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A B S T R A C T   

The spike protein comprises one of the main structural components of SARS-CoV-2 because it is directly involved 
in the infection process and viral transmission, and also because of its immunogenic properties, as an inducer of 
the protective antibodies production and as a vaccine component. The occurrence of mutations in this region or 
in other the virus genome regions, comprises a natural phenomenon in its evolution. However, they also occur 
due to the selective immune pressure, to which the agent is continuously subjected, especially in the spike 
protein immunodominant regions, such as the RBD. Mutations in the spike protein can change the virus’ fitness, 
increasing its affinity for target cells, its transmissibility and its virulence. In addition, these mutations can giving 
it the potential ability to evade the protective antibodies action obtained from convalescent sera or vaccine 
origin, as well as those used in therapy, which may favor the virus expansion and compromise the infection 
control. 

Five mutations N501Y, E484K/Q, K417N/T, L452R and T478K, located in the spike protein RBD, have had a 
greater impact because they are associated with new attributes developed by the virus, which characterize the 
emerging variants of concern (VOCs) of SARS-Cov-2 identified so far. The occurrence of these mutations induces 
complex physicochemical effects that can alter the spike protein’s structure and its function, which in turn, lead 
to changes in the agents’ fitness. This manuscript discusses the attributes of VOCs associated with the physi
cochemical effects caused by the aforementioned mutations.   

1. Introduction 

SARS-CoV-2 is a positive single-stranded RNA virus with a length of 
approximately 30,000 nucleotides, which encodes four structural pro
teins: spike protein [S], envelope protein [E], membrane protein (ma
trix) [M], and nucleocapsid protein (Kim et al., 2020). Each of them has 
specific functions in the viral cycle (Satarker and Nampoothiri, 2020). 

Protein S is the fusion component that forms trimers on the virion 
surface. Composed of two subunits, S1 and S2, the S1 subunit is 
responsible for binding to the host cell receptor and the S2 for fusion 
with the cell membrane (Walls et al., 2020; Wrapp et al., 2020). The S1 
subunit primarily contains the receptor binding domain (RBD), amino 
acid position 319–541, which interacts with host cell receptor 

angiotensin converting enzyme 2 (ACE2) (Satarker and Nampoothiri, 
2020). This interaction triggers the protein S cleavage between the S1 
and S2 fragments by cellular proteases found in the lung alveoli, such as 
transmembrane protease serine kinase 2 (TMPRSS2), thus initiating the 
virus entry into recipient cells and, consequently, the infection trans
mission to neighboring cells (Wan et al., 2020). 

Protein S is also the main virus surface antigen as it has the property 
of inducing the host to produce neutralizing antibodies against SARS- 
CoV-2. Although most viral proteins are capable of inducing specific 
anti-SARS-CoV-2 antibodies, those targeting protein S are the only ones 
capable of blocking the virus entry into the host cell, interfering in the 
interaction of protein S with the receptor (ACE2) or interrupting the 
fusion mechanisms that the virus uses to access the host cell’s cytoplasm 
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(Lucas et al., 2021; Chi et al., 2020a; Brouwer et al., 2020). In addition, 
antibodies used in rehabilitation (based on plasma transfusion) and 
SARS-CoV-2 infected individuals therapy are also directed against pro
tein S (Shen et al., 2020). 

Finally, protein S is the viral component that serves as the basis for 
the development of all anti-SARS-CoV vaccines produced to date, of
fering as target sequences, full-length S protein, S1 and RBD, formulated 
with various adjuvants (Silveira et al., 2021; Shahzamani et al., 2021). 

Due to these properties, protein S is of notable interest for being 
directly involved in the virus transmission mechanism, for being 
responsible for the antibodies induction that neutralize the virus and, 
finally, for its role as an immunogen, inducing protective antibodies 
against the virus. Therefore, the preservation of its primary structure is 
essential for maintaining its function. However, the SARS-CoV-2, as with 
viruses in general, is subject to evolution which can be characterized by 
the mutations emergence that can occur in any region of its genome 
(Singh et al., 2021). These mutations offer mechanisms for it to adapt to 
a new host and/or escape the immune response (cellular and humoral), 
or even become resistant to control measures against its propagation and 
to the therapeutic strategies adopted to contain the infection caused by 
it. The COVID-19 pandemic, characterized by the high transmission and 
replication rate of SARS-CoV-2, favored this agent to rapidly accumulate 
a constellation of mutations, giving it significant genetic diversity, since 
its initial detection in Wuhan, China, in December 2019 (Zhu et al., 
2019). In particular, in the sequences encoding the spike protein. As the 
spike protein plays important properties in the virus biology, mutations 
that occur in it, especially in the RBD region, can compromise its 
structure and also its function and cause a great biological impact by 
altering the virus antigenic profile. Hence, it became critical to closely 
monitor the spike protein antigenic evolution in circulating viruses, 
especially in the pandemic context (Li et al., 2020). 

As a product of this monitoring, many biologically significant mu
tations in protein S have been identified, and it appears that the RBD and 
N-terminal domain (NTD) located in this protein are mutational hotspots 
because they are under intense selective immune pressure (Greaney 
et al., 2021). Five mutations N501Y, E484K/Q, K417N/T, L452R and 
T478K, located in the spike protein RBD, have had a greater biological 
impact because they were associated with new attributes developed by 
the virus, which served as a basis for characterizing the variants of 
concern (VOC) of SARS-Cov-2 that emerged in the pandemic context. 
Other mutations such as P681H, D614G and the 69/70 deletion, located 
in regions outside the RBD and which also have implications for the 
virus fitness, have been identified. The occurrence of these mutations 
induces complex physicochemical effects that can alter the spike pro
tein’s structure and its function. 

Several molecular dynamics studies have demonstrated these effects 
and their implications for the SARS-CoV-2 variants fitness (Alaofi and 
Shahid, 2021; Istifli et al., 2021; Peters et al., 2021). However, in most of 
these studies the change in the variants’ fitness is demonstrated 
considering the combined mutations effect (or the set of them) identified 
in the VOCs, which limits the understanding of the effect and impact 
caused by each one of them individually. In this manuscript, it was 
proposed to associate the physicochemical effect of each mutations 
mentioned above with the agent’s fitness, as well as the attributes pre
sented by the VOCs. 

1.1. Physicochemical and biological effects of the mutations N501Y, 
E484K/Q, K417N/T, L452R and T478K on spike protein  

1. N501Y mutation 

Mutation first identified in the SARS-CoV-2 variant that emerged in 
the UK (lineage B.1.1.7) (see below) (Rambaut et al., 2020), and was 
subsequently identified in the variants that emerged in South Africa 
(B.1.351) and in Brazil (P.1). 

The N501Y mutation is characterized by the substitution of an 

asparagine (N) residue with a tyrosine (Y) (N501Y) residue. It is located 
within RBD in the spike protein S1 region, specifically in a region called 
the Receptor Binding Motif (RBM), amino acid position 437–508 
(Satarker and Nampoothiri, 2020). The residue at this position is one of 
the six major virus-cell contact residues present within that domain (Lim 
et al., 2020). The tyrosine residue introduction forms an extra hydrogen 
bond with the angiotensin converting enzyme 2 receptor (ACE2) 
(Lys353-Tyr501), which increases the surface protein’s electrostatic 
docking attraction, and therefore, the SARS-CoV-2 virus binding affinity 
to the host cell (Khan et al., 2021). In other words, this mutation induces 
a lower virus-cell dissociation constant, as it causes a stronger binding 
between the new variant and the receptor when compared to the wild 
type, according to molecular dynamics studies (Tian et al., 2021). 

Structural biological studies of the SARS-CoV-2 RBD also concluded 
that in addition to increasing the binding strength of the RBD to human 
ACE2 (Starr et al., 2020a), the N501Y mutation may also contribute to 
the spike protein maintenance in a so-called “open” prefusion confor
mation state, promoting greater efficiency in viral entry, contributing to 
greater the agent infectivity (Teruel et al., 2021). This prefusion isoform 
of the protein S is the necessary state for the RBD to recognize and 
engage the ACE2 receptor. The same effect has been predicted for other 
mutations on glycine residues (404, 416, 504) as well as at K417 residue 
(Teruel et al., 2021). Therefore, the most prominent biological effect of 
this mutation is to attribute to variant greater ability to transmit and 
propagate in the environment, which was proven based on its rapid 
expansion and the N501 lineage replacement (Leung et al., 2021). 
However, it was suggested that the N501Y mutation alone would not be 
sufficient to give the virus a different fitness from that observed in the 
wild-type virus (Khan et al., 2021). Additionally, it was also suggested 
that this mutation had no potential to compromise the vaccines efficacy 
already developed against the agent (Conti et al., 2021), although its 
presence reduces the neutralizing activity of anti-RBD antibodies from 
convalescent sera (Lu et al., 2021).  

2. K417N mutation 

Characterized by the replacement of a lysine (K) residue with a 
arparagine (N) residue (K417N), this mutation, although it does not 
contribute to binding toACE2 receptor (since it is outside the RBM), 
occurs in an epitope for neutralizing antibodies (Tada et al., 2021a). Its 
is suspected that its emergence is associated with the potential for escape 
developed by VOCs from neutralization by various monoclonal anti
bodies classes and also from convalescent sera, which have been shown 
protection against severe forms of COVID-19 (Yuan et al., 2021). 
Additionally, others studies have shown that this mutation may also 
contribute to escape neutralization by antibodies elicited by vaccines 
Pfizer-BioNtech BNT162b2 and Moderna mRNA-1273 (Tada et al., 
2021a). 

It has been shown that the physicochemical effect caused by the 
K417N mutation is the binding strength reduction RBD-ACE2, as a 
consequence of the salt-bridge loss between K417 and D30 (located in 
ACE2) when K417 changes to N417 and forms a pair between K484 and 
E75 (also located in ACE2), increasing virus-cell dissociation constant 
(Jawad et al., 2021). This effect could minimize the virus fixation po
tential in the cell and, thus, decrease its infectivity. But, interestingly, 
the co-occurrence of the N501Y mutation (which is observed in 95% of 
cases (Yuan et al., 2021)), re-establishes the variant’s capacity to effi
ciently interact with the host cell, restoring the potential for infection. 
Studies by Kim Y et al. (2021) have also shown that the K417N mutation, 
when in association with the E484K mutation, dramatically increases 
virus-cell fusion (compared to wild-type virus or the N501Y variant) as 
the E484K mutation improves the electrostatic complementarity with 
the negatively charged ACE2, through the change from a carboxylic acid 
(E) to an amine group (K). This physicochemical effect may confer 
greater transmissibility to SARS-CoV-2, although the infectivity remains 
similar (Kim et al., 2021). Therefore, despite the presence of the K417N 
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mutation alone has a negative effect on the infection clinical course, the 
variant’s attributes are reset by co-occurrence of other mutations. 

Due to its location, it has been suggested that the K417N mutation 
may have been selected as a mechanism for evading the humoral 
response (Wang et al., 2021a), which justifies the ability to escape from 
neutralizing antibodies action by variants that express this mutation, 
such as those that emerged in South Africa (B.1.351) and in Brazil (P.1). 

A second mutation was identified at this position, characterized by 
the substitution of the lysine residue with a threonine (K417T). It has 
also been found in association with the N501Y and E484K mutations. 
Despite being different from each other, both give similar attributes to 
the viral variants, although variations in the binding pattern are noted 
due to the different biochemical characteristics that exist among the 
mutated residues (Khan et al., 2021).  

3. E484K mutation 

The E484K mutation comprises the substitution of a residue with a 
glutamate (E) with a lysine (K) at position 484 (E484K) in the RBD. The 
amino acid at that position serves as a contact point for ACE2 (Lan et al., 
2020). This exchange results in the introduction of an additional 
hydrogen bond between the spike glycoprotein and the SARS-CoV-2 
RBD (Glu35-Lys484). This extra bridge decreases the ACE2-RBD disso
ciation constant by increasing the binding strength of the ACE2-E484K 
mutant complex, giving the variant greater cell surface docking capac
ity than that observed in wild-type virus (Khan et al., 2021). Besides 
that, the E484K mutation also causes the conformational rearrange
ments of the loop region containing the mutant residue, which leads to 
tighter binding interface of RBD with ACE2 and formation of some new 
hydrogen bonds. The tighter binding interface and the new hydrogen 
bonds formation also contribute to the improved binding affinity of RBD 
to the receptor ACE2 (Wang et al., 2021b). This substitution may be 
responsible for the rapid spread and high infectivity of the SARS-CoV-2 
variant that presents it, especially when associated with the N501Y 
mutation (Zhao et al., 2021). In addition, since position 484 is part of the 
most important site for virus recognition by neutralizing antibodies, the 
E484K mutation occurrence also significantly reduces the binding af
finities to RBD for some neutralizing antibodies/nanobodies, mainly 
owing to the unfavorable electrostatic interactions caused by it (Wang 
et al., 2021b). 

Therefore, the occurrence of mutation in this position is a matter of 
great concern to public health since it favors the virus spread, compro
mises the neutralizing activity of therapeutic monoclonal antibodies 
(Weisblum et al., 2020) and also gives the virus a ability to evade im
munity induced by natural infection and by vaccination (Wang et al., 
2021b; Jangra et al., 2021; Liu et al., 2021a). Accordingly, it has been 
suggested that mutations in this position can reduce by up to 10 times 
the virus recognition capacity by therapeutic monoclonal antibodies and 
also polyclonal ones (originated from natural exposure to SARS-CoV-2) 
(Greaney et al., 2021). Additionally, it is important to note that this 
position along with other positions with interface residues are the main 
access points for drug discovery against SARS-CoV-2 variants (Yang 
et al., 2021), which means that mutations on that site could compromise 
its effectiveness. The E484K mutation is present in the South African, 
Brazilian and emerging Indian variants, B.1.351, P.1 and B.1.617 line
ages, respectively. 

Another mutation at the same position (E484Q) has been reported in 
some variants, although its effects are still poorly understood. One of 
them appears to be the disruption of an electrostatic binding in the 
residue E484 of the spike protein RBD with K31 at the ACE2 interaction 
interface. Structural analysis of the effect of this mutation revealed a 
decrease in intramolecular and intermolecular contacts in this region, 
compared to wild type, with sufficient potential to destabilize the RBD- 
ACE2 binding (Cherian et al., 2021). However, the L452R residue mu
tation (hydrophobic L452 to the hydrophilic 452R) which often occurs 
concurrently with E484Q, can help in interactions with water molecules 

and in the general re-stabilization of the complex, maintaining high 
binding avidity (Cherian et al., 2021; Augusto et al., 2021a). 

Finally, it has been shown that E484Q can decrease the binding ca
pacity of some monoclonal antibodies to variant strains, compared to the 
wild-type strain (Cherian et al., 2021), as well as of antibodies induced 
by natural infection or vaccination, as evidenced by inhibition assays 
(Augusto et al., 2021a). Despite the concurrence of this mutation with 
the L452R (discussed bellow), there seems to be no synergism in the 
effect of these two mutations in relation to the neutralizing capacity of 
the variant by anti-RBD antibodies (Ferreira et al., 2021).  

4. L452R mutation 

It has been suggested that the L452R mutation emergence is a 
consequence of the SARS-CoV-2 adaptive evolution, in response to 
either the epidemiological containment measures or due to a growing 
proportion of the population with immunity to the original viral vari
ants, i.e. the reconvalescents and vaccinated individuals (Tchesnokova 
et al., 2021). Although the L452R functional impact has not yet been 
elucidated, it is known that leucine-452 is positioned in the RBM (within 
the RBD), in the direct contact interface with the ACE2 receptor, despite 
this residue does not directly contact the receptor (Lan et al., 2020). 

It has been shown that the substitution of leucine (L) with a arginine 
(R), in association with the E484Q mutation results in an increase in the 
binding energy between the RBD-ACE2 complex, predicting stronger 
virus-cell binding (Kumar et al., 2021). This physicochemical effect 
would facilitate the SARS-CoV-2 penetration into the cell, giving it 
greater infectivity and transmissibility (Chen et al., 2020a). Further
more, it was observed that its occurrence together with the T478K 
mutation increase the stability and intra-chain interactions in the spike 
protein, which may change the interaction ability of neutralizing anti
bodies (Kumar et al., 2021). 

In order to prove the individual effect of this mutation on virus 
fitness, pseudoviruses were generated carrying the L452R mutation with 
D614G and with the D614G mutation only. It was observed that the 
pseudoviruses generated carrying the L452R mutation demonstrated 
greater ability to penetrate cells that express the ACE2 receptor and the 
TMPRSS2 cofactor for SARS-CoV-2 when compared to the pseudoviruses 
that had only the D614G mutation. This finding proposed the association 
of the L452R mutation with the increased infectious capacity of the 
variant in which the mutation is detected (Deng et al., 2021). 

The individual influence of the L452R mutation was also proven in 
the immunity context. Studies have shown that this mutation gives the 
variant moderate resistance to neutralization by antibodies elicited by 
previous infection or vaccination (Deng et al., 2021; Mor et al., 2021), 
which obviously gives L452R mutants potential to also evade humoral 
immunity. Furthermore, it has been shown that shifts at position 452 can 
also influence the cellular immune response against SARS-CoV-2. The 
region that spans 448–456 of the S protein comprises the epitope pre
sented by HLA-A24 (Kiyotani et al., 2020), which comprises the region 
of recognition by CD8+ lymphocytes (Motozono et al., 2021). Accord
ingly, it has been suggested that the L452R mutation has potential to 
confer resistance to antigen recognition by HLA-restricted cellular im
munity, compromising the CD8+ cells activation. This property enables 
this variant to escape HLA-restricted cellular immunity (Motozono et al., 
2021), leading to the loss of immune control, which would favor the 
infection progression (Le Bert et al., 2020). Finally, it has also been 
shown that the L452R mutation significantly improves viral replication 
capacity by increasing binding affinity to human ACE2 as well as S 
protein stability (Motozono et al., 2021).  

5. T478K mutation 

The T478K mutation is also located at the spike/ACE2 interaction 
interface. Its expansion is worryingly occurring among SARS-CoV-2 se
quences collected since early 2021. It has been prevalently identified in 
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circulating strains in Mexico, but also in North America and European 
countries such as Germany, Switzerland and Sweden (Di Giacomo et al., 
2021). 

Characterized by the replacement of threonine with a lysine, this 
mutation increases the spike protein electrostatic potential by inserting 
a basic residue, lysine (K), in place of a polar but neutral residue, thre
onine (T), making the protein surface more positive, which could in
fluence the protein interaction with the cellular receptor (Di Giacomo 
et al., 2021). This interaction capacity has been evaluated by binding 
free energy (BFE) of S protein and ACE2, generated by mutations. 
Different mutations can generate different BFE, which can range from 
0.01 kcal/mol (or less) to more than 0.999 kcal/mol. The higher the 
BFE, the greater the binding strength (Wang et al., 2022). It has been 
shown that the T478K mutation promotes a change in BFE of S protein 
and ACE2 near to 1.00 kcal/mol, so very high, which strongly enhances 
the binding of the RBD–ACE2 complex (Cherian et al., 2021; Wang et al., 
2022), and thus the infectivity of the variant. However, in a deep 
mutational scanning of the SARS-CoV-2 RBD, the T478K mutation did 
not have a significant effect on binding to human ACE2 (Starr et al., 
2020a; Rodríguez-Maldonado et al., 2021). Despite conflicting data, the 
emergence of this mutation has made the variant more infectious (Wang 
et al., 2022). In addition, the T478K mutation may be involved in im
mune evasion, particularly escape from antibody neutralization 
(Rodríguez-Maldonado et al., 2021), or in the interaction impairment of 
RBD with drugs (Di Giacomo et al., 2021). 

1.2. Other relevant mutations in the spike protein located outside the RBD 
region  

1. Deletion 69-70 

Mutation identified so far only in the SARS-CoV-2 variant that 
emerged in the UK (lineage B.1.1.7). Consequence of deletion of 
21,765–21770 genome region, it is characterized by the two amino acids 
deletion at positions 69/70 (del69-70/(ΔH69/V70), and appears to have 
arisen in multiple genetic backgrounds of SARS-CoV-2, accordingly with 
some studies (Ibba et al., 2021; Borges et al., 2021). 

Amino acids 69 and 70 are located in the NTD of the spike protein S1 
subunit which has also been associated with the neutralizing antibodies 
induction against SARS-CoV-2 (Chi et al., 2020b). It has been suggested 
that deletion of these residues may allosterically alter the S1 region 
conformation (Wrapp et al., 2020), and induce non-recognition of this 
region by certain classes of specific NTD monoclonal antibodies (Dia
mond et al., 2021). 

Its occurrence also has a great impact on the infection laboratory 
diagnosis, leading to what has been termed “spike gene target failure” 
(SGTF) or “spike gene drop out” (Borges et al., 2021). This denomination 
is associated with the fact that this mutation may cause failure in the 
gene S sequences detection, or cause late amplification of its targets by 
some PCR assays that amplify this region, producing a negative result 
(Borges et al., 2021; Public Health England, 2021a).  

2. P681H mutation 

The P681H mutation was first identified in the UK variant (20I/ 
501Y.V1) (Rambaut et al., 2020). It is not located in the NDT or RBD 
domains of the spike protein S1 region, but rather immediately adjacent 
to the proteolytic cleavage site for furin and furin-like proteases, be
tween the arginine and serine residues, specifically at the junction of the 
binding (S1) and fusion (S2) domains to the surface protein receptor 
(Polg á r, 1989). The S1/S2 cleavage comprises a phenomenon subse
quent to the virus spike interaction with the host cell membrane, and it 
needs to occur to promote the virus entry into the respiratory epithelial 
cells, being essential for sustained transmission of SARS-CoV-2, ac
cording to experiments in animal models (Peacock Thomas et al., 2020; 
Zhu et al., 2020). 

It has been suggested that the P681H mutation occurrence may in
crease protein S cleavage by furin-like proteases, which predicted in
crease membrane fusion (Yarmarkovich et al., 2020) and enhance 
systemic infection (Huang et al., 2020). In order to assess whether the 
effect of this mutation could facilitate the virus penetration into the cell, 
potentiating the infection, functional assays in cell culture were carried 
out. Using like-virus particles harboring SARS CoV-2 spike proteins, it 
was shown that between variants expressing the P681H mutation and 
those that do not, there did not appear to be significant differences in cell 
penetration capacity, despite differences in cleavage potentials. This 
finding suggested that this mutational phenomenon does not signifi
cantly affect viral entry or its cell-to-cell spread (Lubinski et al., 2021), 
except in cases with low expression of the ACE-2 receptor, as suggested 
by Dicken et al. (2021) (Dicken et al., 2021). Since the results obtained 
could not fully confirm the relationship of this mutation with the attri
bute of the variant, it was deduced that this mutation would not be the 
only one responsible for the increase in the spread potential of the 
variant (Lubinski et al., 2021), which led to believe that other factors 
could explain the increase in the variant transmission rates that pre
sented this mutation. 

More recently, another mutation at the same position, identified as 
P681R, has emerged in the Delta variant (see below), identified in India. 
It was demonstrated that this substitution clearly increased spike pro
cessing, a phenomenon that likely conferred an advantage in replication 
fitness observed in the Delta variant. Accordingly, laboratory assays 
have shown that after infection of respiratory epithelial cells by this 
variant, the P681R mutation would facilitate cleavage into S2 by the cell 
surface protease (TMPRSS2), leading to the S2 virus-plasma membrane 
fusion peptide activation (Saito et al., 2021), producing, however, only 
an effect similar to that of the P681H mutation. Additionally, an asso
ciation of the P681R mutation with increased transduction of the variant 
(in Vero-TMPRSS2 cells) (Lubinski et al., 2021) and improvement in 
viral replication compared to the original virus, was also observed (Liu 
et al., 2021b), suggesting an increase in infectivity (Lubinski et al., 
2021). However, there is evidence that this substitution alone would not 
be sufficient to promote all these effects, suggesting that its functional 
consequences depend on its emergence in the other spike protein mu
tations context (Lubinski et al., 2021).  

3. D614G mutation 

This mutation was rare globally. However, it gained prominence 
when the virus spread from Asia to Europe and USA, quickly becoming 
the dominant form in the world (Yurkovetskiy et al., 2020). It is present 
in all the variants considered as “variant of concern” (VOC), charac
terized below and identified so far, grouping them within the same 
clade. This suggests that this mutation emerged as result of a natural 
selection process experienced by the agent (Giovanetti et al., 2021). 

The D614G mutation is located on the spike protein protomer sur
face, where the formation of a hydrogen bond between protomers oc
curs, joining a residue from the S1 unit of one protomer to the residue 
from the S2 unit of the other protomer. It is characterized by the ex
change of an aspartate (D) residue with a glycine (G) as a consequence of 
the A to G mutation at nucleotide 23,403 of the virus genome, with 
reference to the Wuhan viral strain (Korber et al., 2020). 

The G614 mutation has implications for the spike protein structure, 
as it eliminates hydrogen bonds between the protein’s S1 unit and S2 
units naturally present in D614. This physicochemical change increased 
the protein chain flexibility (Korber et al., 2020), confering enhanced 
thermodynamic stability irrespective of conformational states and most 
optimal for binding host ACE-2 (Yazhini et al., 2021). Therefore, it is 
assumed that this mutation has improved the transmission efficiency of 
SARS-CoV-2 (Yazhini et al., 2021; Volz et al., 2021) by up to approxi
mately 50%, according to Pearson et al. (2021) (Pearson et al., 2021), 
and contributed to the increase in the variants’ infectivity (Giovanetti 
et al., 2021). Additionally, it has been suggested that this mutation 
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would be associated with an increase in the fatal cases rate (Becerra-
Flores and Cardozo, 2020), a phenomenon clearly observed after the 
VOCs emerging, so far. 

Another important biological effect caused by this mutation is the 
low cycle threshold detected in RT-PCR assays, suggesting higher viral 
load in the infected patients upper respiratory tract, and, therefore, as
sociation of the G614 mutation with a more infectious virus (Groves 
et al., 2021). On the other hand, this mutation does not appear to be the 
cause of greater resistance to neutralization by convalescent sera or by 
vaccination-induced antibodies, since it is not located in the spike pro
tein RBD, but in the interface between the individual spike protomers 
that stabilize the protein trimeric form on the virion surface (McAuley 
et al., 2020). 

In summary, the emergence of this mutation led to an increase in 
viral fitness for replication in the respiratory tract, improved binding to 
the ACE2 receptor and conformational changes within the spike protein 
(Gobeil et al., 2021; Ozono et al., 2021), which would justify the rapid 
global expansion of SARS-CoV-2 variants.The Fig. 1 presents a summary 
of the mutations addressed in this manuscript, the physicochemical ef
fect caused by it on the protein S structure, the implication of its 
occurrence in the virus’ fitness and, finally, the attribute aggregated by 
the variant due to its emergence. 

1.3. Characterization of the variants of concern 

Variants of Concern (VOCs) comprise emergent variants of SARS- 
CoV-2 that harbor mutations in the genome that, depending on its 
location, can impact in the virus transmission, its virulence and in the 
vaccinal or naturally developed immunity, compromising the control 
measures adopted (social and public health) to contain the agent (CDC, 
2021a). 

Since the fall of 2020, 5 VOCs have emerged globally, and are the 
current focus of epidemiological, clinical and virological investigation. 
They are commonly referred to by the country in which they were 
originally identified. They are: the 20I/501Y.V1 variant (lineage 

B.1.1.7), which appeared in the United Kingdom; 20H/501Y.V2 variant 
(lineage B.1.351), emerged in South Africa; 20J/501Y.V3 variant 
(Lineage P.1, originating from B.1.1.28), emerged in Brazil/Japan; G/ 
478K.V1 variant (Lineage B.1.617.2), emerged in India (CDC, 2021a), 
and a novel variant recently classified, B.1.1.529, which also emerged in 
South Africa (CDC, 2021a). Several other variants are under investiga
tion (Public Health England, 2021a, 2021b). The first four VOCs have 
also been designated as Alpha, Beta, Gamma and Delta, respectively, by 
the WHO as of May 31, 2021 (World Health Organization, 2021a), and 
the fifth VOC was designated as Omicron, on November 26, 2021 (World 
Health Organization, 2021b). In each of these variants, the spike protein 
contains mutations clustered in its RBD and in the NTD region.  

1. 20I/501Y.V1 variant 

Also known as VOC202012/01 (Lineage B.1.1.7). It emerged in the 
United Kingdom, being identified in September 2020 (Rambaut et al., 
2020). Its emergence was directly associated with the SARS-CoV-2 in
fections resurgence in South London, where it quickly became the pre
dominant strain (Galloway et al., 2021). Since then, this variant has 
been detected in several countries around the world, including the USA. 

It has an unusually large number of mutations in the genome (17 
mutations) among which are included three deletions, 7 missense mu
tations, in addition to three impact mutations, N501Y and D614G and 
the 69–70 deletion (Rambaut et al., 2020; Starr et al., 2020b), whose 
effects on virus properties are described above. Evidence has been pre
sented that this variant was the cause of increased hospitalization and 
risk of death in the UK compared to other variants (Challen et al., 2021). 
Its emergence was also associated with increased virus transmissibility 
(Challen et al., 2021). 

The 20I/501Y.V1 variant does not appear to have had a high impact 
on the some vaccines efficacy. There was also evidence indicating that 
sera from patients immunized with the Pfizer-BioNTech SARS-CoV-2 or 
modern vaccine (m-RNA-1273) maintain the ability to neutralize it, in 
vitro (Muik et al., 2021; Wu et al., 2021). In addition, other studies have 

Fig. 1. Physicochemical effect of the mutations in RBD and adjacent regions of protein S and biological effect/attributes of the VOCs.  

R.A.A. Pondé                                                                                                                                                                                                                                    



Virology 572 (2022) 44–54

49

shown that this variant is vulnerable to neutralization by convalescent 
serum and by antibodies generated with nanoparticle vaccine 
(NVXCoV2373, Novavax) (Wang et al., 2021c; Shen et al., 2021). 
Furthermore some therapeutic monoclonal antibodies retain the ability 
to neutralize this variant (Tada et al., 2021b).  

2. 20H/501Y.V2 variant 

Variant from the B.1.351 lineage that emerged in South Africa, and 
was subsequently isolated in neighboring countries as well. Despite 
having emerged independently from B.1.1.7, it shares some mutations 
with that variant, including E484K (present in some strains) and N50IY, 
in addition to the D614G mutation. Other mutations identified in the 
spike protein are L18F, D80A, D215G, L242-244del, R246I and K417N. 
There are no 69/70 deletions (CDC, 2021a). It has been highlighted that 
this variant, as well as the Brazilian one (described below), is more lethal 
than the UK one due to the three mutations combination mentioned 
above (K417N, E484K, N501Y), rather than a single one (N501Y), 
demonstrated by the 20I/501Y.V1 variant (Khan et al., 2021). The 
E484K substitution is characteristic of the B.1.351 strain, but is also 
present in P.1, P.2 (B.1.1.28 strain variants). It arose independently in 
many genomic contexts other than SARS-CoV-2, including some strains 
of the B.1.1.7 lineage (Moustafa et al., 2021). 

This variant was responsible for the ’second wave’ in South Africa. 
Its emergence has been associated with increased transmissibility, im
mune escape, or a combination of the two attributes (Pearson et al., 
2021). It has also been shown to be refractory to neutralization by most 
anti-NTD monoclonal antibodies (mAbs), and also by several mAbs 
targeting the binding receptor on the RBD. Furthermore, it has been 
shown to be more resistant to neutralization by convalescent plasma 
(~11–33 times) and vaccinated sera (~6.5–8.6 times) (Ho et al., 2021). 
Similar effects were observed from other studies, with the B.1 variant as 
a reference (Edara et al., 2021). This effect, in large part, has been 
attributed to the E484K mutation. 

Finally, one study showed reduced plasma neutralizing activity 
against SARS-CoV-2 variants encoding E484K, N501Y, or K417N:E484K: 
N501Y (characteristic combination of this VOC) in a cohort of 20 vol
unteers who received either the Moderna (n = 12) or Pfizer (n = 6) 
vaccine, 8 weeks after the second dose (Wang et al., 2021a). Similar 
results were seen with sera from Moderna-vaccinated individuals (Edara 
et al., 2021). 

Although studies have shown isolated effects of each of the three 
mutations, it has been suggested that the attributes developed by this 
variant result from the combination of these mutations and not just a 
single one (Cele et al., 2021; Wibmer et al., 2021).  

3. 20J/501Y.V3 variant 

Also known as P.1 (a branch of the B.1.1.28 lineage), phylogenetic 
analysis indicated that P.1 and another lineage, P.2 (Candido et al., 
2020) were descendants of lineage B.1.1.28 that was first detected in 
Brazil in early March 2020. Concurrently, cases of SARS-CoV-2 P.1 
infection were reported in Japan in travelers from Amazonas (Fujino 
et al., 2021). It contained 17 amino acid changes (including 10 in the 
spike protein - L18F, T20N, P26S, D138Y, R190S, K417T, E484K, 
N501Y, H655Y, and T1027I, compared with its immediate ancestor 
(B.1.1.28), three deletions, four synonymous mutations, and a four 
base-pair nucleotide insertion compared with the most closely related 
available sequence (GISAID ID: EPI_ISL_722,052) (Faria et al., 2021). 

Within the region in which it propagated, it was estimated that this 
variant could be between 1.7 and 2.4 times more transmissible than 
local non-P.1 strains and that it could have a potential varying between 
21 and 46% to evade protective immunity elicited by previous infection 
with non-P.1 strains (Faria et al., 2021). Accordingly, there is evidence 
that the ability of antibodies generated by natural exposure (Gidari 
et al., 2021) or vaccination (Anderson et al., 2020) to recognize and 

neutralize the virus may be affected by aggregated mutations in this 
variant. In addition, it was also demonstrated that the neutralizing ac
tivity of monoclonal antibodies directed against the RBD and NTD re
gion of the P.1 variant were markedly or completely abolished, 
including of two potent mAbs targeting the receptor-binding motif 
(Wang et al., 2021d). The results in P.1 mimic those observed for 
B.1.351, which should not be surprising since the triple RBD mutations 
in P.1 and B.1.351 are basically the same.  

4. G/478K.V1 variant 

The variant of interest B.1.617 emerged in India and comprises three 
distinct sublineages (B.1.617.1, B.1.617.2, and B.1.617.3) with different 
mutational profiles. Among them, only sublineage B.1.617.2, or Delta, 
was confirmed as a VOC by the WHO (World Health Organization, 
2021c) and is now internationally recognized as such for the 
clinical-epidemiological impact it has caused since its emergence (Laz
arevic et al., 2021). This variant has been associated with the second 
wave of COVID-19 in India (Vaidyanathan, 2021). Its is characterized by 
13 amino acid changes, contain diverse mutations in the NTD and the 
RBD of the SARS-CoV-2 spike protein, but four in its spike protein, which 
are currently of particular concern. They are: L452R, T478K, E484Q, 
and P681R (Shiehzadegan et al., 2021). 

To this variant has been attributed a greater potential for trans
missibility when compared to other pre-existing VOCs circulating in 
Europe and other countries (Davies et al., 2021) and data from GISAID 
(https://www.gisaid.org/) has confirmed this claim. According to Pub
lic Health England, 2021 (PHE), it is at least 40–50% more transmissible 
than the B.1.1.7 variant, and it is on the rise worldwide (Kirola, 2021). 

It is suspected that the greater transmissibility potential of the 
B.1.617 variant is associated with multiple substitutions of neutral or 
negatively charged amino acids for positively charged amino acids in the 
protein S structure (Pascarella et al., 2021). But this peculiarity has long 
been directly associated with both the E484Q and L452R amino acid 
substitutions (Chen et al., 2020b), cited above. Despite this fact, the 
Delta variant is the most infectious variant among all variants formally 
named by the WHO due to the combined effect of L452R and T478K 
(Chen et al., 2021). 

Other important mutations found in the variants described above 
have also been identified in this variant, such as N501Y, K417N and 
D614G (Baral et al., 2021), whose effects on virus fitness have already 
been discussed. The association of these mutations has given the Indian 
variant a greater potential for escape (partial or total) from neutraliza
tion by some monoclonal antibodies, which makes its resistance to 
therapeutic intervention possible (Planas et al., 2021). Furthermore, the 
neutralization of this variant by plasma panels collected from conva
lescent individuals was reduced when compared to the neutralizing 
capacity of the original virus. These findings demonstrate the inability of 
these antibodies to block the interaction between ACE2 and the RBD of 
this variant (Augusto et al., 2021b). Finally, it has been shown that there 
are significant reductions in neutralizing titers of sera collected from 
Oxford-Astra Zeneca and Pfizer-BioNTech vaccine recipients (Planas 
et al., 2021; Liu et al., 2021c).  

5. B.1.1.529 variant 

Variant classified by WHO as VOC on November 26, 2021, which 
also emerged in South Africa. The mutation profile includes 32 spike 
mutations, including in the RBD and furin cleavage site, and additional 
mutations outside spike of uncertain significance (Public Health En
gland, 2021b). The genome also contains the spike deletion at the po
sition 69–70, up to now found only in B.1.1.7 variant, in addition to 
mutations K417N, T478K, N501Y, D614G, all already identified in the 
previous variants, and also a mutation at the residue position 484 
(A484), the effect of which is still uncertain. The SGTF, which is a 
consequence of del69/70, has been used as a marker to define “highly 
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probable case”, “probable case” and “possible case” of infection by 
Omicron, in association with other criteria (Public Health England, 
2021b). An N-gene drop out, also referred to as an N-gene target failure 
(NGTF), due to a nine-nucleotide deletion in the N-gene, spanning po
sitions 28370–28362, has also been a finding associated with omicron 
variant infection, and its occurrence is used for virological character
ization. This deletion can also compromise virus detection by some 
genomic amplification tests (CDC, 2021). From the genomes available so 
far, the shared mutation profile is: S: A67V, Δ69–70, T95I, 
G142D/Δ143-145, Δ211/L212I, ins214EPE, G339D, S371L, S373P, 
S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, 
Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, 
D796Y, N856K, Q954H, N969K, L981F (Public Health England, 2021b). 

Based on location in the genome, structural modelling and experi
ence from other variants, it was predicted that these mutations could 
change the behaviour of the virus with regards to immune escape, 
transmissibility, and susceptibility to some treatments, particularly 
therapeutic monoclonal antibodies (Public Health England, 2021b). 
Concordly, it has already been shown that some of them, specifically 
located in the RBD region, such as S477N, Q493R, G496S and Q498R, 
result in additional H-bonds and salt bridges, resulting in a more positive 
RBD surface, complementary to the negatively charged ACE2 interac
tion interface. This physicochemical effect increases the RBD-ACE2 
interaction and supposedly the infectivity/transmissibility of the 
variant (Queirós-Reis et al., 2021). Interestingly, it has also been re
ported that other mutations, also exclusive to omicron, conferred attri
butes similar to those developed by other VOCs, in addition to inducing 
physicochemical effects similar to those caused by already known mu
tations (Shah and Woo, 2022). As expected, this variant has spread 
rapidly around the world since its emergence in Africa, demonstrating 
its potential for dissemination and infectivity. Fig. 2 presents a summary 
of the mutations discussed here and the variants in which they were 
detected. 

2. Conclusion 

The physicochemical effect caused by mutations at positions 501, 
484, 417, 452 and 478 located in the RBD, but also in other regions of 
the VOCs spike protein, often seems to justify the change caused in the 
agent fitness and the attribute developed by the variant. 

The increase in the spike protein’s electrostatic potential, caused by 
the N501Y or T478K mutation, leads to greater affinity in the ACE2-RBD 
interaction, developed by the agent. The conformational change in 
protein S, as a consequence of the E484K, L452R mutation or the 69/70 
deletion, justifies the non-recognition of the variant by specific anti
bodies. Or, the increase in fusion potential provided by the K417N/ 
E484K or L452R mutations, or the increase in cleavage potential pro
vided by P681H may justify greater variant-cell affinity. The change in 
the agent’s fitness gives the variant new attributes characterized by an 
increase in its transmission capacity and viral load in the infection; 
ability to evade the neutralizing antibodies action arising from natural 
exposure or vaccination; non-response to treatment with monoclonal 
antibodies or convalescent serum, immune system evasion and 

compromised diagnosis. All these alterations and new attributes 
converge in order to increase the agent’s virulence, provide greater 
infection severity, increase hospitalizations cases and induce greater the 
infection lethality. 

It is remarkable that despite the different positions in which muta
tions occur and the differences between them, the physicochemical ef
fect observed is similar between some of them. This observation suggests 
that the change observed on the virus’ fitness and the specific attribute 
(or a set of them) developed by a variant seem to be the consequence not 
of a specific mutation, but of a set of emerging mutations capable of 
inducing to the same physicochemical effect, and part of the studies 
referenced here demonstrate this fact. 

This would partly explain why several attributes are common among 
different VOCs while having distinct impact mutations, some of them 
almost unique, although there are several mutations in common among 
the VOCs. However, it must be considered that the variants’ attribute 
may also be influenced by the synergistic effect of specific mutations 
since they emerge in a constellation of other mutations whose impact is 
still unknown. Furthermore, the mutations discussed here may not be 
solely responsible for the variants’ attributes. Finally, it should be 
considered that other mechanisms (virological, immunological or mo
lecular) may also be involved in changing of the variants’ fitness, and 
the attribute developed is not only a consequence of the mutation 
physicochemical effect. Despite these possibilities, the isolated effect of 
each of the mutations on the fitness of SARS-CoV-2 variants needs 
further studies in order to identify its true impact, with deserved 
attention to the similar physicochemical effect caused by residues that 
have totally different physicochemical properties, as shown here. 

In parallel with the emerging impact mutations addressed here, the 
evolutionary character of SARS-CoV-2 and its rapid adaptation to the 
environment, draw attention. After the first wave of COVID-19, the first 
VOC recognized as 20I/501Y.V1 (UK), had as its main attribute the in
crease in transmission rates, which was associated with the N501Y 
mutation, the most prominent in this variant, the despite other existing 
mutations. This variant showed little impact on therapeutic or 
vaccination-induced neutralizing antibodies action, since only a few 
sequences of this variant had the E484K mutation. The emerging in 
South Africa, even evolving independently of its predecessor, emerged 
conserving the N501Y mutation and presenting additional mutations 
E484K, K417N, which would confer new attributes to the mutant strain, 
including moderate impact on therapeutic antibodies and vaccine- 
induced or acquired by natural exposure, in addition to maintaining 
high transmission rates. Subsequently, P1, responsible for the second 
wave of COVID-19 in Brazil, emerged retaining the same mutational 
profile in the RBD presented by the emerging variant in South Africa, as 
well as the same attributes, in addition to being responsible for the high 
rates of hospitalizations and deaths. The fourth VOC, G/478K.V1, 
emerging in India, harbors some mutations different from those 
observed in the previous three, but has properties that contribute to the 
same biological effects, in addition to its ability to not only evade the 
action of specific neutralizing antibodies, but also, to confer resistance to 
the recognition of viral antigens by HLA-restricted cellular immunity, 
due to the L452R mutation emergence. And now, recently, the B.1.1.529 

Fig. 2. Summary of the mutations and the variants in which they were detected.  
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variant, also emerging in South Africa and Botswana, which demon
strates the majority of the mutations in the RBD region that emerged in 
previous variants, in addition to others whose physicochemical effect is 
still unknown, but keeping the same attributes of the previously iden
tified variants. 

The SARS-CoV-2 expansion through the emergence of new variants 
suggests that it is progressively evolving to the adapt to human species, 
in order to remain continuously viable in nature, despite the imple
mented control measures, including population vaccination. However, 
the evolutionary character based on constant mutations and emergence 
of new virulent variants, with exacerbated behavioral characteristics 
(transmissibility, infectivity, replication, evasion of neutralizing anti
bodies and induction of mortality), and also occurring in a short period 
of time, demonstrates an agent with little capacity of adaptation, which 
has brought the disease burden to the population whose impact could be 
greater without the vaccine. In this sense, at the moment there are no 
reasons to believe that changes of the virus have occurred in the direc
tion of decreased pathogenicity to establish the expected balance with 
the human species and, at the same time its perpetuation in the nature, 
without causing great harm to the human population.This suggests that 
the COVID-19 pandemic may still stress our healthcare systems in un
precedented ways. If today the decrease in the infections severity is 
noticed, it has been related to the containment measures still main
tained, capable of influencing the viral load magnitude that is trans
mitted, and which, associated with immune mechanisms triggered by 
natural or vaccine immunization, minimize the impact caused by the 
persistent virus circulation. 
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