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Abstract One of the primary threats to the goal of
controlling and eventually defeating SARS-CoV-2 is that
of mutation. Recognizing this, a great amount of effort and
dedicated study is being given to the matter. Due to the
novel coronavirus’s general prevalence and rate of
mutation, this is an extremely dynamic area with constant
new developments. Therefore, understanding the virus’s
pathogenesis and how mutations affect it is crucial. This
review attempts to aid in understanding the currently most
important strains and what primary changes they entail in
connection to more specific mutations, and how they each
affect infectivity, antigen resistance, and other properties.
In an attempt to maintain relevance to the time at which
this paper will be published, priority has been given to
variants classified by the WHO and the CDC as of Sep. 23,
2021, as “Variants of Concern”. Of particular interest in
B.1.1.7, B.1.351, B.1.617.2, P.1 are the mutations affecting
the Spike protein and Receptor Binding Domain, as they
directly affect infectivity and susceptibility to neutralization.
Certain mutations (D614G, E484K, N501Y, K417N, L452R,
and P681R) have appeared across several different strains,
often accompanied by others that may be complementary
working together to confer increased infectivity, fitness, or
resistance to neutralization. We anticipate that the
understanding of such COVID-19 mutations will, in the
near future, prove important for diagnosis, treatment
development, and vaccine development.
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1. Introduction

COVID-19 was formally declared a global pandemic by
the WHO on Mar. 11, 2020 [1]. Since then, the virus has
caused at least 3 million deaths worldwide, crippled the
scope of events on all scales, and caused untold damage to
the global economy. In recent months, progress towards
controlling the pandemic has been met with the obstacle of
new variants, which display increased transmissibility and
lethality. VOCs, “variant(s) for which there is evidence of
an increase in transmissibility, more severe disease...
significant reduction in neutralization by antibodies
generated during previous infection or vaccination, reduced
effectiveness of treatments or vaccines, or diagnostic
detection failures” by the WHO are especially relevant to
the current pandemic landscape. Of particular interest are
their mutations in the S protein (ref seq. loc. 21,563-
25,384, gi|1798174254|refINC_045512.2|), which have the
most direct potential to affect key characteristics of the
virus, including infectivity and susceptibility to neutralization.
There is, understandably, some slight disorganization
surrounding the properties and specific mutations of
different SARS-CoV-2 strains, given the unprecedented
outpour of research on the matter. Sources on occasion
give conflicting information on the more minute details [2-
4]. While previous work has addressed the properties of
variants very clearly, comparatively little attention has as of
yet been directed to giving a detailed review of the effects
of individual mutations. The explicit examination of
mutations underlying the properties of variants and the
drawing of conclusions from these examinations is also
lacking or usually not addressed for more than a few
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Fig. 1. 3-dimensional structures of SARS-CoV-2 spike (S) protein. (A) 3D ribbon model of S protein (upper) and the bottom view of its
3D surface model (lower) [82]. Red spots indicate the position of mutated amino acids. (B) 3D surface model of ACE2 receptor-bound S
protein [83]. (C) 3D surface model of Fab 15033-7 antibody-bound S protein [84]. All structure figures were generated with PyMol [85].

(D) S protein sequence alignment of variants using ClustalW of BioEdit. The red box indicates the receptor-binding motif.

mutations found within a lineage. It is not bold, therefore,
to suggest that this paper’s reviewing of how mutations
affect the virus, drawing of connections, and creation of
comparisons would be useful for people, both professional
and civilian, to understand the virus and how it has evolved
so far. Here, we provide a description of key mutations in
the SARS-COV-2 S protein, summarize their characteristics,
and examine the VOCs that they are present in (Fig. 1).

2. Specific Mutations

2.1. D614G

D614G emerged early in the pandemic and quickly became
one of the most common mutations in SARS CoV-2 in
Table 1 [S]. The change from aspartic acid to glycine induces
a neutral charge from a negative charge and reduces the

@ Springer

steric hindrance of the functional group. The most notable
change that it brings is its increased infectivity due to a
stronger binding affinity for the angiotensin-converting
enzyme 2 (ACE2) receptor [5-9]. The D614G mutation
facilitates an open conformational state of the S protein
[10]. Therefore, a higher binding rate could increase the
infectivity of SARS-CoV-2 variants with D614G. Moreover,
variants with the mutation are predicted to be more
sensitive to antibody neutralization due to increased RBD
exposure. In fact, some research has found that SARS
CoV-2 expressing G614 has higher neutralization titers
than those with D614, suggesting that it is more susceptible
to neutralization by antibodies, though this change is very
moderate [11], and effective resistance is mostly unchanged
[8]. This is possible because the G614 spike leads to a higher
percentage of 1-RBD “up” configurations in the spike,
from 46% to 82% according to negative stain electron
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Table 1. Factors affecting Infectivity and Resistance to antibodies

Effects on

Effects on

Mutation Eter Zlilnlsl? Traigiizssi%?li ¢ neutralization neutralization Egi‘f;g: Additional remarks
) Y sensitivity (mAbs)  sensitivity (sera)
D614G  B.1.1.7, Increased [5-9]. Negligible. Negligible [8]. Greater viral ~ The increase in
Spike B.1.351, Reduced for Potentially load [6,9,12].  neutralization sensitivity is
Mutation B.1.617.2, P.1 CR3022 [12]. increased [9,11]. No increase in  quite moderate [11].
disease D614G alone should not
severity [13].  affect vaccine
development or the risk of
reinfection.
E484K B.1.351,P.1  Increased. Reduced [21,22]. Reduced. No It is referred to as an
Spike Stronger binding Up to 10 fold information escape mutation as that is
Mutation affinity with ACE2 against plasma in its primary effect on the
[15-17]. some instances [18- virus. Its effect on
20]. infectivity is relatively
moderate.
N501Y  B.1.1.7,P1 Increased [42]. Negligible [34]. Negligible [4,34].  Increased
Stronger binding Reduced for certain lethality (With
affinity [26-30]. antibodies [4,33] K417N) [17].
Up to 7.1 fold such as COVA1-12,
affinity increase RBD-chAb25, and
[15]. CB6 [31,32].
K417N  B.1.351 Decreased (when  Negligible [26]. Negligible [26]. Increased K417N is an outlier
Spike B.1.617.2 isolated). Lowers lethality (With  because its effect is mainly
Mutation ACE2 affinity N501Y) [17].  negative. It has been
[15,26] by hypothesized that it has
1.48 kcal/mol been selected by evolution
[35]. because of its conferring of
resistance to human
antibody CB6 [35].
L452R B.1.617.2 Increased [37]. Reduced [40]. Reduced [38-40].  Increased [38]. Effects of escape from
Spike Estimates range mAD neutralization are
Mutation from 18.6-24% likely cumulative with
over WT [38]. others in the S protein
[40].
P681R B.1.617.2 Negligible [42]. Negligible [42]. Negligible [41,42]. Increased Data regarding P681R is
Spike [41,42]. relatively new and would
mutation benefit from further study.

microscopy from Weissman et al. [11]. This phenomenon
implies that D614G is not included in the epitope of the
antibodies and/or that G614 might, in some cases, strengthen
the interaction with antibodies via reasons similar to ACE2
binding affinity. While not a cause of concern in vaccine
development, it does enhance infectivity as well as viral
fitness, i.e., viral stability and infectivity. It was associated
with significantly increased viral loads in parts of the
respiratory tract, [6,9,12] holding a significant competitive
advantage over D614 strong enough that an airway culture
with D614 and G614 in a 3:1 saw G614 overtake and gain
an advantage of 1.2 over D614 within a day [9]. It was also
associated with enhanced retention of infectivity under
higher temperatures [9], though it should be noted that
there has been no established positive association between
D614G and increased disease severity [6,13].

2.2. E484K

E484K, an escape mutation, emerged from Brazil in the
second half of 2020 and has increased in frequency since
[14]. The change of glutamic acid to lysine elicits a
positive charge from a previous negative charge and
changes the branched structure of the functional group into
a linear structure. It is responsible for the loss of an ion pair
in the amino acid 31, a lysine in ACE2 [15], which is
predicted to moderately increase ACE2 affinity. In-silico
experiments have found that it enhances binding affinity
with the ACE2 receptor [15-17] due to its heavy involvement
in hydrogen bonding and salt bridges between the receptor
and the RBD [17]. It also aids the virus in avoiding antibody
neutralization, especially by convalescent and vaccine sera,
requiring higher titers overall [18-20] and reducing plasma
neutralization up to 10 fold in some instances [20]. In
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regards to mAbs, E484K conferred increased resistance
against multiple mAbs [21,22]. High resistance in particular
to bamlanivimab and, to a lesser extent, casirivimab was
developed [22], implying that most of the antibodies
included E484K as an epitope and had the structure tightly
fit the epitope via electrostatic interaction. E484K has been
associated with reinfection after vaccination or recovery
[23,24].

2.3. N501Y

N501Y rose to prominence mainly around late September
of 2020 along with the B.1.1.7 variant [25] and is
associated primarily with an increase in ACE2 binding
affinity and, resultantly, increased infectivity [26-30]. The
change of asparagine to tyrosine increases hydrophobicity,
the density of pi electrons, and the steric hindrance of the
functional group. It leads to the virus having a lower
dissociation constant (KD), meaning that the spike protein
can stay attached to the ACE2 receptor more firmly for
longer, leading to a greater chance of membrane fusion and
cell entry [15,27]. Compared to the wild type (WT) RBD
variant, the N501Y RBD had a 7.1 fold increase in affinity
for ACE2 when measured using surface plasmon resonance
[15]. This implies that hydrophobic, pi-pi, cation-pi
interactions could enhance the binding to the ACE2
receptor or membrane for cellular penetration. Pseudovirus
infection was observed to increase entry into human lung
airway organoids to be N501Y was associated along with
K417N/T and E484K with an increase in binding affinity
and, consequently, viral infectivity [28]. While N501Y
does increase resistance to a number of specific mAbs such
as COVAI-12 and CB6 [31,32], this is relatively insignificant
[32,33] for vaccination or treatment as it has “no pronounced
effects on the neutralizing activity of convalescent plasma
or sera from vaccinated individuals” [4]. This makes sense
given that the N501Y mutation does not appear to
significantly affect the spike protein’s structure, leaving key
neutralization epitopes adequately intact [34]. Interestingly,
N501Y seems to be in at least some ways complementary
to E848K. A trial using pseudoviruses found that N501Y
in combination with either E484K or K417N led to slightly
disproportionately elevated infectivity [26].

2.4. K417N

The K417N mutation is rather unusual because its effects
on the virus are, as far as research so far has shown, mostly
negative. The change from lysine to asparagine shifts the
charge of the functional group from positive to neutral and
decreases its length. It disrupts the salt bridge between the
ACE2 receptor and the spike protein, leading to a decrease
in binding energy by 1.48 kcal/mol [35]. Relative binding
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affinity with K417N alone is, therefore, lower than that of
the WT, and the difference is even more pronounced when
compared to an N501Y mutation variant [15]. This implies
that the N417 mutation causes a loss in electrostatic
attraction to the ACE2 receptor due to neutralized charge.
It is also associated with a slight increase in neutralization
resistance and some escape from neutralization by certain
mAbs such as CB6 [26,35], though this is possibly an
oversimplification; some data has shown evidence for the
opposite, that the K417N mutation actually increases viral
sensitivity to neutralization [36]. Given its unfavorable
nature, the reasons for its selection by viral evolution are
not well understood. It is hypothesized that the mutation
was selected to resolve a vulnerable target in the WT RBD.
K417 can form a salt bridge with glutamate/aspartate found
in certain human antibodies, which would make it a key
point for neutralization. The mutation, therefore, could be
seen as evidence of the virus adapting under the pressure of
human neutralizing mAbs [36]. With N501Y, the mutation
was associated with increased lethality of disease [17]. K417N
often appears with E484K and N501Y. This trio most
notably increases infectivity and resistance to neutralization
[26].

2.5. L452R

L452R is an S mutation of the RBD and is present in the
VOC B.1.617.2. The change of leucine to arginine elicits
change from a neutral charge to a positive charge, increased
hydrophilicity, and a lengthening of the functional group. It
provides numerous benefits for viral fitness and infectivity,
increasing S protein stability and ACE2 affinity [37]. This
implies that the elicited hydrogen bonding and electrostatic
attraction with the ACE2 receptor compensate for the
initial hydrophobic interaction. This increase in infectivity
has been measured in pseudoviruses carrying the mutation
entering human lung airway organoids to be 5.8 to 14.7
fold compared to pseudoviruses carrying D614G alone. [38].
L452R has been associated with decreased susceptibility to
neutralization by vaccine and convalescent sera [37], with
2 and 4.0 to 6.7-fold decreases in neutralizing titers,
respectively, when in variant B.1.427/B.1.429 [38]. A novel
variant originating from the B.1.362 lineage that carried
L452R displayed a four-fold decrease in neutralization
susceptibility to BNT162b2 (Pfizer) vaccine sera [39]. This
implies that the antibodies included 1.452R as an epitope
and had the structure that tightly fit the epitope via
hydrophobic interaction. A study by McCallum et al. found
that “The RBD L452R mutation reduced or abolished the
neutralizing activity of 14 out of 35 RBD-specific monoclonal
antibodies (mAbs), including three clinical-stage mAbs”
[40].
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2.6. P681R

P681R is a mutation not in the RBD but in the furin cleavage
site in the VOC B.1.617.2 and is primarily associated with
enhanced viral fitness. The change from proline to arginine
elicits a change from a positive charge to a neutral charge,
as well as increased hydrophilicity of the functional group.
It is interesting to note that arginine residue could be
cleaved by proteases and that C-end arginine could be
electrostatically attracted to the negative charge of the cell
membrane, increasing cellular penetration efficacy. Binding
to cells is made more efficient and rapid, which could
account for B.1.617.2’s positive association with greater
viral loads, disease severity, and hospitalization [41]. This
is also a potential reason that vaccine breakthrough cases
have been observed in B.1.617.2 as opposed to the
hypothesis that neutralization escape is the primary cause
[42]. P68IR has been associated with increased resistance
to neutralizing antibodies [41], though more specific
research in this area is at the moment lacking. This may be
caused by the changed epitope structure of the cleaved spike
protein, although P681R is not included in the epitope.

3. VOCs

3.1. Alpha (B.1.1.7)

The B.1.1.7 variant was first identified in September 2020
in the United Kingdom in Table 2 [43]. It is defined by 22
mutations, 9 of which are Spike (S) mutations [44]. The
strain was one of the first that harbored the D614G
mutation to be formally recognized as a VOC. The strain
also contains a notable N501Y mutation, which is closely
linked to the RBD and therefore is tied to infectivity and

Table 2. Variants of Covid-19

neutralization sensitivity. B.1.1.7 is commonly cited as
having approximately a 50% greater infectivity compared
to previous variants [45]. However, it should be noted that
the estimated value ranges from 43-90% [46-48]. B.1.1.7
RBD demonstrates 1.98 times greater binding to the ACE2
receptor when compared to the Hu-1 strain that was
originally identified in Wuhan and using microscale thermo-
phoresis [49] has been calculated to have a dissociation
constant (KD, where lower values indicate stronger
interaction) of 10.7 nM according to Zhou et al. [50], which
is a factor in its increased infectivity. The combination of
D614G and N501Y induces a neutral charge and increased
hydrophobicity of functional groups, which stabilizes the
binding to the ACE2 receptor or cellular membrane for cell
entrance via hydrophobic interaction. The variant has also
been shown to possess increased airborne transmissibility
[48]. B.1.1.7 shows mostly unchanged sensitivity to
convalescent plasma or vaccine sera [4,51,52], implying
that its mutations mostly do not affect the epitope structure.
It does show some resistance to neutralization by certain
monoclonal antibodies (mAbs), which might use the epitope
affected by the mutation, however [4,51]. Overall, while
B.1.1.7 is more difficult to neutralize, it does not express
significant escape from neutralization by convalescent sera,
vaccine sera, and most mAbs.

3.2. Beta (B.1.351)

The B.1.351 variant was first identified around December
of 2020 in South Africa [53]. It is characterized by 18
mutations, 8 of which are S mutations [54]. B.1.351 shares
the D614G, N501Y, and, in cases where it is present in
B.1.1.7, the E484K spike mutations with B.1.1.7. B.1.351
has been calculated to display increased infectivity [55] of

. . . . . . Sensitivity Sensitivity
Lineage Spike Mutations RBD Mutations Remarks on infectivity (mABs) (Sera)
B.1.1.7 D614G, D1118H, A570D, N501Y, D614G  Increased ~50% [45-48]. Reducedinsome  No significant

(Alpha) S982A, T7161, P681H, ACE2 binding dissociation cases [4,52]. change [4,51,52]
N501Y, del69/70, del144/145 constant (KD) of 10.7 nM [50].
B.1.351 D614G, DS0A, A701V, K417N,E484K, Increased ~50% [55,56]. Reduced Reduced [4,50,57].
(Beta) D215G, K417N, N501Y, N501Y, D614G KD 4.0 nM [50] [4,50,57,58].
E484K, del241/243
B.1.617.2 D614G, P681R, T19R, L452R, T478K, Increased. Unclear exactly to Reduced [63,64]. Reduced [63-66].
(Delta) T478K, L452R, D950N, E484Q,D614G  what extent. Speculations being
E156G, del157/158, E484Q at ~50% compounding with
B.1.1.7 [2,61,62].
KD 1.4 nM [61]
P1 D614G, V117HF, H655Y, K417T, E484K, Increased. Estimated to be Reduced Reduced [74].
(Gamma) LI18F, P26S, T20N, T1027I, N501Y, D614G  around 2-fold from previous [57,58,73,74].

D138Y, N501Y, E484K,
K417T, R190S

variants [68,70,71].
KD 4.8 nM [72]

Mutations of particular note due to the attention received from the community, relevance to the RBD, or recurrence across lineages are bolded.
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approximately 50% compared to previous variants [56].
Increased infectivity might be caused by the same reasons
as D614G and N501Y of B.1.1.7. B.1.351 has been
calculated to have an affinity for ACE2 that is 2.7 fold
higher than that of B.1.1.7, with a KD of 4.0 nM, according
to Zhou et al. [50]. Unlike B.1.1.7, B.1.351 shows decidedly
stronger resistance to neutralization by convalescent and
post-vaccination sera [4,50,57], as well as significantly
reduced sensitivity to specific mAbs, especially bamlanivimab
and casirivimab [22,57,58]. B.1.351 showed widespread
escape from neutralization by mAbs as well as reduced
sensitivity to convalescent and vaccine sera. [4,50,57]. This
implies that the combination of K417N and E484K in the
epitope induces neutral charges and charge transition, which
reduces electrostatic attractions and/or increases electrostatic
repulsion with tightly-fitting antibodies.

3.3. Delta (B.1.617.2)

The B.1.617.2 variant was first documented around October
of 2020 in India. It is characterized by around 24 mutations,
8 of which are S mutations [3], and is differentiated from
B.1.617.1 by the presence of the mutations L452R, P681R,
and T478K in its RBD [59]. It lacks the N501Y mutation,
which makes B.1.617.2 unique among the four primary
VOCs. It also lacks the vaccine escape mutation E484K
possessed by B.1.351 and P.1 [60]. B.1.617.2 shows
decidedly higher transmissibility with a greater affinity for
the ACE2 receptor, [2,61,62] with a calculated molecular
dynamics equilibrated KD value of 1.4 nM in comparison
to the WT’s KD of 4.0 nM according to Khan et al. [61].
This might be caused by the combination of L452R, T478K,
E484Q, D614G, and Q681R in the RBD. Interestingly, all
mutations changed surface charges of S protein towards
positivity. Therefore, the mutated B.1.617.1 S protein could
interact with negatively charged cellular membranes and
enhance the cellular uptake of viruses. Among them,
L452R and T478K change the spike from a neutral to a
positive charge, which might induce hydrogen bonding or
electrostatic attraction. E484Q and D614G elicit change
from a negative charge to a neutral charge. D614G increased
the affinity for the ACE2 receptor by the explanation in
chapter 2.1. On the other hand, E484Q may only minimally
affect the affinity by forming hydrogen bonds to compensate
for electrostatic attraction. Finally, cleaved P681R might
interact with the cellular membrane and improve cellular
uptake efficacy. Primary studies found it to be 64% more
infectious than B.1.1.7 [62]. According to the CDC,
B.1.617.2 shows double the infectivity of previous variants
[2]. Sensitivity to mAbs was reduced [63], especially for
Bamlanivimab [64]. B.1.617.2’s sensitivity to vaccines and
convalescent sera was also reduced, showing enhanced
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resistance to neutralization, with AstraZeneca sera’s
effectiveness (67% with two doses) being reduced more
than that of Pfizer-n (88% with two doses) [63-66]. The
difference in vaccine effectiveness between B.1.1.7 and
B.1.617.2 was more notable in the single-dose stage, with
Pfizer-n showing first-dose-effectiveness against B.1.1.7
and B.1.617.2 of 47.5% and 35.6% respectively, compared to
second-dose effectiveness of 93.7% and 88.0%, respectively
[66]. In addition, B.1.617.2 shows an association with greater
illness severity [67]. This implies that the combination of
L452R, T478K, and E484Q in the epitope induces charge
transitions which reduce electrostatic attractions and/or
increase electrostatic repulsion with tightly-fitting antibodies.

3.4. Gamma (P.1)

The P.1 variant was first identified in January of 2021 in
Brazil (though samples containing the variant were collected
in December the year before and may have been in
circulation for months prior) [68]. It is characterized by 24
mutations, 12 of which are S mutations [69]. P.1 shares the
E484K, N501Y, and D614G spike mutations with B.1.351,
only K417T and H655Y are different from K417N of
B.1.351. Its infectivity increase is potentially double that of
other variants as its reproductive number value was 2.2
times that of B.1.1.28, a parental lineage circulating around
the same time as P.1 [68,70,71]. It can therefore be
postulated that the increase in infectivity of P.1 over
B.1.351 is not due to E484K, N501Y, and D614G but
K417T and H655Y. K417T changes lysine to threonine in
the S protein, which causes the formation of a neutral
charge, hydrogen bonding, and reduced steric hindrance.
H655Y changes histidine to tyrosine which induces a
hydrophobic interaction with the human cellular membrane.
The synergistic effect of K417T and H655Y may enhance
virus infectivity. P.1 was calculated to have a KD of 4.8 nM,
according to Dejnirattisai et al. [72].

P.1 is less sensitive to multiple mAbs [72], notably
avoiding neutralization by the Emergency Use Authorized
mAbs casirivimab, bamlanivimab, and etesevimab [57,58,
73,74]. The patterns in which P.1 resisted or escaped
neutralization were similar to that of B.1.351. This is in
alignment with the fact that the two variants share many of
their RBD mutations, though it should be noted that
differences do exist [74]. P.1 is, as expected, also less
sensitive to neutralization by convalescent and vaccine sera
[74] to a degree comparable to B.1.1.7 [72] and less severe
than in B.1.351 [4]. This implies that the combination of
K417T and E484K in the epitope induces neutral charges
and charge transition, which reduces electrostatic attractions
or increases electrostatic repulsion with tightly-fitting
antibodies.
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3.5. Other variants

Several other variants of interest (VOI), primarily B.1.621
(mu) and C.37 (lambda), are regarded as possessing the
potential to affect the pandemic significantly. Genetic
changes are predicted or known to affect virus characteristics
and identified to cause significant community transmission.
B.1.621 (mu) variant was first detected in Colombia in
January 2021 and designated by the WHO as a variant of
interest on Aug. 30, 2021. The WHO mentioned that
B.1.621 has mutations that indicate a risk of resistance to
the current vaccines [75]. B.1.621 possesses the spike
mutations T951, Y144S, Y145N, R346K, E484K, N501Y,
D614G, P681H, and D950N. E484K and N501Y are located
in RBM. The C.37 (lambda) variant was first detected in
Peru in August 2020 and designated by the WHO as a
variant of interest on Jun. 14, 2021. Although C.37 was
reported to be more infectious and resistant to neutralizing
antibodies than the B.1.1.7 and P.1 variants [76], further
research is necessary to understand its properties. C.37
possesses the spike mutations G75V, T76l, A246-252,
L452Q, F490S, D614G, and T859N. Among them, 1.452Q
and F490S are located in RBM. Also, the variants under
monitoring (VUM) are R.1, B.1.466.2, B1.1.318, B.1.1.519,
C.36.3,B.1.214.2, B.1.427 with B.1.429 (epsilon), B.1.1.523,
B.1.619, B.1.620, C.1.2, B.1.617.1 (kappa), B.1.526 (lota),
B.1.525 (eta), and B.1.630. VUMs are variants that have
the potential to be problematic in the future, but whose
phenotypic or epidemiological impacts are still unclear.

4. Patterns and Interactions of Mutations

It should be noted that these mutations do not act in isolation
from each other. The sophisticated structural changes that
mutations may incur allow them to affect each other
[18,77]. Examples of associations that support this include
E484K and N501Y being more effective in allowing viruses
to develop elevated infectivity when together [26], and the
trio of E484K, N501Y, and K417N together conferring
greater neutralization resistance than they would individually
[16,78]. A specific example of this in action is the
aforementioned three together being responsible for
moderately increased resistance to neutralization by
convalescent and vaccine sera (specifically the Pfizer
vaccine) [26]. Some mutations are epistatic, in other words,
the expression of one depends on the presence of one or
more other mutations, such as in the case of N501Y and
Q498R [79]. While the occurrence of mutations is mostly
random, the selection for mutations is not. It has been
shown that, in some cases, mutations develop under the
selective pressure of the human immune response (such as
in the case of K417N) [80,81].

5. Conclusions

In this article, we present an overview of the current state
of our understanding on the major variants of SARS COV-
2. In addition to the primary properties of each VOC, we
also presented a closer look at each mutation in the highly
important RBD of the S protein, identifying the most notable
changes they entailed. Variants sharing key mutations in
the spike protein tended to display similar changes in
properties, such as with resistance to neutralization in
B.1.351 and P.1.

In Fig. 1, mutation sites were mostly located on the
surface of the receptor-binding domain (RBD), especially
in the receptor-binding motif (RBM, red box in Fig. 1D).
Therefore, it is highly probable that future mutations will
occur in the RBM. Moreover, mutations affecting conta-
giousness are favorable for receptor binding, such as
increased hydrophobic interaction, hydrogen bonding, and
ion-pair interaction. Also, positively charged lysine or
arginine near the RBM changed to a threonine will
neutralize the charge and increase hydrogen bonding for
membrane penetration. On the other hand, therapeutic
antibodies need to be produced using the epitopes with
various mutation combinations of the RBM or conserved
regions related to RBD opening for the optimal binding
capacity.

Many of these mutations are quite recent developments
and require further study, especially those in emerging
Variants of Interest (VOIs) and VOCs. The mechanisms by
which mutations affect proteins are interlinked and often
complex. Mutations can have compound effects, and one can
even boost the effectiveness of the other. Certain mutations
commonly appear together and confer a combination such
as B.1.617.2, and how they affect each other is required for
a better, more comprehensive understanding. Given the
slight predictability in the selection of mutations under
pressure from the immune system and neutralization, it is
not infeasible to suggest that a systemic consideration of
possible mutations with an understanding of their individual
properties (with emphasis on escape mutations, as prior
knowledge of these gives far more opportunities for
prophylaxis) is possible. Understanding the correlation
between present virus variants and mutations could be
applied to in-silico modeling in order to anticipate upcoming
variants. This understanding could also be applied to
diagnose infectivity, disease severity, and lethality by
variant identification. Moreover, it could be used to design
antibody epitopes for efficient variant neutralization and
prepare new antibodies for the incoming variants. Ultimately,
we expect this understanding will prove a valuable resource
in winning the war against COVID-19.
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