lead to higher affinity,
which is 20 times that compared to S protein from SARS-CoV [59]. This
improved S protein led to a higher spread of SARS-CoV-2, reaching
pandemic dimensions four months after the first case [5,11,60,61]. To
date, COVID-19 caused by SARS-CoV-2 has infected more than 245
million people and claimed more than 5 million lives.

2.3. Pathogenicity of SARS-CoV-2

The improvement of S protein in SARS-CoV-2 changes aspects of its
infection. SARS-CoV-2 contacts are hosted by contaminated respiratory
air droplets and human airway epithelium cells [62,63]. Zhu et al. [63]
showed that although sharing the same receptor (ACE2) to reach cells, S
protein from SARS-CoV-2 is more efficient in infecting human airway
epithelium cells than human coronavirus NL63 (HCoV-NL63) and SARS-
CoV. SARS-CoV-2 entries in cells interact, causing S protein binding with
specific cell receptors, ACE2 and TMPRSS2 [64]. In summary, the RBD
present in the S1 subunit from S protein binds to ACE2 in the host cell.
Then, the TMPRSS2 catalyzes the cleavage of S protein on the S1-S2
domain to start the membrane fusion process and viral entry [65].
Later, this mechanism will be detailed in the section about S protein.

SARS-CoV-2 infection can result in three situations: 1) asymptom-
atic, 2) mild symptoms, and 3) severe acute pneumonia and death
[66-69]. In situations 2 and 3, the symptoms vary from mild, such as
fever, chills, fatigue, cough, dyspnea, chest pain, myalgia/arthralgia,
diarrhea, nausea and vomiting to severe such as infections in the lungs,
intestinal tract, pharynx, heart, kidney, liver, brain, blood, inflamma-
tory reactions and alveolar damage [66-69]. Most of the problems
during COVID-19 are caused by an overreaction of the immune system.
A process called “cytokine storm” produces a high level of pro-
inflammatory cytokines such as growth factor-p1 (TGF-f1), tumor ne-
crosis factor-a (TNF-a), interleukin-1p (IL-14), IL-6, IL-2, IL-7, IL-10, and
granulocyte colony-stimulating factor (G-CSF), leading to local inflam-
mation and multiple organ functional failure [68,70-73].

3. The S protein

Before moving forward with the discussion about S protein in VoCs I,
it is essential to understand how this protein works. Like other viral
attachment proteins, S protein is synthesized and deposited in viral
particles in inactive form. Thus, during the viral infection, it is activated
by a host protease, which releases the S1 and S2 subunits, activating
them and allowing the membrane fusion and virus entry as an inactive
precursor present in the viral envelope. The S protein is cleaved during
cell infection by a cellular protease, releasing [64,74,75]. An exciting
characteristic of S protein is the high level of glycosylation. Before post-
translational processing, S protein is present in amounts ranging from
128 to 160 kDa. After carbohydrate insertion, mostly by N-links, the size
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of S protein increases to 180-200 [76-78]. It has been hypothesized that
the biological function of glycosylation in the S proteins is to evade the
host immune system during infection [76-78]. S protein has an N-ter-
minal region that is about 90% of protein length exposed to the outside
of the viral particle, a transmembrane section, and an inside C-terminal
region [79]. Even at the monomeric stage with 1273 amino acid resi-
dues, S protein reveals its size [80], being divided into S1 (1-685) and S2
(686-1273).

The S1 subunit is involved in host cell recognition and attachment to
it. The receptor-binding domain (RBD) responsible for binding to the
ACE2 is hosted by the S1 subunit [58,75,81]. By holding the RBD
domain, the S1 subunit is the most likely target for the action of
neutralizing antibodies and developing drugs [58,64,65,74,81]. Addi-
tionally, S1 contains the N-terminal (NTD) and C-terminal (CTD) do-
mains, both involved in the RBD recognition. For comparison, the SARS-
CoV-2 S1 CTD has an insertion of 21 amino acid residues (21 aa) directly
involved with the ACE2 interaction compared to SARS-CoV S1 CDT. The
amino acid residues F486 and E484 from SARS-CoV-2 S1 CTD determine
the strength of the interaction with ACE2 receptor compared to 1472 and
P470 from SARS-CoV S1 CTD [58,81].

The S2 subunit is involved in membrane fusion and virus entry in
cells. To develop this function, the S2 subunit hosts three critical do-
mains: fusion peptide (FP, 788-806), heptapeptide repeated sequence 1
(HR1) (912-984 residues), and heptapeptide repeated sequence 2 (HR2)
(1163-1213). FP is a small apolar fragment composed of Gly and Ala,
allowing the interaction with the membrane, densely conserved in the
coronavirus family [21,82,83]. Two FP domains are found in two
repeated sequences, HR1 and HR2. These amphipathic sequences with
hydrophobic and hydrophilic amino acid residues allow all types of in-
teractions with phospholipids in the membrane. HR1 and HR2 interact
to form a domain fusion core region [84] that drives the S2 subunit to
the cell membrane and initiates the fusion process [82,84-86].

Many other viruses present S-like proteins critical to receptor
recognition, cell attachment, membrane fusion, and virus entry. HIV and
Ebola possess S-like proteins with other names [64,69,81,87-95]. In
SARS-CoV-2, the S protein in its trimeric form is found exposed outside
the viral particle with an extension of 15 nm playing an essential role in
viral infection. Exposed in the viral particle and before interacting with
the ACE2 receptor, so the S protein is found in inactive form. The S
protein possesses two conformational moments (Fig. 2C), the open and
closed states.

This conformational flexibility is based on the presence of NTD and
RBD. The RBD is enclosed inside the S protein structure in the closed
state and cannot interact with the ACE2 receptor (Fig. 2C). The closed
conformation is also known as the perfusion state [93,96,97]. At this
stage, the RBD is found in a pocket inside the S protein structure,
covered by the NTD region. At this moment, the S1 stays on the top of
the S2 subunit to prevent early conformational change to the post-fusion
structure [98,99].

Some elegant studies have shown that a proteolytic cleavage of S
protein changes from perfusion to post-fusion state. This cleavage of S
protein is made by a cellular protease attached to the cell membrane.
The protease is TMPRSS2 and happens at a polybasic cleavage site on S
protein. Interestingly, S protein from SARS-CoV-2 has a higher cleavage
than S protein from SARS-CoV. Higher levels of S protein cleavage might
be involved in the faster entrance in cells and thus faster replication of
the virus [64,74].

The RBD is pulled out of the S protein structure during the open state
and can recognize and interact with the ACE2 receptor (Fig. 2C)
[64,65,100]. After the RBD and ACE2 receptor interaction, the complex
RBD-ACE2 initializes the conformational changes of the S protein
structure to the fusion state (post-fusion). The S2 subunit and membrane
control this reaction. Membrane fusion leads to SARS-CoV-2 entry in
cells [64,65,86,97-100]. Right after SARS-CoV-2 reaches the cytoplasm,
the infection process starts [80,81,101,102].
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4. How mutants of S protein led to VoCs
4.1. Mutation on coronavirus genome

As described above, viruses classified in the coronavirus family have
the giant single-stranded RNA genomes. The complexity of the genome
requires a complex mechanism to repair possible mistakes in the repli-
cation process. So, coronaviruses possess a massive polymerase com-
plex, and a multifunctional protein (nspl4) proofreading the Exo N
domain. In contrast, this proofreading function is not found in other
RNA viruses with smaller genome sizes [93]. The domain with residues
compatible with Exo N activity has been described in other proteins.
Genetic diversity in SARS-CoV-2 is very likely low [103-105].

However, natural selection can cause rare but favorable mutations.
For example, mutations in the influenza virus during each year's flu
season leads to a complex balance between immunological resistance
developed across populations and mutations, providing antibody resis-
tance [61], which requires the development of new influenza vaccines
every season [106]. In a recent study, Sehra et al. [107] suggested the
establishment of SARS-CoV-2 as a seasonal infection like flu. However,
the long duration of the outbreak can lead to the accumulation of
immunologically relevant mutations of the SARS-CoV-2 genome even in
the vaccinated population.

4.2. Could VoCs overshadow the breakthrough of vaccines?

To have an overview of the impact of mutations that generate VoCs
on vaccine efficacy as revealed by experiments with SARS-CoV-2 itself or
pseudoviruses expressing combined or individual mutations on S protein
that led to VoCs, sera of 20 post-vaccinated volunteers immunized with

A
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BNT162b2 (Pfizer—-BioNTech) or mRNA-1273 (Moderna), both mRNA
vaccines, presented levels of anti-spike IgM and IgG and RBD-specific
antibodies similar to people that were naturally infected by SARS-
CoV-2 [108-111]. The results revealed a reduction in the neutraliza-
tion of SARS-CoV-2 or pseudoviruses carrying mutations compared to
the Wuhan isolate.

In another experiment, the effect was evaluated of a single N501Y
mutation on neutralization. Results showed that sera from 20 partici-
pants in a trial of BNT162b2 presented a modest reduction in the
neutralization of virus, with N501Y mutation [109,110,112,113].
Regarding the virus holding the E484K mutation, results revealed a 6.7-
fold reduction of the neutralization of post-vaccination sera from people
vaccinated with the BNT162b2 [114]. Experiments with Alpha and Beta
variants showed a higher neutralization action against live-viral anti-
bodies from sera of people vaccinated with ChAdOx1 nCoV-19
(Oxford-AstraZeneca) [115]. Gamma variant was able to escape from
antibodies produced by BNT162b2 (5.8-fold) and mRNA-1273 (4.5-fold
and 2.9-fold, respectively), reducing the neutralization of vaccines,
respectively, by 6 and 4.5-fold post-vaccination [116]. Both Beta and
Gamma VoCs share the E484K; suggesting this mutation could be a
determinant for low neutralization of post-vaccinated sera.

The NVX-CoV2373 (Novavax) S protein-based vaccine showed
95.6% efficacy against the wild type. However, this efficacy dropped to
85.6% and 60.0%, respectively, for the Alpha and Beta variants [117].
Likewise, the vaccine JNJ-78436735 (Johnson & Johnson/Janssen)
showed efficacy of 72% for wild types, but this number dropped to 57%
for the Beta variant [118]. These data indicate the Beta variant has
accumulated mutations that reduced the efficacy of NVX-CoV2373 and
JNJ-78436735, but these vaccines are still clinically efficacious.
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5. S protein holding D614G mutation

The isolate of SARS-CoV-2 hosting the SD614G (Fig. 3A) emerged
and spread globally in January to March 2020 [119,120]. Besides
showing up early in 2020, the D614G is a well-conserved substitution
presented by all new SARS-CoV-2 VoCs that came after suggesting it as a
well-established successful mutation [119]. SD614G brought many
benefits to SARS-CoV-2 fitness, which will be discussed, such as
enhanced replication and infectivity. It facilitates S protein incorpora-
tion into the virion, increases virion stability, leads to higher viral loads
in COVID-19 patients, modulates glycosylation at the nearby N616 site,
but has higher infectivity and transmissibility of SARS-CoV-2
[119-123].

At the molecular level, the D614G mutation increases the stability
and density of the S protein. It decreases the S1 subunit shedding,
keeping both S1 and S2 subunits more closely supported by stronger
intermolecular association, leading to a highly stabilized S1-S2 interface
in SD614G. It was known that S1 shedding limits the infectivity of the
original SARS-CoV-2 (without SD614G) by releasing S1 from S2 during
viral fusion. The D614G mutation fixed this problem by strengthening
the intramolecular interaction between S1 and S2, blocking S1 dissoci-
ation and thus virus infectivity and transmission [119-123].

6. Alpha variant of SARS-CoV-2

In December 2020, a variant that spread quickly and increased the
risk of death was detected in the United Kingdom (UK). The variant
derived from the SARS-CoV-2 20B clade was confirmed as B.1.1.7, now
known as the Alpha variant. In the early investigation stage, increased
transmissibility of up to 71% over the previously circulating strains of
SARS-CoV-2 [124,125] was estimated. The high transmissibility of the
Alpha variant has been described in several studies in different coun-
tries, with a transmissibility range between 50 and 80% [126-128]. In
vitro and in vivo experiments supported the observed behavior of the
Alpha variant. It was demonstrated that the Alpha variant can multiply
and shed more effectively in the nasal cavity of hamsters than other
variants, even at low viral loads and short time of exposure [129]. Based
on that, the Alpha variant was defined as VoC in December 2020. It was
later defined as a variant, being monitored (VBM) because it had no
longer been detected or was circulating at very low levels [130].

In January 2021, 45 countries reported the Alpha variant's presence.
A group of British scientists proposed that the Alpha variant is respon-
sible for the third wave of the pandemic in Scotland, associated with
severe cases of COVID-19. The study results showed that the Alpha
variant of SARS-CoV-2 has 5 times higher permeability than other co-
circulating variants, hence its rapid spread in Scotland [131].

In a UK case-control study of 54,906 participants who tested positive
for SARS-CoV-2, in comparison with the Alpha variant and previously
circulating variants reported a mortality hazard ratio associated with
infection with VOC-202012/1 compared with infection with previously
circulating variants (hazard ratio of 1.64 [95% CI 1.32-2.04]) [132].
The Biwako Ohashi Hospital in Japan described a specific sign called red
face after Alpha variant infection, which may be predictive of a sudden
deterioration of patients [133].

Interestingly, in September 2021, a French group had already iden-
tified the SARS-CoV-2 Alpha variant in cats and dogs in France [134].
Recently, scientists in the UK identified cases of severe myocarditis in
cats and dogs associated with the Alpha variant that crossed the inter-
species line in the that country, raising questions regarding its poten-
tial pathogenicity in these animals [135]. The Alpha variant results from
the accumulation of 17 mutations compared to the original SARS-CoV-2
virus discovered in Wuhan, China. Here, as reported before, we focus on
the mutations accumulated in the S protein (Fig. 3A). These mutations
are expected to lead to expanded spread and increased severity of the
associated disease, requiring more effective vaccines, therapeutic drugs,
diagnostic tools, and other public health measures.
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The Alpha variant has eight spike mutations, including two deletions
in the S protein (Fig. 3A). These mutations led to two deletions, both in
the NDT region: 1) 69-70del (i.e., a deletion of 6 bases coding for his-
tidine and valine at positions 69 and 70, respectively, in the viral S
gene); and 2) 144del (deletion of Tyr residue). Usually, deletions of
SARS-CoV-2 result in escape from the immune system. However, the
69-70del has a different purpose. The 69-70del is very likely a genetic
compensation. As we will discuss further, mutations of RBD to escape
from the host's immune system led to reduced affinity for ACE2 re-
ceptors. So, 69-70del can increase the affinity of S protein for ACE2
receptors [136]. Kemp et al. [136] revealed in vitro that 69-70del is not
involved in the escape of antibodies from convalescent sera but does
increase infectivity, incorporation of cleaved S protein on viral mem-
brane, and spike infectivity. The authors discussed the idea that this
deletion came about to compensate for small infectivity defects induced
by RBD mutations N501Y, N439K, and Y453F in the S protein sequence
[136]. The 144del is a deletion of Tyr residue. It is supposed that dele-
tion changes the NDT loop based on the high volume of Tyr residue. This
alteration in the NDT loop might indicate that neutralization by 144del
is more efficient in reducing neutralization by NTD-specific neutralizing
antibodies (9 of 10; 90%) than RBD-specific neutralizing antibodies (5 of
31, 16%) [110,137-140].

The next mutation in the S protein from Alpha is N501Y (ie., an
asparagine to tyrosine amino acid substitution at position 501 in the
viral S gene) (Fig. 3A). It is the first time this mutation was detected in
SARS-CoV-2. The 501 position is at the RBD-ACE2 interface. N501
forms part of the binding loop in the contact region of hACE2, forming a
hydrogen bond with Y41 in hACE2. It also stabilizes K353, one of the
virus-binding hotspot residues in hACE2. The N501Y substitution is an
advantage to variants holding it, maybe because it is present in Alpha,
Beta, and Gama variants (Figs. 3 and 4). The substitution of an aspara-
gine (polar) with a tyrosine (hydrophobic) increases the affinity of RBD
for ACE2a [141,142]. Molecular investigations showed that the N501Y
mutation of the SARS-CoV-2 variant identified in the UK and South
Africa evolved separately [143]. N501Y mutation slowed the dissocia-
tion of the RBD from the ACE2 receptor. Additionally, it seems that
N501Y reduces neutralization by antibodies [110,124].

The effect of a mutation that replaces an alanine with an aspartate
residue at position 570 in the S protein remains unclear. It has only been
detected in the Alpha variant (Fig. 3A). The same happens with the
T7161, S982A, and D1118H mutations; they have only been found in the
Alpha variant, and their functions are still unclear (Fig. 3A). However,
the mutation replacing proline with arginine (P681H) increases the
positive net effect of S protein right before the 685 position, which is the
furin cleavage site (Fig. 3A). It has been proposed that P681H enhances
the cleavage by a furin protease, which is involved in the activation of
membrane fusion during viral infection [64,144,145].

All those mutations change the S protein, and root mean square
deviation (RMSD) calculation revealed the atomic position on the S
protein of variants compared with the wild-type S protein from the
Wuhan isolate (Figs. 3 and 4). The RMSD calculation provides a clue
about the alterations in protein structure through a score: a score of
0 indicates the atoms from both structures are in the same position,
which means no alteration in the 3D structure. Any score different from
0 indicates the atoms are in different positions, and the higher this value
is, the greater the differences are between structures. The S protein from
the Alpha variant has accumulated mutations on the HR1 and HR2
portions of the S2 subunit, leading to conformational changes in those
regions, which are essential to membrane fusion.

Research has shown that vaccines still provide reliable protection
against the variant, although they may be less effective. Different studies
have described the impact of the Alpha variant on vaccine efficiency.
The BNT162b2 vaccine (Pfizer) showed 0.81- to 1.46-fold reductions in
geometric mean titers (GMTs) against mutations in B.1.1.7 and B.1.351
variants relative to the parental virus from Wuhan [112,113]. The
mRNA-1273 vaccine (Moderna) demonstrated no reduction against the
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Fig. 4. Scheme presenting the mutations on variants and structural alignments of the variants compared to wildtype version Spike protein from SARS-CoV-2. (A)
Comparison of Spike protein sequences from wildtype version of SARS-CoV-2 and mutations on Spike protein presenting in the variants Gamma and Delta. (B)
structural analysis of Spike protein from wildtype version of SARS-CoV-2, (C) Spike protein from Gamma variant and (D) Spike protein from Delta variant. RMSD

analysis indicates changes in the structure.

B.1.1.7 variant [111]. ChAdOx1-nCoV-19-elicited sera with 9-fold lower
in vitro neutralization activity against the B.1.1.7 variant [114]. Based
on these findings, scientists suggest that in countries with low vaccina-
tion coverage, where the Alpha variant is not yet dominant, there is an
urgent need to improve health facilities to meet medical requirements of
possible Alpha outbreaks.

7. Beta variants of SARS-CoV-2

The Beta variant (B 1.351) emerged in Nelson Mandela Bay, Eastern
Cape, in October and November 2020 and soon became predominant in
South Africa, overcoming the previously dominant variants B.1.1.54,
B.1.1.56, and C.1 lineages [146]. By December of 2020 and January of
2021, the Beta variant had arrived in Botswana, France, Scotland, South
Korea, Sweden, Switzerland, the United Kingdom, Austria, Belgium,
Denmark, Finland, Germany, Ireland, Netherlands, Norway, Australia,
Brazil, Canada, China, Japan, Taiwan, United States, and Zambia [147].
This fast spread led to over 95% of infections during and after the second
epidemic wave, between November 2020 and February 2021
[142,146,148].

The Beta variant was initially classified as a new monophyletic
cluster (501Y-V2), replacing the three main South African lineages
(B.1.1.54, B.1.1.56, and C.1) that were circulating during the first
epidemic wave [148]. The high transmissibility and increased infection
duration explain why the Beta variant became predominant [149,150].
According to the mutational profile observed at the first sampling point,
this lineage had accumulated, in addition to D614G, five other non-
synonymous mutations in the spike protein (D80A, D215G, E484K,
N501Y, and A701V). Three further spike mutations emerged by the end
of November (L18F, R246l, and K417N). Additionally, the Beta variant
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has two deletions in the NDT region (Fig. 3A) [148].

The substitutions are: L18F, involving the exchange of a leucine
(apolar amino acid) by a phenylalanine (a hydrophobic amino acid);
D8O0A, the replacement of aspartic acid (negative) with alanine (apolar);
D215G, replacement of an aspartic acid (negative) with a glycine
(apolar); and R246I, involving replacement of an arginine (positive)
with an isoleucine (apolar). Also, deletions in the NDT region (Fig. 3A)
are involved in the escape from neutralization by antibodies such as
NTD-binding mAbs30 and 4A8 [140].

Three of the spike mutations are in critical residues in the receptor-
binding domain (RBD) (K417K, E484K, and N501Y) (Fig. 3A). The K417
position of the S protein has been designated an epitope of RBD of class 1
and 2 antibodies [109]. Moreover, very likely the alteration of this spot
affects the ability of class 1 and 2 antibodies to bind and neutralize the
RBD, preventing the interaction with the ACE2 receptor [141,142]. In
the Beta variant, a substitution of lysine (positive) by asparagine (polar
uncharged) is involved in the ability of the S protein from the Beta
variant to escape from immune antibodies. Besides that, this substitution
has a negative effect. It was noticed that K417N slightly reduces the
affinity of RBD for ACE2, but it seems this collateral effect did not
change the Beta variant's fitness [142].

The substations E484K and on RBD possibly enhanced the binding
affinity of the Beta variant for the ACE2 receptor. The E484K mutation is
uncommon and interacts with the K31 hotspot residue of hACE2
[142,151]. The position E484 of the S protein indicates it is an immu-
nodominant residue, which means the immune response is focused
against it. So, mutation in this position could completely disarm the
immune response toward a variant holding it. The Beta variant was the
first VoC to show substitution at position 484, in which a proline
(apolar) was replaced by lysine (positive). The E484K is involved in
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escape from antibodies in convalescent plasma (C121 and C144 mono-
clonal antibodies) [151-155]. Baum et al. [155] showed that a pseu-
dovirus with the mutation E484K could escape neutralization by
combining two monoclonal antibodies, REGN10989 and REGN10934,
used to treat severe cases of COVID-19.

The mutation N501Y (see the Alpha variant section) is present in
Alpha and Beta. It is involved in the binding phase of the S protein with
ACE2, allowing an increase in affinity for ACE2 and modifying the
structural mechanics of the RBD-ACE2 complex. The N501Y enables
escape from the immune system but reduces the affinity of the S protein
for the ACE2 receptor (see the Alpha variant section). However, in the
Beta variant, the presence of K417N and E484K mutations slightly
reduce the affinity for RBD, as they abolish the interfacial salt bridges
that help bind RBD-ACE2 and stabilize the complex. Therefore, these
two additional mutations in the Beta variant could overshadow in part
the increase in the RBD-ACE2 caused by N501Y. However, those mu-
tations facilitate the escape of the Beta variant from the neutralizing
effect of antibodies. Based on that, it is feasible to suggest that the
positive effect of K417N and E484K mutations is greater than the
negative effect, enhancing the Beta variant's fitness and thus being kept
by the virus and even developed by other variants [50,156].

As discussed above, the Beta variant presents many non-synonymous
amino acid substitutions. These amino acid changes alter the three-
dimensional structure of the S protein. For example, N501Y replaces
an asparagine with a tyrosine. The side-chain volume of asparagine is
114.1 A3, compared to the side-chain volume of 193.6 A% of tyrosine.
This difference in the size of lateral chains affects the S protein's struc-
ture. To verify that, a root mean square deviation (RMSD) calculation of
the atomic position on the S protein from the variants was performed in
comparison with the wild-type S protein from the Wuhan isolate
(Figs. 3). To perform the structural alignments, the 3D structures of S
proteins of the Wuhan isolate (PDB ID: 67Z97) were deposited in the
Protein Data Bank (PDB, https://www.rcsb.org/) and the database of
the Beta variant (modeled in this study). The RMSD analysis revealed
significant structural changes between Wuhan S protein and Beta
variant S protein (Fig. 3D). It is possible to analyze in many positions the
differences of the two proteins. The RMSD value for this alignment was
1.604 A, indicating that both atomic positions are quite different. The
greatest alteration was in regions such as NDT, the arm of S1, and RBD
(Fig. 3D). These alterations are responsible for the differential interac-
tion of the S protein with the ACE2 receptor, and thus the spread,
infectivity, and severity of the disease.

Given the ability to escape from the immune system, the Beta variant
overtook the Alpha variant in regions with naturally acquired immunity,
by about 20% to 40%. To date, modest clinical trials have shown that
two doses of the Pfizer-BioNTech vaccine had 75% effectiveness against
Beta variant infection. In contrast, Novavax's vaccine showed 89% ef-
ficacy in the UK compared to South Africa, with 60%. Similarly, the
Johnson & Johnson vaccine trials reported lower levels of protection
against moderate to severe COVID-19 in South Africa than in the United
States. Meanwhile, South Africa ceased plans to roll out the AstraZeneca
vaccine because clinical trials did not show protection against mild or
moderate illness caused by the Beta variant [145,156,157]. Experiments
using viruses expressing RBD with K417N + E484K + N501Y revealed a
reduction of 2 to 3-fold in neutralization by antibodies in plasma from
vaccinated individuals [111].

8. Gama variant of SARS-CoV-2

Since SARS-CoV-2 became pandemic, it has evolved genetically,
leading to different variants (Fig. 1), with different genetic profiles, and
thus different degrees of severity. The genomic sequencing of viral
samples has been fundamental to detect the new variants of SARS-CoV-2
[25,65]. The new VoC, the P.1 lineage, known today as the Gama
variant, was detected in about 42% of the analyzed genomic sequences
in samples from Manaus in December 2020 and presented important
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mutations with biological significance.

The Gamma variant was also identified in January 2021 in Brazilian
travelers at Japanese airports [158]. After that, this variant was iden-
tified in different Brazilian regions [159-161]. Manaus, the capital of
Amazonas State, was the most affected and became an epicenter of the
outbreak of the Gamma variant, which quickly spread through the
Solimoes River course, causing the collapse of public and private health
systems [162]. Notably, the cases of Gamma variant in January repre-
sented 85.4% (41/48) of COVID-19 cases in Manaus [163]. In February
2021, it had spread in South America and was responsible for nearly
40% of COVID-19 cases [164-166]. These results revealed the high
infectivity rate of this variant, which is estimated to be 2.6 times more
infectious.

In February 2021, two cases of a new SARS-CoV-2 variant were
described in Alagoas State [167]. One person came from Amazonas, and
the other was characterized as community transmission in Alagoas,
confirming the presence of the Gamma variant [161]. According to data
gathered by the FIOCRUZ-COVID-19 Genomics Surveillance Network of
the Brazilian Ministry of Health, the Gamma variant was mainly
responsible for Covid-19 cases in Brazil from February to July 2021. For
comparison, in December 2020, 26% of deposited genomes were the
Gamma variant (P.1); six months later, in June, 64.6% were the Gamma
variant, and in August, 99% of the sequenced samples were the Gamma
variant [168].

After the first detection on 23 December 2020 in Manaus [163], the
Gamma variant was found in 71 countries. It was detected in South
America, Central America, North America, Europe, Angola, Turkey,
Japan, the Philippines and Australia. The Gamma variant was not
detected following a logical geographical sequence concerning the first
case, since it was detected in Uruguay, Canada, India and Australia in
the same period. Brazil and the United States had the greatest number of
Gamma infections globally [169]. The Gamma variant was classified as
VoC based on its greater transmissibility, pathogenicity, and immune
escape. The Gamma variant carries multiple mutations in the NDT and
RBD domains [170,171].

The analysis of sequences revealed that the SARS-CoV-2 Gamma
variant has 37 mutations, including 22 missense, 10 synonymous, three
intergenic, one frameshift, and one in-frameshift mutation. In the spike
protein, 12 missense mutations (L18F, T20N, P26S, D138Y, R190S,
K417T, E484K, N501Y, D614G, H655Y, T10271, and V1176F) were
observed [163,171,172]. Three mutations (K417T, E484K, and N501Y)
were also identified in the RBD region of the spike protein [158,170].

Although the emergence was in different in most countries, the
Gamma and Beta variants share some important mutations in RBD, such
as L18F, K417T, and E484K, in addition to D614G (Figs. 3 and 4 panel
A). The N501Y is shared by the Alpha, Beta, and Gamma variants. The
appearance of those mutations in different variants that emerged in
different countries has two possible explanations: first, the selective
pressure on SARS-CoV-2, probably induced by either natural or artificial
immunity, drove the emergence of the mutation in different individuals;
or second, it is a clear case of convergent evolution. The implication of
these mutations (L18F, K417T, E484K and N501Y) has already been
discussed in the Alpha and Beta sections.

In addition to shared mutations, some mutations are exclusive to the
Gamma variant (Fig. 4A). Those mutations are T20N, P26S, D138Y,
R190S in the NDT region; H655Y, close to the furin site, and T10271 in
the junction between the HR1 and HR2 regions. The mutations T20N
(replacing a threonine with an asparagine) and P26S (replacing a proline
with a serine) are located in the NDT supersite region. The NDT supersite
is highly targeted by antibodies [137,140,163]. Studies by McCallum
et al. [137] and Suryadevara et al. [173] revealed that antibodies with
higher neutralizing power preferably attack the NDT supersite region.
Thus, a mutation in this region helps the Gamma variant to escape from
the immune system. Additionally, the mutation T20N provides an N site
for glycosylation, which could create a shield, protecting the region from
antibody recognition [174]. Although D138Y, R190S, H655Y, and
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T10271 are non-synonymous mutations, it seems that their mutations
have not affected or conferred any additional fitness to the S protein, or
at best, their effects are still unclear. What is known is that those mu-
tations are lineage-defining.

RMSD analysis comparing the S protein from the Gamma variant
with the S protein from the Wuhan isolate produced a score of 1.060 A,
indicating the differences between S proteins (Fig. 4B and C). Compared
to other variants, the S protein from the Gamma variant is the one closest
to the S protein from the Wuhan isolate. The most exciting alterations in
the 3D structure are in the NDT region (Fig. 4C), and the mutation T20N,
which potentially increases the glycosylation, covering the entire re-
gion, preventing the antibodies' attachment. The RMSD analysis sug-
gests that the S protein from the Gamma variant has adapted its
structure mainly to escape from the immune system. The Gamma variant
is responsible for the first case of reinfection in Manaus, Brazil [174].
This observation indicates the Gamma variant has excellent ability to
mitigate or escape from the immune system, which might be related to a
higher mortality rate of the Gamma variant, estimated to be 1.7 to 2.4-
fold higher than the rate of the Wuhan isolate [174].

The Gamma variant has a high attack rate even in people that have
completed the vaccination regimen. By July 2021, the Gamma variant
was predominant in French Guiana, threatening the hospital capacity by
causing the third wave [175]. The reduced vaccine efficiency toward the
Gamma variant was a surprise, because in vitro trials showed strong
neutralization of antibodies in people vaccinated with the BNT162b2
vaccine [38,110-113,116]. The unexpectedly high attack rate of the
Gamma variant could result from problems with the vaccine storage, but
this is just speculation. A Gamma outbreak among persons fully vacci-
nated with the BNT162b2 vaccine shows the ability of the Gamma
variant to escape from the immune system. This uncommon infection of
the Gamma variant in vaccinated people demands surveillance and
studies of BNT162b2's effectiveness in regard to the Gamma variant.

9. Delta variant

First reported in India, in late December 2020, the double-mutated
Delta VoC, a coronavirus variant formerly known as Indian VoC or
B.1.617.2, is 40% more transmissible than the Alpha variant and two
times more transmissible than the original Wuhan strain of SARS-CoV-2,
leading to new lockdowns [176,177]. The Delta variant required only a
few months to spread to 98 countries, becoming the dominant variant in
all of them. Delta is the causative agent of more than 83% of COVID-19
cases in the U.S. and 91% of infections in the UK. The UK and many
countries in Europe have faced increased new infections and deaths by
the Delta variant, which rapidly became the dominant variant world-
wide [178].

The advantage of this Delta variant is the combination of high
transmissibility and immune system evasion, besides being less sensitive
to neutralizing antibodies. Mutations of the S protein may have
enhanced its ability to bind to the ACE2 receptor [179]. As discussed
above, the S protein must be cut twice by host proteins to enter human
cells. However, the Delta variant has earlier processing of the S protein,
and newly formed viral particles emerge rapidly from infected cells,
infecting other cells more efficiently [180].

The Delta variant has accumulated multiple mutations in the S1
subunit, specifically in the NDT and RBD regions. Mutations in NDT are
related to escape from the immune system, and mutation in RBD seems
to improve its stability and ability to bind to ACE2 and evade the im-
mune system [181]. However, despite this knowledge, many unknowns
surround the Delta variant. For instance, it is not yet understood for sure
how Delta's mutations lead to a supercharged variant [181].

According to the Center for Disease Control (CDC), Delta has exclu-
sive signature mutations including T19R, V70F*, T95I, G142D, delE156-
, delF157-, R158G, A222V*, W258L*, L452R, T478K, P681R, and
D950N (Fig. 4A) [181]. The Delta variant also has the mutations D614G,
shared with all variants, and K417N, shared with the Beta and Gamma
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variants. The implication of D614G and K417N has already been dis-
cussed in this study. Delta variants presenting the K417N mutation
shared with Gamma and Beta variants belong to lineages AY.1, AY.2,
and AY.3, being called Delta plus variants (Figs. 3A and 4A)
[177-180,182-185].

The mutations T19R, V70F*, T95I, G142D, delE156-, delF157-,
R158G, A222V* and W258L* are all located in the NDT (Fig. 4) region,
covering the NDT supersite, which is the target of anti-NTD neutralizing
antibodies [109,116,137,140]. The NDT region has a stabilizing effect
on the S protein [186] because it is targeted by potent neutralizing an-
tibodies [137,173,186-188]. The NDT supersite is divided into five
loops, named N1 to N5, covering different residue gaps in N1 (residues
14-26), N2 (residues 67-79), N3 (residues 141-156), N4 (residues
177-186), and N5 (residues 246-260) [186,187,189].

The Delta variant has accumulated many non-synonymous muta-
tions in the NDT supersite, changing its structure to reduce the
neutralizing effect of anti-NDT antibodies. A meticulous analysis of the
Delta variant's mutations in the NDT region shows that T19R is in the N1
region, V70F is in the N2 region, G142D and delE156- are in N3, and
A222V and W258L are in the N5 region. The Delta variant showed three
mutations in the RBD region (K417N, L452R, T478K). One of them,
K417N, shared with the Beta and Gamma variants, has already been
discussed. Here we focus on the two exclusive regions of the Delta
variants L452R and T478K (Fig. 4A).

It was shown that the Alpha, Beta, and Gamma variants share the
mutation N501Y, which is involved in escaping from the immune sys-
tem. However, this mutation slightly reduces the affinity of RBD for the
ACE receptor. It seems that the Delta variant has accumulated mutations
to overcome that obstacle. The Delta variant lacks the mutation N501Y.
In contrast, it has the mutations L452R and T478K, which are involved
in the escape from anti-RBD antibodies and do not reduce the affinity of
RBD for ACE2 [28,46,93,136,137,186,187,190,191]. The mutation
L452R (changing a leucine for an arginine) is closely related to the
escape of monoclonal antibodies [142]. For example, the monoclonal
antibody Bamlanivimab lost its antiviral effect against the Delta variant,
contrasting with its continuing activity against other variants [142]. The
unique change of T478K in the RBD region of the Delta S protein was
found precisely in the epitope region recognized by monoclonal anti-
bodies known as Class 1 [192].

The mutation P681R, adjacent to the furin cleavage site (685), seems
to be one of the greatest advantages of the Delta variant. The Alpha
variant has a mutation at the same P681H site. This mutation increases
the Alpha transmissibility by 40% in comparison with the original SARS-
CoV-2 from Wuhan. The mutation replaces the proline residue with an
arginine residue in the Delta variant at position 681. Both mutations in
the Alpha and Delta variants lead to a less acidic environment, favoring
the basic cleavage at the furin site. The fact is that arginine is the most
basic ever, with a pK of the side chain of 12.5. Based on that, arginine
provides a perfect environment for furin cleavage and activation of the S
protein.

Furin cuts indicate the existence of more S proteins primed to invade
human cells. For example, in SARS-CoV virions, only 10% of S protein is
primed and can infect cells. In the Alpha variant, with P681H, the
primed S protein is about 50%. In contrast, in the Delta variant, holding
the mutation P681R, 75% of S proteins are primed and can infect human
cells. The P681R is not just one more mutation; it is behind the fast
spread of the Delta variant and probably is the essential advantage
gained by Delta [180].

Liu and researchers reported that the S protein is cut more efficiently
in the Delta variant than others [193]. The P681R at a furin cleavage site
separates the S1 and S2 subunits [180]. The authors stated that it seems
the viral particles of the Delta variant are produced with the primed S
protein and then infect cells more efficiently. Virologists at the Uni-
versity of Tokyo showed that the P681R mutation speeds up the infec-
tion of uninfected cells through plasma membrane fusion, three times
more than the other variants [185].
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The D950N (Fig. 4A) region is located at the interface of the S protein
trimer. It is suggested that this mutation regulates S protein dynamics
between monomeric and trimeric phases [194]. The RMSD analysis
(Fig. 4D) revealed that the S protein from Delta is the most different from
the original S protein from the Wuhan isolate (Fig. 4B). The S protein
from the Delta variant presented the highest value of RMSD, 1.716
(Fig. 4D). The most altered region is the NDT region due to accumulating
a higher number of mutations.

The Delta variant is more aggressive [184]. Delta-infected people
present a viral load 1260 times higher than people infected with the
original coronavirus strain [195,196]. Li et al. [195] reported that high
viral loads in people infected with the Delta variant are reached in up to
four days after contact with an infected person. In contrast, in people
infected with the original SARS-CoV-2, this only happened six days after
contact. This result indicates a higher replication rate of the Delta
variant, which has a perfect combination to spread. The high viral loads
plus short incubation time make sense to explain the greater trans-
missibility of the Delta variant compared to the original SARS-CoV-2 or
even the other variants.

The Delta variant's ability to strongly bind to the receptors of lung
cells and escape from immune response might overcome immunization
gained from vaccination [184]. Recent data indicate that fully vacci-
nated people can still be vectors to spread the Delta variant more effi-
ciently than other variants [197-199]. The fully vaccinated people are
protected against severe COVID-19 and death by Delta variants. How-
ever, those people still present a high level of transmission. This fact is
intriguing to scientists worldwide, and the recommendation is for
vaccinated people to continue taking precautions such as social
distancing and wearing face masks.

10. Omicron variant

On 24 November 2021, a new variant was identified in South Africa,
variant B.1.1.529, later designated as Omicron by the WHO. Two days
later, Omicron was classified as a VoC, a classification that occurred
faster than the other variants [200]. The Omicron variant is highly
mutated, with more than 50 mutations (30 mutations in the S protein
alone). There have been more than 200 cases detected in 23 countries on
all 6 continents [200]. Most surprisingly, cases were detected in Scot-
land, where 6 cases of these variants were identified. None of them were
related to travelers from South Africa, which may indicate community
transmission of the variant [201].

Initial results show that this variant has many mutations in relation
to the Alpha and Delta variants, linked to the sudden increase in
transmission, infectivity, and escape from the immune system. Initial
modeling studies using artificial intelligence showed that Omicron's
protein S could escape from T lymphocyte cells, but more in vitro studies
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need to be conducted to confirm this finding [201]. Like three patients in
Brazil, some people infected by Omicron were fully vaccinated, indi-
cating that Omicron can defeat the immunity caused by vaccines.

Preliminary studies have shown that the S protein of this new variant
has an insertion at position 214 of the NTD region. This insertion was
likely acquired from a host infected by SARS-CoV-2. Therefore,
sequencing in the search for new variants is of paramount importance
for understanding how mutations affect the behavior of protein S in
human infection and the discovery of new animal hosts. That is why it is
essential to continue monitoring people infected with SARS-CoV-2.

Of the 30 mutations of the S protein of the Omicron variant, some are
shared with previous variants, and others are unique. Among the mu-
tations, Omicron has one insertion of three amino acids in the NDT re-
gion together with three small deletions compared to wild-type SARS-
CoV-2 from Wuhan. Insertions and deletions in the S protein from
Omicron lead to a loss of three amino acid residues in the Omicron S
protein compared to the wild-type version of the virus.

Indeed, mutations lead to a different S protein in the Omicron variant
compared to S protein from Wuhan SARS-CoV-2 (Fig. 5). The Delta
variants have the most different S protein among the variants compared
to Wuhan SARS-CoV-2 (Figs. 3 and 4). However, RMSD analysis of the S
protein from Omicron revealed a new winner. The S protein from the
Omicron variant had an RMSD score of 2.156 (Fig. 5C), compared to the
S protein structure of Wuhan isolate (Fig. 5A), with score of 1.716
(Fig. 5B). This analysis showed many alterations in atoms' positions,
leading to a structural difference in S protein spatial arrangement. The
most different parts of S protein from the Omicron variant have been
found in the NDT region, which has suffered from many mutations,
including insertions and deletions.

First of all, the D614G substitution in all variants is also conserved in
Omicron S protein. Omicron shares mutations that were previously
exclusive to Alpha, such as del69-70 and P681H. Omicron has no mu-
tation shared only with the Beta variant, and the H655Y substitution is
the only mutation that Omicron shares only with the Gamma variant.
With the Delta variant, Omicron shares T95I, G142D and T478K. Omi-
cron shares the N501Y region with Alpha, Beta, and Gamma variants.
Additionally, Omicron shares the K417N substitution with Beta,
Gamma, and Delta variants.

The Omicron variant has 24 signature mutations (A67V, A211/
L212I, ins214EPE, G339D, S371L, S373P, S375F, N440K, G446S,
S477N, E484A, Q493K, G496S, Q498R, Y505H, T547K, N679K, N764K,
D796Y, N856K, Q954H, N969K, and L.981F [201]. These mutations are
found in the NDT region, in the RBD, around the furin cleavage region,
in the fusion peptide and HR1 regions. The shared mutation between
Omicron and other variants has already been discussed throughout this
review. When important, it is possible to further develop some discus-
sion. However, the focus here is on the signature mutations presented by

B.1.1.529 Omicon "
SARS-CoV-2 S protein 35

’ RMSD 1.716 7 RMSD 2.156

Structural alignment among Spike protein from Wildtype and variants of SARS-CoV-2. (A) structural analysis of Spike protein from wildtype version of SARS-

CoV-2, (B) Spike protein from Delta variant and (C) Spike protein from Omicron variant. RMSD analysis indicates changes in the structure.
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Omicron.

An interesting point regarding Omicron is the substitution of E484A
rather than the E484K present in the Beta and Gamma variants (Figs. 3A
and 4A). As discussed above, the E484K is related to escape from
neutralizing antibodies. In the Omicron variant, the E484A is more
involved in escaping from 2B04 and 1BO7monoclonal antibodies [201].

As happens in other variants, the mutation in the NTD region was
mostly involved in two points: stabilizing the S1 to allow strong inter-
action between RBD and ACE2, and escape from neutralizing antibodies.
With the deletion shared with the Alpha variant, Omicron also has
another del211, a substitution of L2121, and an ins214EPE of three
amino acids in the NDT region. As discussed above, NDT is a supersite of
recognition by antibodies. By changing this region, Omicron can be
more efficient in escaping from the immune system [43,202]. These
alterations could be involved in the ability of Omicron to infect fully
vaccinated people.

This is not the first substitution where N440K is present. One SARS-
CoV-2 sample isolated from a re-infected patient presented this mutation
[151] and is related to escape from human monoclonal antibodies. This
mutation is predicted to result from selective pressure imposed by an-
tibodies [203]. Other mutations in RBD such as G4468S, S477N, T478K
(also in the Delta variant), E484A, and Q498R, are all involved in the
escape of RBD from anti-RBD neutralizing antibodies [142,193,204].

Q493 is an important site for interaction between RBD and ACE2.
However, mutations at this site are generally either Q493R/K, and the
Omicron variant has the Q4 substitution It seems that this mutation is
tolerated and does not affect the interaction between ACE2 and RBD
[205]. Indeed, this mutation is involved in the escape from LY-CoV555,
LY-CoV016, and REGN10989,/10934 monoclonal antibodies [155,205].

S477N, N501Y, P681H, and N679K are very likely to support the
Omicron variant's higher transmissibility. Before Delta, Alpha was the
most transmissible variant in the world. This was possible because
compared to wild-type SARS-CoV-2, the Alpha variant has a histidine
rather than a proline at position 681 in the polybasic cleavage site in the
spike protein at the S1/S2 junction (residues 681-685) to the furin site
of cleavage. The furin cleavage requires a basic environment to occur, so
the replacement of proline (apolar) by histidine (positively charged) in
the Alpha variant improved the furin cleavage, producing more activity
of S proteins able to infect the cell. Additionally, the Alpha variant loses
glycosylation at this position by removing the proline residue. This is
important because carbohydrates hinder the cleavage site, inhibiting
access by the protease. Elimination of proline removed a glycosylation
site found in the ancestral Wuhan strain.

In the case of Delta, there has been improvement. The Delta variant
has substitution at position 681, but the Delta variant has an arginine
replacing the proline residue instead of lysine. By being the essential
amino acid residue, the Delta variant improved the cleavage of S protein,
enhancing its cell recognition and infection, leading to higher trans-
missibility than that presented by the Alpha variant. The Omicron pre-
serves the same substitution presented by the Alpha variant, P681H. The
replacement of proline by an arginine instead of histidine is a significant
evolutionary advantage. In contrast to histidine, which is only positive
at mildly basic pH, arginine is positive under all cell conditions. This is
thought to be responsible for the higher transmissibility of the Delta
variant [206].

At first glance it was reasonable to assume that Omicron could be less
transmissible than the Delta variant. However, Omicron also showed a
new mutation near the cleavage site, N679K. This substitution also
added a positively charged lysine residue, making the neighborhood
satisfactory for furin cleavage. So, these two mutations, P681H and
N679K seem to be associated with mutations that provide a more effi-
cient S1-S2 cleavage, leading to a more infective S protein. Although this
makes total sense, it needs more investigation for confirmation. How-
ever, the rapid replacement of the Delta variant by Omicron in South
Africa reinforces the hypothesis of high transmissibility rates of the
Omicron variant. Another explanation for higher transmissibility of
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Omicron is that these mutations also promote escape from the immune
system.

There is no doubt about the higher transmissibility rates of Omicron.
However, it needs to be quantified. The reproductive number (Ry) is a
measure of transmissibility (Fig. 6). For example, the Ry of wild-type
SARS-CoV-2 is 1, which means one infected person transmits the virus
to one person. The Ry for the Alpha variant is 1.76, indicating more
transmissibility (Fig. 6). For the Delta variant, the Ry value is 5.01
(Fig. 6), indicating that one person infected with the Delta variant can
spread the virus to up to five other people. This is a high increase of
transmissibility compared to wild-type SARS-CoV-2. However, there are
no reliable data on Ry for Omicron (Fig. 6). Based on preliminary
infection in South Africa, it is postulated to be higher than the Delta
variant.

Regarding the severity of COVID-19 caused by Omicron, the
knowledge is insufficient to reach any conclusions. However, there is
some information available. For example, the COVID-19 caused by
Omicron has new symptoms not described before regarding other vari-
ants, such as fatigue, body aches and headache. Additionally to these
symptoms, one patient also presented a fever and a very high pulse rate
[207,208]. Some patients have been found to be positive for Omicron
infection but without symptoms [207].

Some vaccinated people have become infected with the Omicron
variant, indicating this variant can to some extent, break immunity ac-
quired with vaccination. The escape from the immune system of vacci-
nated people might be related to the higher number of mutations in the
RBD region, allowing the escape from anti-RBD neutralizing antibodies.
It has been indicated but not confirmed that Omicron can escape from
memory immunity conferred by T cells and durable immunity.

Among vaccinated people infected with Omicron, some are asymp-
tomatic and some have only mild symptoms. There have been no severe
cases, hospitalization, or death caused by Omicron. This indicates that
vaccination does not prevent Omicron infection, but it protects from
severe cases, hospitalization, and death [200,201,207,208]. This infor-
mation suggests how important it is to expand vaccination worldwide to
prevent severe COVID-19 caused by the Omicron variant.

11. Interaction of S protein from variants with ACE2

Although it is known that the S protein from variants has a higher
affinity for ACE2 than the wild-type version, nobody has quantified this
interaction. What is known and accepted is that variants are more
transmissible than wild-type versions. Here, we have used the wild-type
S protein from the Protein Data Bank (https://www.rcsb.org/, PDB ID:
6Z97) to build the three-dimensional (3D) models of protein from the
Alpha, Beta, Gamma, Delta and Omicron variants using the Swiss Model
Server (https://swissmodel.expasy.org/) [209]. All the structure
showed in the manuscript were validated. The models were created
using the SWISS-model that already make the check in the structure
using the Molprobity. Additionally, we have checked the structures on
Molprobity server (http://molprobity.biochem.duke.edu/) [210] by
Ramachandran plot analysis. Also, the global quality factor and the
reliability of the models' folding were evaluated by ERRAT2 (http://se
rvicesn.mbi.ucla.edu/ERRAT/) and Verify3D (http://servicesn.mbi.
ucla.edu/Verify3D/), respectively. The 3D model built was docked
against the ACE2 (PDB ID: 7KMD) using the FRODOCK Interactive
protein-protein docking server (http://frodock.chaconlab.org/) [211].

The FRODOCK server provides a docking score (DS) that indicates
the interaction between the protein and ligand. In this case, higher DS
values are associated with higher affinity of the interaction. Based on the
corresponding DS value, this only enables suggesting which protein has
more affinity than any other protein. As a control, the interaction be-
tween the wild-type S protein from Wuhan isolate with ACE2 (Fig. 7A)
has been used. This interaction has a DS value of 3025.00 (Fig. 7A). All S
proteins from variants have higher DS values, indicating they have a
higher affinity for ACE2 than wild-type S protein (Fig. 7). This was
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Fig. 6. The reproductive number (Ry) wildtype and variants of SARS-CoV-2. The Ry of the variants is higher than the wildtype version of SARS-CoV-2 suggesting the

variants are more transmissible.

expected, because, to some extent, all variants are more transmissible
than wild-type SARS-CoV-2 from Wuhan. The S proteins from Beta and
Gamma variants presented DS values, respectively, of 3102.00 and
3200.00, which mean increases of 2.5% and 5.85% in the DS interaction
with ACE2 (Fig. 7C and D). This result suggests the S protein from those
variants has a slight increase in the ability to interact with ACE2
compared to the wild-type versions of S protein.

The DS values for Alpha, Delta, and Omicron were, respec-
tively,3341.00, 3415.00, and 4150.00 representing increases of 10.44%,
12.89%, and 37.23% in the ability to bind to ACE2 (Fig. 7B, E, and F).
These three variants were classified as transmissible and presented the
highest DS values compared to other wild-type variants of S protein. Not
surprisingly, the S protein from the Omicron variant, which has many
mutations, presented the highest value of DS, suggesting the S protein
from the Omicron variant is the most optimized protein for interaction
with the ACE2 receptor. These results are in accordance with the higher
transmissibility of the Omicron variant.

12. Conclusion

It is clear that the S protein from variants has been changing with two
goals: 1) to improve the interaction with ACE2; and 2) to escape from the
immune system. Spike amino acid substitutions, deletions, and in-
sertions (Omicron) have a direct impact on how neutralizing antibodies
interact with S protein from variants, leading to reinfection and even
infection of fully vaccinated people. However, it looks like the mutations
in the spike of variants are more driven to improve the interaction with
the ACE. The fast interaction with ACE2 reduces time when SARS-CoV-2
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is exposed to neutralizing antibodies. The results presented lead to the
conclusion that the Omicron S protein is optimized to bind to the ACE2
receptor and escape from the immune system. It is clear that SARS-CoV-
2 is under selective pressure caused by vaccines and is changing in
response to that pressure. So, an understanding of spike mutations in
antigenic positions will help monitor and improve vaccine effectiveness.
Additionally, it is essential to continue collecting virus information by
sequencing and studies with vaccines to elucidate the SARS-CoV-2
behavior.
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