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Omicron, another SARS-CoV-2 variant, has been recorded and reported as a VoC. It has already spread across
>30 countries and is a highly mutated variant. We tried to understand the role of mutations in the investigated
variants by comparison with previous characterized VoC. We have mapped the mutations in Omicron S-glyco-
protein's secondary and tertiary structure landscape using bioinformatics tools and statistical software and
developed different models. In addition, we analyzed the effect of diverse mutations in antibody binding regions
of the S-glycoprotein on the binding affinity of the investigated antibodies. This study has chosen eight signif-
icant mutations in Omicron (D614G, E484A, N501Y, Q493K, K417N, S477N, Y505H G496S), and seven of them
are located in the RBD region. We also performed a comparative analysis of the AAG score of these mutations to
understand the stabilizing or destabilizing properties of the investigated mutations. The analysis outcome shows
that D614G, Q493K, and S477N mutations are stable mutations with AAG scores of 0.351 kcal/mol, 0.470 kcal/
mol, and 0.628 kcal/mol, respectively, according to DynaMut estimations. While other mutations (E484A,
N501Y, K417N, Y505H, G496S) showed destabilizing results. The D614G, E484A, N501Y, K417N, Y505H, and
G496S mutations increased the molecular flexibility of S-glycoprotein to interact with the ACE2 receptor,
increasing the variant's infectivity. Our study will contribute to research on the SARS-CoV-2 variant, Omicron, by
providing information on the mutational pattern and exciting properties of these eight significant mutations,
such as antibody escape and infectivity quotient (stabilizing or destabilizing; increased or decreased molecular
flexibility of S-glycoprotein to interact with the human ACE2 receptor).

1. Introduction

Presently, SARS-CoV-2 variants have been a leading concern for
public health, and these variants have made the pandemic more
devastating [1]. Several variants have developed during the last one and
a half years. Among them, some variants are termed VoC (variants of
concern) and a few other variants as Vol (variants of interest) by WHO,
CDC, and ECDC [1,2]. Some of the VoC are B.1.1.7 (Alpha variant),
B.1.617.2 (Delta variant), B.1.351 (Beta variant), and P.1 (Gamma
variant). Similarly, VoI are B.1.427/B.1.429 (Epsilon variant), B.1.526
(Eta variant), B.1.525 (Kappa variant) etc. [3]. It has been observed that
every variant has its particular country of origin (Table 1). The first
virulent VoC discovered was Alpha, which probably emerged in

September 2020 in the UK. Subsequently, it circulated throughout the
UK and was responsible for a highly contagious wave. The geographical
location might play a substantial role in the evolution of viral variants.
Some studies have been performed to understand the association be-
tween the geographical location and the origin of SARS-CoV-2 variants
[4-6]. Goyal et al. analyzed the SNP level of SARS-CoV-2 variants and
found that allelic variants might be significantly associated with
geographic origin. The inference was made from 692 genome sequence
analysis of SARS-CoV-2 [7].

Remarkably, these variants originated rapidly, as this virus contains
RNA as its genome. RNA viruses tend to evolve quicker compared to
DNA viruses [8]. Therefore, SARS-CoV-2 is mutating rapidly like other
RNA viruses [9]. A few months ago, researchers reported the dominancy
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Table 1
Significant SARS-CoV-2 variants, their lineages, and first documented country.

Sl Significant SARS-  Variantsname  SARS-CoV-2 First documented
No. CoV-2 variants (WHO label) lineages country
1. 21K, GR/484A Omicron B.1.1.529 Multiple countries,
as November-2021
2. 201/501Y.V1 Alpha B.1.1.7 United Kingdom
3. 21A, 211, 21J/ Delta B.1.617.2 India
20A/8:478K
4. 20J/501Y.V3 Gamma P.1 Brazil
5. 20J Zeta P.2 Brazil
6. 20H/501Y.V2 Beta B.1.351 South Africa
7. 20C/S:452R Epsilon B.1.427/ USA
B.1.429
8. 21D, G/484K.V3 Eta B.1.525 USA
9. 21F, GH/253G. Iota B.1.526 USA

V1

of the Delta variant, which became dominant by replacing existing
variants [10]. Interestingly, the frequency of spread of the Delta variant
increased worldwide.

Unexpectedly, a new variant has emerged in South Africa, entitled
Omicron (B.1.1.529). In no time, it is being reported and isolated in
several countries. WHO designated the Omicron variant as VoC on
November 26, 2021, and it is the fifth one to be termed as VoC [11].

It has been found that the S-glycoprotein is critical for the patho-
genesis of SARS-CoV-2. It is well known that the S-glycoprotein of SARS-
CoV-2 interacts with the ACE2 receptor of the host cell for entering the
cell [12,13]. Therefore, S-glycoprotein is critical for the access of virus to
the host cell. Moreover, most of the available COVID-19 vaccines are
based on S-glycoprotein (due to antigenicity) [14,15]. Several scientists
have tried to explore the structural-functional and interaction properties
of the SARS-CoV-2 S-glycoprotein from time to time. Researchers have
explored the SARS-CoV-2 S-glycoprotein structure and its antigenicity.
Walls et al. studied how S-glycoprotein utilizes the ACE2 receptor to
enter the human host cells [16]. SARS-CoV-2 entry factors play a key
role and have been studied through single-cell RNA expression maps by
numerous researchers [17]. SARS-CoV-2 S-glycoprotein conformational
changes and the flexibility of the trimeric spike protein play a crucial
role in interactions with ACE2. These interactions are responsible for
SARS-CoV-2 virulence and transmissibility. Recently, Mercurio et al.
found that S-glycoprotein conformational changes are responsible for
strong interactions with ACE2 and antibodies [18]. Wrapp et al. have
developed a spike-trimer structure in the prefusion conformation to
understand the S-glycoprotein conformational changes in a more
detailed way. In this study, the researchers have developed a 3.5- A
-resolution structure through cryo-electron microscopy [19]. Tragni
et al. developed 3D comparative models of the SARS-CoV-2 S-glyco-
protein to evaluate how the SARS-CoV-2 Spike interacts with the ACE2
in the presence of emerging mutations such as E484K, N501Y, K417N.
This study also evaluated the interaction energy at the RBD/ACE2
protein-protein interface [20]. Our research has also characterized these
significant mutations (E484K, N501Y, K417N). Scientists are developing
nanobodies for the therapy of COVID-19 [21]. They have tried to un-
derstand how the nanobodies interact with the S-glycoprotein. For this
purpose, researchers have developed the COVID-19 Syrian golden
hamster model and evaluated the interaction of S-glycoprotein with
nanobodies [22]. Recently scientists found that three hinges are signif-
icant for S-glycoprotein flexibility [23]. Pierri commented that the
flexibility of the S-glycoprotein might be an essential target in fighting
against SARS-CoV-2 [24]. In this study, we have also tried to understand
how mutations in the RBD of Omicron influence the flexibility of the S-
glycoprotein.

The occurrence of mutations in S-glycoprotein is one of the critical
parameters which might assist in changing the vital characteristic of the
virus. Some mutations in S-glycoprotein are associated with immune
escape, transmissibility, and infectivity. Altogether, mutations in S-
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glycoprotein are also related to antigenicity and pathogenicity [1,25]. It
has been observed that missense mutations on S-glycoprotein affect its
receptor-binding affinity and stability. Teng et al. have observed that
mutations located on the RBD of the S-glycoprotein can affect RBD-ACE2
interactions. SARS-CoV-2 close residues (G496 and F497) and ACE2
residues (D355 and Y41) are crucial for RBD-ACE2 interactions [26].
Scientists have shown that D614G mutation in S-glycoprotein affects the
cleavage pattern of S-glycoprotein, infection, and re-infection [9,27].
Therefore, it is essential to understand the role of mutations in S-
glycoprotein, which might provide factual information about the altered
infection efficiency of the investigated variants. Consequently, it is also
urgent for us to understand the role of the S-glycoprotein mutations in
the infections from the emerging Omicron variant.

It has been noted that vaccination might elicit neutralizing anti-
bodies (nAb), protecting individuals and populations against the virus.
In SARS-CoV-2 infection, nAb targets S-glycoprotein for neutralizing the
viral ability to enter the host cells [12,28,29]. Due to mutations in
different positions of the S-glycoprotein, several variants have acquired
the ability to escape antibodies [29-35]. For example, it has been found
that the mutations in different positions of the S-glycoprotein in the
Delta variant are responsible for the reduced neutralization properties of
antibodies. In this direction, Planas et al. performed one study to
comprehend the effects of mutations of Delta variants on clinically
approved monoclonal Abs and other monoclonal Abs. The researchers
used four monoclonal Abs such as imdevimab (REGN10987), casir-
ivimab (REGN10933), etesevimab (LY-CoV016), bamlanivimab (LY-
CoV555), and eight other monoclonal Abs (anti-RBD and anti-NTD
monoclonal Abs). T478K mutation is a Delta variant-specific mutation.
This mutation is associated with the epitope region, which might be
involved in interactions with neutralizing mAbs. The study found that
T478K is close to mutation E484K and associated with antibody escape.
Simultaneously, the study observed that the variant was resistant to
some antibodies, including bamlanivimab, anti-RBD, and anti-NTD
monoclonal Abs [36].

Vaccination-induced Delta variant neutralization was less effective
than previous early Wuhan virus neutralization [37]. The mutations in
the Delta variant were shown to reduce the efficacy of vaccines [38].
Thus, the mutations in all the variants have an immense role in lowering
the neutralization of different antibodies. Thus, it is necessary to un-
derstand the role of Omicron spike mutations in antibody escape/
resistance.

Our study aims to shed light on the role of Omicron spike mutations
in infectivity, also by comparison with mutations characterized in other
VoC. In this direction, our first objective was to understand the role
played by mutations in the secondary structure and tertiary structure
landscape of S-glycoprotein in Omicron. The second objective was to
figure out the role played by mutations in antibody (nAb) binding re-
gions or the mutations in adjacent antibody (nAb) binding regions of the
S-glycoprotein of the variants. The third objective was to portray the
noteworthy characteristics of the eight crucial mutations (D614G,
E484A, N501Y, Q493K, K417N, S477N, Y505H, and G496S) of the
Omicron variant relating to stabilizing or destabilizing properties.
Moreover, we also tried to analyze the increased or decreased molecular
flexibility of S-glycoprotein to understand the effect of mutations on
interactions with the ACE2 receptor.

2. Methods

2.1. Data collection for Omicron variant to understand the mutational
landscape

We collected the latest information on the variants of SARS-CoV-2
using Google Scholar [39], PubMed [40,41], and Web of Science [42].
The study retrieved/ collected data on the Omicron variants from the
CDC [43,44]; eCDC [45] and WHO [46]. Keywords such as “Omicron
variant” and “B.1.1.529” were used to find the genomic information,
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and different data were retrieved from the open resource part of the
GISAID database [47,48]. The COVID-19 data was also gathered from
several countries and Nextstrain [49]. Nextstrain SARS-CoV-2 resources
are available on Nextstrain [50]. We collected the PDB file of S-glyco-
protein in an open state and S-glycoprotein-antibody interaction from
the RCSB-PDB database [51].

2.2. Data analysis and interpretation for Omicron variant to understand
the mutational landscape

2.2.1. Understanding the Omicron mutation in secondary structure
landscape

In this part of the study, we used the PdbSum server to understand
mutations in the secondary structure landscape of S-glycoprotein in
Omicron [52]. At the same time, the server developed the sequence Logo
to evaluate the conserved amino acid of the regions of the S-
glycoprotein.

2.2.2. The prediction of the characteristic mutations (changed flexibility
and stability etc.) on S-glycoprotein of Omicron

The DynaMut server analyzed the mutations on S-glycoprotein and
its characteristic effect on the Omicron variant [53]. The server analyzed
the mutation properties, such as increasing or decreasing molecular
flexibility and stabilizing or destabilizing events. The interatomic in-
teractions, fluctuation, and deformation analysis of an amino acid mu-
tation can be illustrated through Delta-Delta G (AAG). We have
calculated the AAG score of the point mutations of the Omicron S-
glycoprotein to describe its stability (thermodynamic stability). It has
been noted that the server illustrated the point mutation into two cat-
egories, such as stabilizing or destabilizing events. The point mutation is
described as stabilizing event when the AAG score was noted as > 0.
Similarly, the mutation was described as destabilizing when AAG score
was reported as < 0 [53]. Other researchers have demonstrated the
similar score of the AAG for stabilizing or destabilizing events [54].

In this study, we have analyzed AAG ENCoM, where we examined
the AAG score point mutation using ENCoM. ENCoM is an Elastic
Network Contact Model calculated through a different NMA approach
called the “coarse-grained NMA method.” It tries to measure the
consequence of the particular property of amino acids on dynamics
using a potential energy function. During calculation, a pairwise atom-
type non-bonded interaction expression was also considered [53,55].
At the same time, we also analyzed different structure-based predictions
such as AAG mCSM, AAG SDM, and AAG DUET.

Here, we have also calculated AAG mCSM, where the AAG score of
point mutation was analyzed using mCSM. mCSM (mutation Cutoff
Scanning Matrix) is measured to investigate the atomic-distance pat-
terns of missense mutations [53,56].

AAG of the point mutation was calculated by using SDM. The SDM
(Site Directed Mutator) is a potential energy function derived from the
statistical calculation, and it analyzes stability scores. During analysis,
the method uses amino-acid substitution frequency and it is calculated
an analogous free energy difference between the wild-type protein and
mutant-type protein [53,56,57].

AAG DUET was also evaluated where we calculated the AAG score of
point mutation. DUET uses two approaches (SDM and mCSM) for the
prediction. Finally, the two results have been combined and optimized
using SVM (Support Vector Machines) [53,58].

We also calculated the AASVibENCoM (vibrational entropy energy),
providing information about the vibrational entropy changes between
the wild type and the mutant type. It helps to understand the vibrational
entropy energy and its effects on protein stability due to single-point
mutation [53,59]. During AAG calculations, the DynaMut server used
the Wuhan strain as the reference value. Conversely, it has been noted
that proteins are dynamic in nature with rapid conformational fluctua-
tions or alternation. These conformational alternations can be measured
by the DynaMut server evaluated using NMA [53].
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2.2.3. Statistical models, plots, and graphs

Statistical models were generated using statistical software (PAST
4.03 software) [60]. Similarly, MATLAB was also used to analyze the
plots and graphs [61].

Moreover, we have depicted a flow diagram to provide a bird's eye
view of our study to understand the mutational landscape of the Omi-
cron (B.1.1.529) variant (Fig. 1a). Also, the location of the selected eight
mutations from the S-glycoprotein for our study has been depicted
(Fig. 1b).

3. Results

3.1. Mapping the mutations in the Omicron variant and comparison of
mutations with other VoC

We have extensively studied the mutations in Omicron throughout
the genome, and several mutations were recorded in protein-coding
genes. The observed Omicron mutations in the structural and non-
structural proteins are recorded in Table S1 and are schematically rep-
resented through a diagram (Fig. 2A). Similarly, we have also observed
the number of mutations in different structural proteins (S, E, M, and N)
and non-structural proteins (nsp3, nsp4, nsp5, nsp6, nsp12, and nsp14).
A statistical model was developed using the number of mutations of
structural and non-structural proteins (Fig. 2B). The maximum number
of mutations was observed in the S protein. Meanwhile, a minimum
number of mutations were in one structural protein and four non-
structural proteins (E and nsp4, nsp5, nspl2, nsp14, respectively).

Next, detailed mutation analysis of the S-glycoprotein of Omicron
was performed. Several mutations in different regions of the S1 and S2
subunits of S-glycoprotein were recorded (Fig. 2C). In addition, our
analysis noted many mutations in several other areas in the S-glyco-
protein of Omicron. A model was developed using the number of mu-
tations (Fig. 2D). The maximum number of mutations was observed in
the RBD region of the S-glycoprotein. Concurrently, the minimum
number of mutations was in two S-glycoprotein regions (FP regions and
regions 806 to 912). The second-highest number of mutations was noted
in the NTD.

The total number of mutations in Omicron was compared with the
mutations of other VoC (Delta, Gamma, and Alpha) (Fig. 2E). Our
analysis found maximum mutations in Omicron and minimum in Alpha.
Similarly, we found the total number of mutations in the S-glycoprotein
in Omicron and other VoC (Delta, Gamma, and Alpha) (Fig. 2F). The
analysis noted a maximum number of mutations in the S-glycoprotein of
Omicron and a minimum in the S-glycoprotein of Alpha. In both cases,
the number of Omicron mutations is higher than the other VoCs.

3.2. Mapping the mutations in the secondary structure landscape of S-
glycoprotein in Omicron

We next analyzed the effect of mutations in the secondary structure
landscape of S-glycoprotein in Omicron. For this, secondary structure
components like a-helix and the p-sheet in different regions of the S-
glycoprotein in Omicron were analyzed. Simultaneously, the conserved
residues in each position through the sequence Logo were analyzed. The
secondary structure components and conserved residues are illustrated
in NTD (Fig. 3A and Fig. 3B), RBD (Fig. 3C and Fig. 3D), and HR1
(Fig. 3E and Fig. 3F). We analyzed mutations in RBD that were located in
the B-sheet regions and other regions. We observed that mutation A67V
was present in the p-sheet area.

Similarly, A69-70 was found in NTD (which was also shared with the
Alpha variant spike) [62]. In comparison, A143-145 was found situated
in a p-sheet area. The conserved residues from the sequence logo illus-
trate mutations in less conserved regions, and the generated sequence
logo from NTD shows a similar kind of result. The mutation A67V, A69-
70, indicates relative frequency and implies that mutations occur in the
less conserved region.
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The analysis revealed that mutations in RBD were located in the
p-sheet or a-helix or excluding this region. The mutations K417N and
N440K were found in different o-helix areas. Meanwhile, S375F was
found in a p-sheet area and Q493K in another f-sheet region. Conversely,
the mutation G446S was found other than the p-sheet or a-helix. The
RBD mutations were present in the less conserved regions. Fig. 3D de-
picts the presence of mutations G339D, S373P, and S375F in the less
conserved region of RBD.

Mutations in HR1 were located in the a-helix regions. The mutations
D950N and Q954H were found in the same a-helix areas. In contrast,
N969K was located in regions excluding the a-helix/p-sheet.
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3.3. Mapping the mutations in the tertiary structure landscape of S-
glycoprotein in Omicron

The mutations in Omicron were mapped in the tertiary structure
space of S-glycoprotein in Omicron. We found that all the mutations are
randomly distributed in the S-glycoprotein along with the RBD regions
(Fig. 4A). We mapped >15 noteworthy mutations in RBD regions of the
S-glycoprotein of Omicron. At the same time, we also mapped mutations
in the RBM area (Fig. 4B). About 10 important mutations were noted in
the RBM area. Some significant mutations are N440K, T478K, Q493K,
Q498R, N501Y, and Y505H. Several new mutations were found in the S-
glycoprotein of Omicron compared to other VoC (Table 2). We noted
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Fig. 4. Mapped mutations in the tertiary structure landscape of S-glycoprotein in Omicron. (a) Location of mutations in the tertiary structure landscape of S-
glycoprotein highlighting RBD. (b) Location of mutations in the RBM in tertiary structure landscape of S-glycoprotein.

several novel mutations like S375F, S373P, S371L, G339D, N440K,
G446S, S477N, Q493K, G496S, Q498R, and Y505H compared to the
Delta, Gamma, and Alpha variants.

3.4. Mapping the mutations in neutralizing antibody (nAb) binding
regions of S-glycoprotein in Omicron

Presently, a big question is whether Omicron can escape antibodies
or not. Scientists are analyzing the mutations responsible for antibody
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escape and vaccine escape for SARS-CoV-2 [63,64]. nAb structure is
vital for their interaction. According to the structure and their interac-
tion properties, researchers have categorized nAb into four classes.
Barnes et al. [65] have classified SARS-CoV-2 nAb into four classes. The
first nAb class (Class-1) binds with the ‘up’ RBDs. This nAb contains a
VH3-53 part with a short CDRH3 loop. The second nAb class (Class-2)
binds with ‘down’ and ‘up’ RBDs. It usually binds nearby RBDs. The
third nAb class (Class-3) can also bind with both ‘down’ and ‘up’ RBDs.
However, it attaches outside the ACE2 region. The fourth nAb class



C. Chakraborty et al.

Table 2
Significant mutations within the S-protein of four SARS-CoV-2 variants; Omi-
cron (B.1.1.529), Delta (B.1.617.2), Gamma (P.1), and Alpha (B.1.1.7).

Variants Mutations in Spike (S) glycoprotein
name . .
Other than RBD region RBD region
Omicron A67V, A69-70, T95I, G142D, G339D, S371L, S373P, S375F,
(B.1.1.529) A143-145, A211, L212I, K417N, N440K, G446S,
ins214EPE,T547K, D614G, S477N, T478K, E484A,
H655Y, N679K, P681H, N764K, Q493K, G496S, Q498R,
D796Y, N856K, Q954H, N969K, N501Y, Y505H
L981F
Delta G142D, T19R, R158G, D614G, L452R, T478K
(B.1.617.2) P681R, D950N, E156del,
F157del
Gamma (P.1) L18F, T20N, P26S, D138Y, K417T, E484K, N501Y
R190S, H655Y, T10271
Alpha HV 69-70 deletion, Y144 N501Y
(B.1.1.7) deletion, A570D, P681H, T716I,

S982A, D1118H

(Class-4) is similar to the first class of nAb. It is unable to block ACE2 and
can only attach to ‘up’ RBDs. Following this classification, Greaney et al.
have comprehended how SARS-CoV-2 RBD mutations are responsible
for antibody escape. They found that the obtained E484K mutation at
RBD is the most effective in the escape of class-2 antibodies [66]. They
also found that RBD mutations decrease antibody binding efficiency at
the interaction site.

In this direction, we analyzed the mutations in the S-glycoprotein's
antibody binding regions in Omicron (Table 3). We considered the four
antibody classes (Class-1, Class-2, Class-3, and Class-4) to understand
the interaction residue position of the nAb and binding regions of S-
glycoprotein. We noted mutations in the nAb binding regions or adja-
cent mutations in the interacting position. The general interaction of
Class-1 nAb with S-glycoprotein is depicted in Fig. 5A. While, the gen-
eral interaction of Class-2 nAb with S-glycoprotein is depicted in Fig. 5B.
Similarly, another diagram mapped mutational position in the nAb
binding regions or adjacent mutations in the nAb binding areas
(Fig. 5C).

3.5. Mapping the significant properties of D614G, E484A, N501Y,
Q493K, K417N, S477N, Y505H, G496S

In this analysis, we tried to understand the properties of some mu-
tations (D614G, E484A, N501Y, Q493K, K417N, S477N, Y505H,
G496S). AAG scores, interatomic interactions, fluctuation, and defor-
mation analysis were analyzed. AAG score illustrates how point muta-
tions change protein stability [67]. A deeper understanding of point
mutation help to assess the interaction interfaces from the wild type to
mutant type and might help evaluate the change in the interaction space
of the protein-protein binding [68]. Fluctuation and deformation anal-
ysis provides information about the assembly by Normal Mode Analysis
(NMA) of wild-type and mutant-type and depicts the RMS fluctuation of
molecules [69].

3.5.1. Mapping the properties of D614G

We analyzed AAG score, interatomic interactions, and fluctuation
and deformation analysis in the D614G mutation. The outcome of the
analysis of AAG score of D614G mutation is depicted in Fig. 6A. Here,
the analysis calculated the outcome of AAG score to be 0.351 kcal/mol.
The NMA-based predictions show that AAG ENCoM is —0.134 kcal/mol,
which is destabilizing. Other structure-based predictions showed AAG
mCSM (—0.514 kcal/mol; destabilizing), AAG SDM (2.510 kcal/mol;
stabilizing) and AAG DUET (0.171 kcal/mol; stabilizing). We analyzed
A vibrational entropy energy between wild-type and mutant, which
showed AASVib ENCoM as 0.168 kcal.mol *.K~!. The outcome of the
model predicts an increase in molecule flexibility. The interatomic in-
teractions are shown in Fig. 6B (the wild-type and mutant residues are
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Table 3

Mutation in antibodies interaction area within S-protein of Omicron variant.
Here, we mapped the mutations in the residue of interaction with antibodies
(nAbs) or the mutations in the adjacent area of interaction with antibodies
(nAbs). It also illustrates the SARS-CoV-2 neutralizing antibodies (nAbs), their
class, and PDB Id used in this study.

Sl Antibody Antibody PDB Amino acids Mutations in the
No  name class id residue and residue of
positions of S- interaction with
glycoprotein that antibodies
interact with (nAbs) or the
neutralizing mutations in the
antibodies (nAbs) residues of
adjacent area of
interaction with
antibodies
(nAbs)
1 BD-744 Class-1 7EYO0 E340,T345,R346, G339D, G446S,
BD-813 N354, Y449, Q493K
N450, L452,
R466, 1468, T470,
F490, L492
T415, D420, K417N, S477N,
Y421, L455, F456, T478K, E484K,
R457, N460, Y505H
Y473, A475, S477,
T478, F486,
N487, Y489, Y505
2 BG1-22 Class-1 7M6F  R408, D420, K417N, S477N,
Y421, T415, E484A, Q493K,
A457, N460, G4968S, Q498R,
A475, S477,F486,  V505H
Q493, Y495,
T500, V503,
3 P2B-1A10 Class-1 7CZQ K417, Y449, L455, K417N, G446S,
F456, A475, S477N, Q493K,
N487, Y489, G4968S, Q498R,
Q493, G496, N501Y, Y505H
T500, N501,
G502, Y505
4 13G9 Class-2 7E3K Q493, E484, E484A, Q493K,
K458, S477, F486 S477N
5 C548 Class-2 7R80 L455, F486, Q498, E484A, Q493K,
F490, Q493, E484  Q498R
6 C051 Class-2 7R8N 1455, Q493, S494  Q493K, G496S
7 C032 Class-3 7R8M T345, R346, N440K, G446S
N440, L441,
K444, V445,
N448,
8 47D11 Class-3 7AKD F338, F342, Y365, G339D, S373P,
V367, L368, F374 S375F
9 BG10-19 Class-3 7M6E  V445,Y489,F490,  G446S, Q493K,
Q498, N343, G496S, Q498R,
F374, N450, S373P, N440K
N440, L441,
R346, W436,
V367
10 C118. Class-4 7RKV  L355, Y365, F364, K417N
C366, G391,
D392, V394,
K417, F416,
D415, D414,
P399. G400,
Q401, T402
11 §2X259 Class-4 7RA8 Y369, C379, S371L, S375F
K378, F377, T385,
$383, Y380, R408,
D405
12 5A6 Class-4 7M71 D471, N481, E484A, Q493K
E484, Y489, F490,
N487, F486

colored in light green). It also illustrates the adjacent residues involved
in any interaction. The fluctuation of the wild-type and mutant residues
were also observed (Fig. S1A). More fluctuation was noted in mutant
residues compared to the wild-type proteins. The maximum fluctuation
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Amino acids residue and
positions of S-glycoprotein
that interact with nAbs
R408, D420, Y421, T415,
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Fig. 5. Spotted mutations in the antibody (nAb) binding regions of S-glycoprotein in Omicron. (a) BG1-22 antibody (Class-1 antibody) and its interaction with S-
glycoprotein show the residues involved in this interaction. (b) 13G9 antibody (Class-2 antibody) and its interaction with S-glycoprotein show the residues involved
in this interaction. (c) Predicted mutation position in the nAb binding regions or adjacent mutations in the nAb binding areas.

was noted in residues between 400 and 500, nearer to residue number
700, and after 1000. Visual analysis of atomic fluctuations shows the
atomic fluctuations of the 3D space of S-glycoprotein, both in the wild
and mutant types (Fig. S1B). The maximum atomic fluctuations were
noted in the terminal position. Simultaneously, we analyzed the visual
analysis of deformation energies to show the amount of local flexibility
of the 3D space of S-glycoprotein, both in the wild and mutant types
(Fig. S1C). Like the previous outcome, a maximum amount of flexibility
was noted in the terminal position.
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3.5.2. Mapping the properties of E484A

Next, the AAG of E484A mutation was evaluated (Fig. 7A). The
observed score was —0.456 kcal/mol. We found that AAG ENCoM is
—0.377 kcal/mol (destabilizing). The other structure-based analyses
showed three parameters i) AAG mCSM as —0.415 kcal/mol, destabi-
lizing; ii) AAG SDM as 0.320 kcal/mol, stabilizing and iii) AAG DUET as
—0.128 kcal/mol, destabilizing. The analyzed A vibrational entropy
energy between wild and mutant types was noted as AASVib ENCoM
(0.471 kcal.mol 1.K™1). The result shows an increase in molecule flex-
ibility. Simultaneously, the interatomic interactions of E484A were
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Fig. 6. Illustrated significant properties of D614G. (a) Vibrational entropy energy of D614G with a visual representation through AAG score prediction. (b)
Interatomic interactions of wild type to mutant type D614G mutation.
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Fig. 7. Mapped important properties of E484A. (a) Vibrational entropy energy of E484A with a visual representation through AAG score prediction. (b) Interatomic
interactions of wild type to mutant type E484A mutation.
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BLUE a rigidif ion of the and RED a gain in flexibility

Fig. 8. Evaluated significant properties of N501Y. (a) Vibrational entropy energy of N501Y with a visual representation through AAG score prediction. (b) Inter-
atomic interactions of wild type to mutant type N501Y mutation.

observed for wild- and mutant-type residues (Fig. 7B) and adjacent 3.5.3. Mapping the properties of N501Y

residues involved in the interaction. The fluctuation of the wild and We observed the AAG of N501Y mutation and noted it as —0.203
mutant-type residues were also recorded (Fig. S2A). More fluctuation kcal/mol (Fig. 8A). AAG ENCoM of N501Y was —0.094 kcal/mol, which
was noted in mutant-type residues compared to the wild-type. A similar is destabilizing. We again evaluated the structure-based other parame-

fluctuation was noted during the analysis of deformation energy in ters for N501Y mutation like AAG mCSM (—0.457 kcal/mol, destabi-
E484A mutation. The atomic fluctuations in the virtual model of the 3D lizing); AAG SDM (0.280 kcal/mol, stabilizing); and AAG DUET
space of S-glycoprotein (the wild-type and mutant-type) are depicted in (—0.471 kcal/mol, destabilizing). At the same time, A vibrational en-

Fig. S2B. In this mutation, the maximum atomic fluctuations were noted tropy energy among wild and mutant types was also observed (AASVib
in the terminal area of the S-glycoprotein. Also, the visual analysis of ENCoM as 0.117 kcal.mol™L.K™1). The results display enhanced mole-
deformation energies was observed for the 3D space of S-glycoprotein in cule flexibility. Other analyses revealed the interatomic interactions of
the wild and mutant types (Fig. S2C). N501Y mutation for wild and mutant-type concerning residues and their

interaction with nearby residues (Fig. 8B). The fluctuations of residues
were also observed for the wild and mutant-type residues (Fig. S3A). A
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Fig. 9. Mapped noteworthy properties of Q493K. (a) Vibrational entropy energy of Q493K with a visual representation through AAG score prediction. (b) Inter-

atomic interactions of wild type to mutant type Q493K mutation.
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Fig. 11. Evaluated important properties of S477N. (a) Vibrational entropy energy of S477N with a visual representation through AAG score prediction. (b)

Interatomic interactions of wild type to mutant type S477N mutation.

model was developed to understand the atomic fluctuations of the 3D
space of S-glycoprotein in virtual mode. It displays the 3D landscape
(atomic fluctuations) of both the wild and mutant-type S-glycoproteins
(Fig. S3B). Moreover, visual analysis of deformation energies was also
observed for the 3D space of S-glycoprotein, both in wild and mutant
types (Fig. S3C). Luan et al. have calculated AAG for N501Y mutation
for sRBD-CB6 (0.62 keal-mol ') and sRBD-hACE2 (—0.81 kcal-mol )
binding [70].

3.5.4. Mapping the properties of Q493K

Like other mutations, we analyzed the AAG of the Q493K mutation,
and it was observed as 0.470 kcal/mol (Fig. 9A). Similarly, we found
AAG ENCoM to be 0.066 kcal/mol (destabilizing). At the same time, we
analyzed AAG mCSM (0.194 kcal/mol, destabilizing), AAG SDM (0.580
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kcal/mol, stabilizing), and AAG DUET (0.794 kcal/mol, destabilizing).
The A vibrational entropy energy between wild and mutant types was
observed as AASVib ENCoM (—0.082 kcal.mol’l.K’l). The result shows
a decrease in molecule flexibility. Simultaneously, we found the inter-
atomic interactions of the Q493K mutation for the wild and mutant-type
residues along with their adjacent residues involved in the interaction
(Fig. 9B). The fluctuation of Q493K in the wild and mutant-type residues
was also observed (Fig. S4A). We found that atomic fluctuations indicate
a model of the fluctuation in the 3D space of the wild and mutant type S-
glycoproteins (Fig. S4B). For mutation (Q493K), the visual analysis of
deformation energies was observed in the 3D landscape of both the wild
and mutant type S-glycoproteins (Fig. S4C).
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Fig. 12. Mapped noteworthy properties of Y505H. (a) Vibrational entropy energy of Y505H with a visual representation through AAG score prediction. (b)

Interatomic interactions of wild type to mutant type Y505H mutation.
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Fig. 13. Illustrated significant properties of G496S. (a) Vibrational entropy energy of G496S with a visual representation through AAG score prediction. (b)

Interatomic interactions of wild type to mutant type G496S mutation.

3.5.5. Mapping the properties of K417N

The analysis outcome for K417N mutation are AAG (—0.932 kcal//
mol) (Fig. 10A), AAG ENCoM (—0.677 kcal/mol, destabilizing), AAG
mCSM (—1.138 kcal/mol; destabilizing), AAG SDM (—0.280 kcal/mol;
destabilizing) and AAG DUET (—1.123 kcal/mol; destabilizing). We
analyzed A vibrational entropy energy between wild and mutant types
(AASVib ENCoM: 0.846 kcal.mol’l.K’l), and an increase in the mole-
cule flexibility of the model was noted. Interatomic interactions pro-
vided information about the interactions of residues in both wild and
mutant types (Fig. 10B). We also observed the fluctuation of the wild
and mutant-type residues of K417N mutation (Fig. S5A). Visual analysis
of atomic fluctuations of K417N mutation in S-glycoprotein showed the
atomic fluctuations of the 3D space of S-glycoprotein in wild and mutant
types (Fig. S5B). At the same time, we performed an analysis to under-
stand the visual analysis of deformation energies. It demonstrated the
amount of local flexibility of the 3D space of S-glycoprotein in wild and
mutant types (Fig. S5C). Luan et al. have calculated AAG for K417N
mutation for sRBD-CB6 (9.59 kcal-mol™') and sRBD-hACE2 (1.48
keal-mol 1) binding [71].

3.5.6. Mapping the properties of S477N

The AAG was analyzed to understand the characteristics of S477N
mutation, and it was observed to be 0.628 kcal/mol. (Fig. 11A). Again,
AAG ENCoM (0.064 kcal/mol, destabilizing), AAG mCSM (—0.215
kcal/mol; destabilizing), AAG SDM (0.780 kcal/mol; stabilizing) and
AAG DUET (0.235 kcal/mol; stabilizing) were also evaluated for S477N
mutation. A vibrational entropy energy between wild and mutant types
showed AASVib ENCoM as —0.080 kcal.mol L.K~!. A decrease in
molecule flexibility of the model was evident from the analysis. Simul-
taneously, the interatomic interactions were observed (Fig. 11B), and
residue and bonds involved in the interaction were recorded. The RMS
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fluctuation in all residues for S477N mutation of S-glycoprotein was
noted for the wild and mutant type residues (Fig. S6A). The fluctuation
was observed in the residues, which are more or less similar to other
mutations. We observed the atomic fluctuations in the 3D configuration
of the S-glycoprotein, demonstrating the atomic fluctuations of both the
wild and mutant types (Fig. S6B). Lastly, we analyzed the visual analysis
of deformation energies to demonstrate the quantity of local flexibility
of the 3D arrangement, both in the wild and mutant type S-glycoproteins
(Fig. S6Q).

3.5.7. Mapping the properties of Y505H

The AAG estimation outcome of Y505H mutation was —0.510 kcal/
mol (Fig. 12A). At the same time, AAG ENCoM (—0.305 kcal/mol,
destabilizing) was also analyzed. Similarly, other structure-based ana-
lyses showed three parameters i) AAG mCSM as —0.119 kcal/mol,
destabilizing; ii) AAG SDM as 0.380 kcal/mol, stabilizing and iii) AAG
DUET as 0.143 kcal/mol, stabilizing. The analyzed A vibrational en-
tropy energy between wild and mutant types was noted as AASVib
ENCoM (0.381 keal.mol LK 1). Similarly, the interatomic interactions
of Y505H were recorded for wild and mutant-type residues (Fig. 12B).
The neighboring residues involved in the interaction were also observed.
Simultaneously, the fluctuation of both the wild and mutant-type resi-
dues was recorded (Fig. S7A). The atomic fluctuations of Y505H muta-
tion in the virtual model and 3D arrangement of the S-glycoprotein for
wild and mutant types are depicted in Fig. S7B. Concurrently, the visual
analysis of deformation energies of Y505H mutation was observed in the
3D model of S-glycoprotein in both the wild and mutant types (Fig. S7C).

3.5.8. Mapping the properties of G496S
Like other mutations, the AAG evaluation of the G496S mutation was
—0.097 kcal/mol (Fig. 13A). The AAG ENCoM (—0.014 kcal/mol,
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destabilizing), AAG mCSM (—0.763 kcal/mol kcal/mol, destabilizing),
AAG SDM (—1.010 kcal/mol, destabilizing) and AAG DUET (-0.614
kcal/mol, destabilizing) were also recorded. The A vibration entropy
energy between wild and mutant types was observed as AASVib ENCoM
(0.018 keal.mol 1.K~1). The result shows an increase in molecule flex-
ibility. Concurrently, the interatomic interactions of the G496S mutation
for wild and mutant type residues with their nearby residues involved in
the interaction are shown in Fig. 13B. The fluctuation of G496S mutation
pointing out the wild and mutant-type residues was also observed
(Fig. S8A). The atomic fluctuations indicate a model of the fluctuation in
the 3D landscape of the wild and mutant types of S-glycoproteins
(Fig. S8B). For mutation (G496S), the visual analysis of deformation
energies was observed in the 3D arrangement of the wild and mutant
type S-glycoproteins (Fig. S8C).

4. Discussion

Presently, more than 20 countries throughout the globe have
confirmed the spread of the Omicron variant. Scientists are continuously
trying to understand the characteristics of the Omicron variant, and
researchers from Belgium reported that the variant could spread much
faster than the Delta variant [72]. Therefore, scientists have raised the
alarm for the Omicron variant as a global health concern, and a global
health alert has also been issued [73].

The preliminary observation found that the Omicron variant is a
heavily mutated variant with several mutations, and we mapped the
significant mutations of the variant. The comparative mutations studies
inform us of several additional mutations throughout the non-structural
and structural proteins of the Omicron (Fig. 1E).

We also found several additional mutations within the S-glycopro-
tein of the Omicron variant compared to three other VoC, especially in
the RBD regions. In RBD, we found one significant mutation (N501Y) in
Alpha; three important mutations (K417T, E484K, N501Y) in Gamma;
and two significant mutations (L452R, T478K) in Delta. At the same
time, we found that the Omicron variant contains 15 critical mutations
in the RBD region (Table 2). Moreover, our analysis found no significant
mutation in the RBM of Alpha; two significant mutations (E484K,
N501Y) in Gamma; and two significant mutations (L452R, T478K) in
Delta. Similarly, our analysis showed that the Omicron variant contains
ten essential mutations in the RBM region (N440K, G446S, S477N,
T478K, E484A, Q493K, G496S, Q498R, N501Y, Y505H).

However, the question is how effective the mutations of Omicron
are? In the current scenario, an essential question throughout the world
is: are these mutations responsible for antibody escape or vaccine
escape? [72]. Some studies have been performed to understand the
antibody escape or partial vaccine escape of the emerging variants and
noted nAb escape or partial vaccine escape properties [64,74]. Very low
protection against the variant while using the neutralizing sera from
double vaccinated participants or convalescent sera from boosted in-
dividuals was observed [75]. However, mRNA vaccines showed potent
neutralization for the Omicron variant [76]. In this direction, we have
performed a bioinformatics study to comprehend the mutations in
antibody binding regions or the mutations in adjacent antibody binding
regions of S-glycoprotein in the Omicron variant and reported several
mutations in S-glycoprotein regions (Table 3).

Our study chose eight mutations (D614G, E484A, N501Y, Q493K,
K417N, S477N, Y505H, and G496S) of Omicron S-glycoprotein to map
the significant virulent properties. Among the eight mutations, seven
mutations (E484A, N501Y, Q493K, K417N, S477N, Y505H, and G496S)
are located in the RBD region, and one mutation (D614G) outside the
RBD region of the S-glycoprotein (Fig. 1b). It has already been reported
that mutations in the RBD region of the Omicron have a significant role
in augmenting S-glycoprotein's binding affinity to the ACE2 receptor
and thus, increasing the infectivity [77]. Furthermore, due to many
significant mutations in S-glycoprotein, the Omicron variant is promi-
nent for its antibody escape or antibody-mediated neutralization
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Table 4
Major mutations that were chosen for our study and their characteristics re-
ported by different researchers.

SL Features of mutations Reference

No.

Significant
mutations of
Omicron variant

1. D614G Enhance the main protein chain
flexibility which shown high
infectivity rate with better binding
affinity of S-protein to the ACE2
receptor. This mutation boost up
the viral fitness to amplify
replication and transmission
property of SARS-CoV-2 virus.
Crucial role in the advancement of
viral infectivity, transmissibility,
and/or antigenicity. This mutation
reduces the neutralization potency
of antibodies.

Increasing the electrostatic
interactions between S-protein and
ACE2 by a strong hydrogen bond
near the mutation site. Which also
affect viral-host cells fusion and
increased viral transmission rate.
This mutation considerably
contributes to the binding energies
of the RBD of S-protein and ACE2
and almost doubled the
electrostatic potential S-protein-
ACE2 complex.

The RBD-ACE2 interactions were
expressively increased due to
K417N mutation by increasing the
RBD-ACE2 free energy of binding.
This single mutation also
destabilizes the stated interaction
complex through a combination of
slower binding and faster
dissociation.

This important mutation results in
increased binding affinity of S-
protein RBD region for the ACE2
receptor. It also facilitates the
immune escape mechanism by
increasing receptor-binding affinity
freely on antibody recognition of
epitopes.

Y505H mutation causing in reduced
protein stability and an augmented
risk of viral disease

It change the shape of the receptor-
binding motif (RBM) and generates
a steric interference for the binding
of Abs to the RBD of S-protein,
results in loss of Ab-RBD
interactions.

[85,87,90,91]

2. E484A [94,95]

3. N501Y [1,2,96,97]

4. Q493K [98,99]

5. K417N [1,87,97,100]

6. S477N [1,101,102]

7. YS05H [103]

8. G496S [104,105]

resistance and partial vaccine escape [78-80]. Concurrently, we also
reported from our previous bioinformatics study that mutations in the
RBD region in Omicron have a significant role in antibody escape [81].
Therefore, we chose seven mutations (E484A, N501Y, Q493K, K417N,
S477N, Y505H, and G496S) in the RBD regions out of eight mutations
selected for our study. D614G is a significant mutation reported by
several scientists for its essential role in augmenting the receptor binding
affinity of S-glycoprotein and thus, augmenting the infectivity and re-
infectivity [82-84]. D614G is found in most emerging variants, espe-
cially all VoC and Vol [85,88]. All these mutations have already been
reported from other variants for their significant characteristics and
have been found associated with increasing infectivity rate with the
better binding affinity of S-glycoprotein to the ACE2 receptor, reduction
of the neutralization potency of antibodies, etc. (Table 4). Furthermore,
our study has tried to analyze all the eight mutations to understand the
stabilizing or destabilizing properties and evaluate S-glycoprotein's
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Table 5
Comparative analysis of or AAG score of significant mutations of Omicron variant.
AAG Prediction ~ NMA based Other structure-based predictions A Vibrational entropy Remark
prediction energy between wild-type
and mutant
Sl Significant AAG (kcal/ AAG ENCoM AAG mCSM AAG SDM AAG DUET AASy;i, ENCoM (kcal.
no.  mutations of mol) (keal/mol) (keal/mol) (keal/mol) (keal/mol) mol K1)
Omicron variant
1 D614G 0.351, —-0.134, —0.514, 2.510, 0.171, 0.168 Increase of
Stabilizing Destabilizing Destabilizing Stabilizing Stabilizing molecular
flexibility
2 E484A —0.456, -0.377, —0.415, 0.320, —0.128, 0.471 Increase of
Destabilizing Destabilizing Destabilizing Stabilizing Destabilizing molecular
flexibility
3 N501Y —0.203, —0.094, —0.457, 0.280, —0.471, 0.117 Increase of
Destabilizing Destabilizing Destabilizing Stabilizing Destabilizing molecular
flexibility
4 Q493K 0.470, 0.066, 0.194, 0.580, 0.794, —0.082 Decrease of
Stabilizing Destabilizing Stabilizing Stabilizing Stabilizing molecular
flexibility
5 K417N —0.932, —-0.677, —1.138, —0.280, —1.123, 0.846 Increase of
Destabilizing Destabilizing Destabilizing Destabilizing Destabilizing molecular
flexibility
6 S477N 0.628, 0.064, —0.215, 0.780, 0.235, —0.080 Decrease of
Stabilizing Destabilizing Destabilizing Stabilizing Stabilizing molecular
flexibility
7 Y505H —-0.510, —0.305, —0.119, 0.380, 0.143, 0.381 Increase of
Destabilizing Destabilizing Destabilizing Stabilizing Stabilizing molecular
flexibility
8 G496S —-0.097, —0.014, —0.763, -1.010, —0.614, 0.018 Increase of
Destabilizing Destabilizing Destabilizing Destabilizing Destabilizing molecular
flexibility
a oFee b ORF6-8
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Fig. 14. Schematic representation shows Omicron S-glycoprotein significant mutations, and their effects on stability and flexibility changes due to amino acid
substitution (a) Schematic representation shows significant mutations of Omicron S-glycoprotein and their effects on stability. (b) Schematic representation shows

significant mutations of Omicron S-glycoprotein and their effects on flexibility.

increased or decreased molecule flexibility. These altered properties can
help S-glycoprotein interact with the ACE2 receptor differently. There-
fore, our analyses will help characterize the mutations of the S-glyco-
protein of Omicron and the properties concerning these mutations.
Finally, the study tried to characterize the significant properties of
D614G, E484A, N501Y, Q493K, K417N, S477N, Y505H, and G496S of
the Omicron variant. In that direction, we have chosen the significant
mutations that are located in RBD, one from RBM, and the mutations in
nAb binding regions. We have also considered the mutations which have
a role in the immune escape, infectivity or re-infectivity, or vaccine
escape. Previously, it has been reported that D614G mutation has a role
in the immune escape, infectivity, or re-infectivity [9,18]. Scientists
have already reported that the E484K mutation has the property of
antibody evasion [1,87]. Therefore, we have chosen all these mutations
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for characterization. Several scientists have analyzed AAG score for
significant mutations of other SARS-CoV-2 variants such as Delta,
Lambda, and Kappa [88]. Here we analyzed the AAG score of Omicron
to understand the effects of mutation on molecular flexibility, inter-
atomic interactions between the residues of wild and mutant types,
atomic fluctuations, and deformation energies residues in wild and
mutant type residues. We also performed a comparative analysis of AAG
score of significant mutations (Table 5). The AAG score study outcome
shows that D614G, Q493K, and S477N mutations stabilize with 0.351
kcal/mol, 0.470 kcal/mol, and 0.628 kcal/mol, respectively. Other
mutations showed destabilizing results. On the other hand, our study
noted that the D614G, E484A, N501Y, K417N, Y505H, and G496S
mutation augmented the molecule flexibility of S-glycoprotein. How-
ever, our evaluated atomic fluctuations and deformation energies of all
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mutations (D614G, E484A, N501Y, Q493K, K417N, S477N, Y505H,
G496S) have shown a similar kind of result for all of these mutations
(Fig. S1 to Fig. S8).

Previously, researchers have categorized several SARS-CoV-2 muta-
tions concerning stabilizing and destabilizing properties. They have
used the COVID-3D server to analyze the stabilizing/destabilizing
properties of the mutation of SARS-CoV-2 variants [89]. DynaMut is a
widely used server that can evaluate mutations' stabilizing and desta-
bilizing properties and analyze a protein's increased or decreased mo-
lecular flexibility [53]. Benvenuto et al. have analyzed three mutations
of the SARS-CoV-2 genome, which was collected from Italian patients.
These mutations were characterized using the DynaMut server [90].
Another study characterized the L452R, E484Q, and P681R mutations of
the Indian variant (B.1.617) and calculated AAG score to understand the
protein stability using the DynaMut server [91]. In all of these cases, the
researchers did not evaluate the MD simulation to check the flexibility of
S-glycoprotein and analyze the increased/decreased molecular flexi-
bility of S-glycoprotein to interact with the human ACE2 receptor using
DynaMut. However, our study utilized the DynaMut server to analyze S-
glycoprotein's increased/decreased molecular flexibility to interact with
the ACE2 receptor and stabilizing /destabilizing properties of eight
mutations of the Omicron variant (Fig. 14). In this respect, our study has
illustrated the properties of eight mutations of the Omicron variant very
rapidly, which might be very significant for future researchers from the
pandemic point of view.

Our analyzed mutations are located in two significant regions of the
S-glycoprotein. The seven mutations (E484A, N501Y, Q493K, K417N,
S477N, Y505H, G4968S) are located in the Omicron RBD. Two mutations
(S477N and D614G) were observed in the possible epitopic regions. The
stabilizing mutation might affect the structure of the Omicron spike (S).
It has been noted that stabilizing mutation assists to augment in the ri-
gidity of the structure of S-protein. The improved rigidities of the Om-
icron spike structure may provide a stable conformation to the Omicron
spike. The stable conformation of the spike may ultimately influence the
binding interface of the Omicron spike to the ACE2 receptor [81,82].
Finally, it has been noted that stabilizing mutation and destabilizing
mutations properties of the Omicron's spike structure help balance these
two mutations' properties (stabilizing mutation and destabilizing),
which leads to an effectively- maintained structure of the protein [82].

5. Limitations

The Omicron variant has made the pandemic critical due to its high
infection properties and antibody escape characteristics [79-83]. Our
study evaluated eight mutations of the Omicron variant and their
increased/decreased molecular flexibility of S-glycoprotein to interact
with the ACE2 receptor using DynaMut in a short frame of time. It may
be a limitation of our study. However, this rapidly generated data may
be very helpful from a pandemic point of view and when Omicron is a
VoC. Our analyzed data will help researchers working with the Omicron
variant. However, we urge future researchers to understand more about
the changes in the flexibility of S-glycoprotein due to mutations. Finally,
the understanding will help to explain how the flexibility changes affect
the interaction property of S-glycoprotein during the interaction with
the ACE2 receptor.

Moreover, in this study, we have used the DynaMut server to analyze
stabilizing/destabilizing properties of eight mutations of the Omicron
variant and calculated the AAGscore. Other researchers have noted a
similar kind to AAG scores during the characterization of the mutations
of SARS-CoV-2 variants using the same server [92]. More studies are
needed in this direction to confirm our findings.

Meanwhile, our data from rapid bioinformatics need further vali-
dation with the experimental work. More research is required to un-
derstand deeper insight into the flexibility of the spike protein with the
stronger or weak binding to either ACE2 receptor or nAbs. We have not
validated our data through experimental work, which is another
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limitation of our study. We also urge future researchers to study the
association between receptor or antibody binding to provide much ev-
idence into the flexibility of the spike protein and its interaction with
either ACE2 receptor or nAbs.

6. Conclusion

The present study represents a snapshot of the mutation pattern of
Omicron, considering all structural proteins and non-structural proteins.
We also tried to capture the mutation pattern of S-glycoprotein. Our
statistical model of mutation analysis shows S-glycoprotein of Omicron
having the highest mutations compared the all structural proteins (E, M,
N) and non-structural proteins (nsp3, nsp4, nsp5, nsp6, nsp12, nsp14) of
Omicron (Fig. 2B). Moreover, the statistical model revealed that RBD
has the highest number of mutations compared to all other regions of S-
glycoprotein (Fig. 2D). From this model, our study also noted the
second-highest number of mutations in the NTD region of S-glycoprotein
(Fig. 2D). Our previous study observed that mutations in RBD and NTD
have a significant role in antibody escape [83]. Therefore, due to the
significant number of mutations in RBD and NTD, the Omicron variant
might possess a prominent nAb escape property. We also observed the
effects of missense mutations on the thermodynamic stability of S-
glycoprotein through the AAG score prediction (the change in Gibbs
Free Energy). It was found that among RBD mutations, two mutations
(Q493K and S477N) were stabilizing. Therefore, these two mutations
might help the structural stability of RBD of S-glycoprotein of Omicron
and contribute to the interaction property like receptor binding. These
properties might finally confer the antibody escape and augment re-
ceptor binding property. Our analysis also found that D614G is a sta-
bilizing mutation. Previously it has been observed that D614G helps in
increased receptor binding, which augments the infectivity and re-
infectivity [84-86,93]. Stabilized property of D614G might also help
stable receptor binding property to S-glycoprotein to provide the
infectivity property to Omicron. Finally, our analysis found that D614G,
E484A, N501Y, K417N, Y505H, and G496S mutations increased the
molecule flexibility of S-glycoprotein to interact with the ACE2 receptor,
which might increase Omicron variant infectivity.

Presently, the burning question is whether our immunity can defend
against the newly developing variants or whether the available vaccines
can fight against these variants? Several other questions are raised
throughout the world after the appearance of the Omicron variant. Some
questions are i) how fast can the variant spread? ii) can every country
tackle the variant? ii) what are the primary mutations with immune or
antibody escape properties? Future researchers might generate a pseu-
dovirus particle with primary mutations to answer these questions. In
this direction, our study (mutation pattern of Omicron, stabilizing/
destabilizing properties, and increased/decreased molecular flexibility
of S-glycoprotein due to mutation) will benefit future researchers in
choosing the proper mutations for future experiments.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2022.07.254.
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nsp non-structural protein

S-protein Spike protein
NMA Normal Mode Analysis
SDM Site Directed Mutator


https://doi.org/10.1016/j.ijbiomac.2022.07.254
https://doi.org/10.1016/j.ijbiomac.2022.07.254

C. Chakraborty et al.

Vib ENCoM Vibrational Entropy energy

A

RMSF

Delta
Root Mean Square Fluctuation

MATLAB MATrix LABoratory
ENCoM Elastic Network Contact Model

mCSM

mutation Cutoff Scanning Matrix
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