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study evaluated the properties of 28 emerging muta-
tions of the S-glycoprotein of Omicron, and the 
ΔΔG values. Our results showed K417N with mini-
mum and Q954H with maximum ΔΔG value. Fur-
thermore, six important RBD mutations (G339D, 
S371L, N440K, G446S, T478K, Q498R) were cho-
sen for comprehensive analysis for stabilizing/desta-
bilizing properties and molecular flexibility. The 
G339D, S371L, N440K, and T478K were noted as 
stable mutations with 0.019 kcal/mol, 0.127 kcal/mol, 
0.064  kcal/mol, and 1.009  kcal/mol. While, G446S 
and Q498R mutations showed destabilizing results. 
Simultaneously, among six RBD mutations, G339D, 
G446S, and Q498R mutations increased the molecu-
lar flexibility of S-glycoprotein. This study depicts the 
comparative mutational pattern of Omicron and other 
VOC/VOI, which will help researchers to design and 
deploy novel vaccines and therapeutic antibodies to 
fight against VOC/VOI, including Omicron.

Abstract The Omicron variant is spreading rapidly 
throughout several countries. Thus, we comprehen-
sively analyzed Omicron’s mutational landscape and 
compared mutations with VOC/VOI. We analyzed 
SNVs throughout the genome, and AA variants (NSP 
and SP) in VOC/VOI, including Omicron. We gener-
ated heat maps to illustrate the AA variants with high 
mutation prevalence (> 75% frequency) of Omicron, 
which demonstrated eight mutations with > 90% prev-
alence in ORF1a and 29 mutations with > 75% preva-
lence in S-glycoprotein. A scatter plot for Omicron 
and VOC/VOI’s cluster evaluation was computed. We 
performed a risk analysis of the antibody-binding risk 
among four mutations (L452, F490, P681, D614) and 
observed three mutations (L452R, F490S, D614G) 
destabilized antibody interactions. Our comparative 
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Abbreviations 
AA  Amino acid
ACE2  Angiotensin-converting enzyme 2
GISAID  Global Initiative on Sharing All 

Influenza Data
MDS  Molecular dynamics simulation
nAb  Neutralizing antibody
NMA  Normal mode analysis
nsp  Non-structural protein
NTD  N-terminal domain
ORF  Open reading frame
RBD  Receptor binding domain
RBM  Receptor binding motif
S-glycoprotein  Spike glycoprotein
SNV  Single-nucleotide variation
UTR   Untranslated region
VOC  Variants of concern
VOI  Variants of interest
Δ  Delta

Introduction

A new SARS-CoV-2 variant, Omicron (B.1.1.529), 
was first identified in South Africa in November 
2021 [1]. At that time, scientists noted a sudden rise 
in COVID-19 cases triggered by Omicron [2–4]. The 
variant has spread across the USA, Europe, Australia, 
Canada, and Hong Kong, and has spread to more than 
50 countries within a few days [5–7]. Presently, the 
variant has spread throughout the globe, and several 
lineages have evolved, such as BA.1, BA.2, BA.3. 
BA.4, BA.5, in several countries [7–9]. Another 
recombinant variant, XE variant, was also reported 
as VOC. The recombinant XE variant contains the 
genomic part of BA.1 and BA.2 [10]. However, it is 
not currently designated as VOC by WHO [11]. Due 
to the Omicron variant and newly evolved lineages, 
the pandemic has taken a new turn.

With the sudden emergence of a new strain, the 
virus’s evolutionary trajectory has shifted in a new 
direction. Generally, when a virus strain like SARS-
CoV-2 creates a new line of evolution, it is called an 
evolutionary trajectory and might be created through 
positive selection [12]. Jung et al. illustrated in their 
article that Omicron has not originated from other 

VOC, and the inference was drawn from phyloge-
netic analysis. They have also illustrated the amino 
acid changes that occurred through positive selec-
tion pressure [13]. Meanwhile, several lineages have 
evolved from Omicron [7–9]; thus, Omicron has also 
created an evolutionary trajectory. Scientists and poli-
cymakers are searching for strategies to fight against 
variants [14, 15]. Through research, they are try-
ing to understand the properties of variants, such as 
immune escape, antibody escape, and vaccine escape 
[16, 17]. A recent study by Zhang et  al. shows that 
the Omicron variant exhibits a severe immune escape 
from the convalescent sera collected from COVID-
19 patients. They illustrated that the Omicron variant 
could escape the neutralized convalescent sera col-
lected in patients infected with the Delta variant or 
previous strains [18].

The variants have the highest mutations compared 
to other variants; therefore, it is necessary to under-
stand the impacts of the variants due to their high-
est mutational load. Quarleri et  al. have studied the 
effect of the high mutational load, and they discussed 
the mutations in RBD, the S-glycoprotein other than 
the RBD region, nucleocapsid (N), and deletion in 
ORF1a [19]. Similarly, Kumar et  al. performed a 
comparative analysis between Omicron and Delta 
variants of the S-glycoprotein. The relative binding 
affinity was evaluated using a docking study between 
the RBD of the S-glycoprotein and the hACE2 recep-
tor in three strains (wild type, Delta, and Omicron 
variants) to understand the binding affinity with the 
hACE2 receptor. The docking result showed that 
the Omicron variant is more likely to interact with 
hACE2 than the Delta variant. Thus, the Omicron 
variant has a higher possibility of transmission [20]. 
It is, therefore, essential to understand all mutations 
at the molecular level, including their characteris-
tics of mutations. Pascarella et al. assessed the elec-
trostatic potential between the Omicron variant and 
S-glycoprotein’s other two VOCs (Delta and Delta-
plus variants). They evaluated the increased electro-
static potential of the Omicron variant compared to 
the Delta and Delta-plus variants and indicated that 
the electrostatic potential favored higher transmissi-
bility leading to augmented infectivity [21]. Recently, 
the XE variant has been spreading worldwide; this 
is a recombinant variant of the two sub-variants of 
Omicron and, therefore, a recombinant variant of 
BA.1 and BA.2. In addition to the XE variant, two 
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other recombinant variants, XD and XF, have recently 
emerged [22, 23].

The spread of this recent variant worldwide has 
created a global concern. Therefore, more under-
standing and research data are necessary about the 
molecular determinant factors, such as emerging 
mutations that provide the Omicron variant’s spread-
ing capacity. Scott et  al. suggested capturing data at 
the molecular level during the spread of this variant. 
They provided examples, such as collecting S-gene 
data during the variant from the genome sequence 
of its different strains. The S-gene data of the Omi-
cron variant may help understand the degree of vac-
cine escape or the escape from the immune systems 
of vaccinated individuals [24]. Therefore, it is urgent 
to unfold all mutations at the molecular level in the 
Omicron variant, some of which are escape muta-
tions, to help overcome phenomena such as antibody 
escape and to compare them with the other VOCs and 
VOIs.

Studies have shown that the Omicron variant has 
accumulated approximately 50 mutations in differ-
ent regions of its genome, out of which, 32 mutations 
have been observed throughout the spike-glycopro-
tein [20, 25–27]. Preliminary studies have pointed out 
several overlapping muttons from the other VOCs and 
VOIs, including Delta, Alpha, Gamma, Beta, Mu, and 
Lambda. Some overlapping mutations from VOCs or 
VOIs are N501Y, T478K, N655Y, D614G, N679K, 
and P681H [28–32]. Therefore, it is crucial to under-
stand the frequency of mutations Omicron variant 
and compare them with the mutation variants of pre-
sent VOCs and VOIs.

Notably, some mutations in the spike-glycoprotein 
are responsible for antibody escape, especially muta-
tions in the RBD region [33, 34]. Therefore, it is 
essential to map significant mutations from the RBD 
region that are responsible for escape properties in 
Omicron and to characterize the molecular and muta-
tional properties of these RBD mutations.

Variants such as Delta (B.1.617.2), Alpha 
(B.1.1.7), Gamma (P.1), Beta (B.1.351), and Omi-
cron are emerging variants of SARS-CoV-2 that are 
entitled as variants of concern (VOC) by WHO, CDC 
(USA), and ECDC (EU) due to some changes com-
pared to the wild type of the Wuhan strain. The differ-
ences noted include the increase in virulence or adap-
tation in clinical disease presentation and an increase 
in transmissibility [28–30]. Lambda (C.37) and Mu 

(B.1.621) are entitled variants of interest (VOI). How-
ever, WHO categorizes variants as VOCs or VOIs 
based on their present virulence pattern or pattern 
change in clinical disease presentation and transmis-
sibility pattern. The status level of VOC or VOI of 
any variant can be changed. In this study, we analyzed 
the mutational landscape of Omicron along with the 
VOCs and VOIs. We considered those variants to be 
VOCs and VOIs concerning their current status.

In this study, we attempted to comprehend the 
mutational landscape of the Omicron variant and 
compare the mutations with those of others. We illus-
trated single-nucleotide variations (SNVs) through-
out the Omicron genome and compared the muta-
tions with other VOCs and VOIs. We also analyzed 
amino acid (AA) variants in Omicron’s non-structural 
proteins (NSPs) and other VOCs and VOIs. We also 
generated heat maps to illustrate the AA variants 
with a high mutation prevalence (> 75% mutational 
frequency) in Omicron and other variants. Our study 
attempted to explain Omicron’s antibody/nAb escape 
phenomenon and other VOCs and VOIs. A compara-
tive study evaluated the molecular and mutational 
properties of 28 emerging mutations of the S-glyco-
protein of Omicron, and the ΔΔG values were cal-
culated. Furthermore, we chose six important RBD 
mutations (G339D, S371L, N440K, G446S, T478K, 
and Q498R) of Omicron and other variants for further 
comprehensive analysis of the molecular and muta-
tional properties that may be responsible for anti-
body/nAb escape and partial vaccine escape.

Methods

Data collection of the mutational landscape of the 
Omicron variant and other VOCs and VOIs

Data associated with the Omicron variant and other 
VOCs and VOIs were collected from several data-
bases using search engines. We retrieved meaningful 
information from literature on the SARS-CoV-2 Omi-
cron and other variants from databases such as Web 
of Science [35], Google Scholar [36], and PubMed 
[37, 38]. We collected data on the Omicron variants 
and other VOCs/VOIs from the CDC, ECDC, and 
WHO [39–42].

We obtained information on the Omicron variants 
and other VOCs/VOIs from the GISAID database 
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[43, 44] and retrieved data from the RCSBPDB 
database as PDB files to develop modes for the 
S-glycoprotein/S-glycoprotein-antibody interactions 
[45].

Data analysis of the mutational landscape of the 
Omicron variant and other VOCs and VOIs

Data analysis of the mutation of Omicron variant 
and other VOCs and VOIs

We applied computational tools, servers, and soft-
ware to explain the mutational landscape of the Omi-
cron variant and the current VOCs and VOIs. Using 
PyMOL software, we developed different 3D struc-
tural models of the Omicron variant, other VOCs, and 
VOIs [46, 47]. We used the COVID-19 CG server 
[48], Nextstrain server [49], Nextstrain (2021)[50], 
and Outbreak.info [51] for further analysis. For the 
analysis of SNVs in the Omicron genome, along with 
other VOCs and VOIs, we used the COVID-19 CG 
server [48]. For AA variants in the non-structural and 
structural proteins of Omicron and other VOCs and 
VOIs, we used the COVID-19 CG server [48]. We 
used Outbreak.info [51] to provide the heat map-like 
representation of the high mutation (AA mutation) 
prevalence (> 75% mutational frequency) of Omicron 
and other VOCs and VOIs. The Nextstrain server was 
used to develop a scatter plot for VOCs and VOIs. A 
3D model of the S-glycoprotein using PyMOL soft-
ware and the emerging mutations for antibody inter-
action were depicted for the Omicron variant, other 
VOCs, and VOIs [46, 47]. VarEPS was used to ana-
lyze emerging mutations related to risk analysis of 
mutations for antibody-binding, antibody binding 
sites, and risk analysis of important mutations [52].

The comprehensive prediction of some properties 
of 28 mutations, including G339D, S371L, N440K, 
G446S, T478K, and Q498R in the S‑glycoprotein 
of Omicron

We have selected 28 mutations of Omicron’s S-gly-
coprotein to predict the mutation properties for this 
study. Researchers widely accept these mutations, and 
published literature is also available for these muta-
tions from emerging Omicron mutational variants.

We used the DynaMut server to evaluate the 28 
mutations in the S-glycoprotein and its characteristic 

effect [53]. Here, we analyzed several mutation prop-
erties (stabilizing/destabilizing events and decreas-
ing molecular flexibility). Properties like fluctuation, 
interatomic interactions, and deformation of an AA 
because of a mutation can be represented by the ΔΔG 
of DDG (Delta-Delta G). The DDG of the AA point 
mutations of the S-glycoprotein of Omicron were 
computed to understand its thermodynamic stability. 
The server illustrated the point mutation into two cat-
egories: stabilizing events (ΔΔG value was described 
as ≥ 0) and destabilizing events (ΔΔG was illustrated 
as < 0) [53]. Capriotti et al. showed a similar value of 
the ΔΔG to categorize the point mutations using the 
stabilizing/destabilizing state [54].

Depiction of plot, graphs, and statistical models

Statistical software (PAST 4.03) was used to gener-
ate statistical models [55]. Simultaneously, we used 
MATLAB to represent the graphs and plots whenever 
needed [56]. A flow diagram is portrayed to provide 
an overview of our study to comprehend the muta-
tion mapping of the Omicron variant (Fig.  1A). In 
addition, the location of the six selected mutations 
in the S-glycoprotein in our study has been depicted 
(Fig. 1B).

Results

Mutational landscape of Omicron variant and 
comparison with the mutations of other VOCs and 
VOIs

We illustrated the mutational landscape of Omi-
cron and compared the mutations with those of 
other VOCs. First, a schematic diagram represent-
ing all the mutational landscapes throughout the 
genome and its comparison with VOCs and VOIs 
was created (Fig. 2A). Our study corroborates pre-
vious findings about the immense number of muta-
tions in the Omicron genome compared to other 
variants. We developed a statistical model using the 
total number of mutations in the genome. It shows 
the number of mutations of different VOCs (Alpha, 
Delta, Gamma, and Beta) and VOIs (Lambda, Mu). 
In this model, we found all the VOCs and VOIs, 
including Alpha, Delta, Gamma, Beta, Lambda, and 
Mu, in a cluster showing the number of mutations 
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other than Omicron. The variant is out of cluster due 
to more mutations (Fig.  2B). However, from this 
model, we found that the clustering event formed 

two groups: the first containing all variants and the 
second containing only Omicron. Omicron exhib-
its a high number of mutation patterns compared to 

Fig. 1  A flow diagram shows the graphical view of our 
study overall. It also shows the graphic demonstration of the 
emerging selected mutations from (A) A flow diagram of our 
study to evaluate the mutational landscape of the Omicron 
(B.1.1.529) variant. (B) A schematic diagram shows the loca-

tion of the selected six mutations from the RBD regions of the 
S-glycoprotein for our study. The study analyzed the molecular 
and mutational properties of 28 significant mutations, includ-
ing G339D, S371L, N440K, G446S, T478K, and Q498R
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other VOCs and VOIs. The mutational landscape of 
the Omicron variant is presented in Table 1.

S-glycoprotein substitutions in the Omicron variant 
and other VOCs and VOIs

We illustrated the mutational landscape of the Omi-
cron S-glycoprotein. A schematic diagram represents 
all mutational landscapes throughout the genome and 
its comparison with VOCs and VOIs (Fig.  3A). We 
constructed a statistical model using the total num-
ber of mutations in the S-glycoprotein. The model 
showed that all VOCs and VOIs formed a cluster 
other than Omicron (Fig.  3B). Here, the clustering 
event also formed two groups: the first group con-
tained all variants and the second group contained 
only Omicron. Similar to the previous model (devel-
oped using the number of total genome mutations), 

Omicron belongs to a different group and shows a dif-
ferent pattern than other variants regarding the num-
ber of mutations.

The 3D model deployment of the S-glycopro-
tein with mutations is significant for the SARS-
CoV-2 variant, providing an interactive platform. 
A 3D model was generated using bioinformatics. 
The 3D model helps to compare the protein with 
other variants using 3D space. We developed a 3D 
model to understand the position of all mutations 
of S-glycoprotein, the Omicron, and other VOCs 
and VOIs. Every model was generated to under-
stand every detail of the mutational landscape of 
the Omicron and other VOCs and VOIs (Alpha, 
Delta, Gamma, Beta, Lambda, and Mu). We iden-
tified mutations of the S-glycoprotein of Omicron 
in a 3D model (Fig.  4A). Mutations in the RBD 
of the S-glycoprotein of Omicron were depicted 

Fig. 2  A schematic diagram representing the mutational land-
scape throughout the genome of Omicron and its comparison 
with VOCs and VOIs. (A) The mutational landscape through-
out the genome of Omicron and its comparison with VOCs and 
VOIs. (B) A statistical model illustrates the number of total 
genome mutations in the VOCs and VOI, including Omicron. 
This model shows the number of mutations in the genome of 
VOCs and VOIs Alpha, Delta, Gamma, Beta, Lambda, and Mu 
formed a cluster regarding the number of mutations. Here, the 

clustering event formed two groups: The first one contains all 
variants, and the second one is Omicron. Omicron exhibits a 
high number of mutation patterns compared to other VOCs 
and VOIs. For the analysis, we have taken the data from the 
literature collected from open source databases such as Google 
Scholar [36] and PubMed [37, 38]. At the same time, we also 
collected the open source mutation information on CDC’s 
Omicron variants and other VOCs/VOIs [39–41]; eCDC[41], 
WHO[42] etc.
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Table 1  Mutational 
landscape of Omicron 
variant

Mutation Mutation site Remarks

A67V NTD of Spike protein Ala 67→ Val
Δ69–70 Spike protein deletion Deletion mutations
T95I NTD of Spike protein Thr 95→ Ile
G142D NTD of Spike protein Gly 142→ Asp
Δ143–145 Spike protein deletion Deletion mutations
Δ211 Spike protein deletion Deletion mutations
L212I NTD of Spike glycoprotein Leu 212→ Ile
ins214EPE Insertion in Spike glycoprotein Insertions of Glu, 

Pro, and Glu amino 
acids

T547K Spike glycoprotein Thr 547→ Lys
D614G Spike glycoprotein Asp 614→ Gly
H655Y Spike glycoprotein His 655→ Tyr
N679K Spike glycoprotein Asn 679→ Lys
P681H Spike glycoprotein Pro 681→ His
N764K Spike glycoprotein Asn 764→ Lys
D796Y Fusion peptide in Spike protein Asp 796→ Tyr
N856K Spike glycoprotein Asn 856→ Lys
Q954H HR1 in Spike protein Gln 954→ His
N969K HR1 in Spike protein Asn 969→ Lys
L981F HR1 in Spike protein Leu 981→ Phe
G339D RBD in Spike protein Gly 339→ Asp
S371L RBD in Spike protein Ser 371→ Leu
S373P RBD in Spike protein Ser 373→ Pro
S375F RBD in Spike protein Ser 375→ Phe
K417N RBD in Spike protein Lys 417→ Asn
N440K RBD in Spike protein Asn 440→ Lys
G446S RBD in Spike protein Gly 446→ Ser
S477N RBD in Spike protein Ser 477→ Asn
T478K RBD in Spike protein Thr 478→ Lys
E484A RBD in Spike protein Glu 484→ Ala
Q493K RBD in Spike protein Gln 493→ Lys
G496S RBD in Spike protein Gly 496→ Ser
Q498R RBD in Spike protein Gln 498→ Arg
N501Y RBD in Spike protein Asn 501→ Tyr
Y505H RBD in Spike protein Tyr 505→ His
K38R ORF1a Lys 38→ Arg
V1069I ORF1a Val 1069→  Ile
Δ1265 Deletion in ORF1a Deletion mutation
L1266I ORF1a Leu 1266→  Ile
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using a 3D model. We found 15 mutations in the 
RBD region (Fig.  4B). Mutations in the RBM of 
the S-glycoprotein of Omicron were depicted 
using a 3D model. We found ten mutations in the 
RBM region (Fig.  4C). Simultaneously, all muta-
tions of the S-glycoprotein of VOCs (Alpha, Delta, 
Gamma, and Beta) have been illustrated (Fig. 4D). 
Mutations of Omicron are a puzzle for researchers, 
and they have attempted to solve these mutations 
[54]. Our study is significant in this regard. How-
ever, this part of the analysis will assist research-
ers in understanding the Omicron mutations and 
those of the Alpha, Delta, Gamma, and Beta vari-
ants. The 3D molecular statures of Omicron may 
help elucidate global takeover events [57]. This 
structural basis of understanding the Spike pro-
tein SARS-CoV-2 will help future researchers 
further understand this variant’s functional prop-
erties. This study informs us of emerging muta-
tions in 3D, and it will assist future researchers in 
understanding emerging mutations such as E484K, 
K417T, N501Y, S494P, and L452R for functional-
ity mapping.

All the mutations of the RBD of VOCs (Alpha, 
Delta, Gamma, and Beta) were identified under the 
particular position of mutations (Fig.  4E). Simi-
larly, a 3D model was developed to comprehend 

all mutations of the S-glycoprotein of the VOIs 
(Lambda and Mu) (Fig.  4F). We illustrated the 
understanding of all RBD mutations of the S-gly-
coprotein in the VOIs (Fig.  4G). The mutational 
landscape for the mutations of the S-glycoprotein 
has been illustrated for all the VOCs using a table 
(Table 2). The mutational landscape for the impor-
tant mutations of the S-glycoprotein has been illus-
trated for the VOIs in Table 3.

Single-nucleotide variations (SNVs) of 5’UTR, 
ORF1a, ORF1ab, S, ORF3a, E, M, ORF6, ORF7a, 
ORF7b, ORF8, N, and 3′UTR regions of Omicron 
and comparison other VOCs and VOIs

We analyzed SNVs throughout the genome (includ-
ing 5′UTR, ORF1a, ORF1ab, S, ORF3a, E, M, ORF6, 
ORF7a, ORF7b, ORF8, N, and 3′UTR regions) of 
Omicron and compared them with other VOCs and 
VOIs.

A comparative analysis of SNVs of the 5′UTR 
region is illustrated in Fig.  5A. We found that SNV 
with the highest mutational frequency was C241T. 
For Omicron, the mutational frequency was 94%. 
However, the mutational frequency was noted in the 
case of Delta (99%), Alpha (100%), Beta (100%), 
Gamma (99%), Lambda (100%), and Mu (99%).

Table 1  (continued) Mutation Mutation site Remarks

A1892T ORF1a Ala 1892→  Thr
T492I ORF1a Thr 492→ Ile
P132H ORF1a Pro 132→ His
Δ105–107, Deletions in ORF1a Deletion mutations
A189V ORF1a Ala 189→ Val
P323L ORF1b Pro 323→ Leu
I42V ORF1b Ile 42→ Val
T9I Envelope protein Thr 9→ Ile
D3G Nucleoprotein Asp 3→ Gly
Q19E Nucleoprotein Gln 19→ Glu
A63T Nucleoprotein Ala 63→ Thr
P13L Nucleocapsid protein Pro 13→ Leu
Δ31–33 Deletions in Nucleocapsid protein Deletion mutations
R203K Nucleocapsid protein Arg 203→ Lys
G204R Nucleocapsid protein Gly 204→ Arg
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Similarly, a comparative analysis of SNVs in the 
ORF1a region is illustrated in (Fig.  5B), showing 
that SNV with the highest mutational frequency was 
C3037T. For Omicron, the mutational frequency was 
93%. It was 100% for all other VOCs and VOIs.

The comparative analysis of SNVs of the ORF1ab 
region revealed that the two SNVs with the highest 
mutational frequencies were C3037T and C14408T 
(Fig.  5C). For Omicron, the mutational frequen-
cies of these SNVs were 94% and 98%, respectively. 
However, SNV C3037T was 100% for other VOCs 
and VOIs. Similarly, the SNV C14408T was 100% 
for Delta, 100% for Alpha, 90% for Beta, 98% for 
Gamma, 100% for Lambda, and 99% for Mu.

The comparative analysis of SNVs in the S region 
is illustrated (Fig. 5D). We found that the SNV with 

the highest mutational frequency was A23403G. For 
Omicron, the mutational frequency was 99%. How-
ever, it was noted as 100% for all other VOCs and 
VOIs.

The comparative analysis of SNVs in the ORF3a 
region is illustrated in Fig.  5E. It was observed that 
the SNV with the highest mutational frequency of 
SNV is A23403G. In the case of Omicron, the muta-
tional frequency of the SNV was 99%. It was noted as 
100% for all other VOCs and VOIs.

We evaluated the SNVs of the E region (Fig. 5F). 
We found only one SNV (A26270G) in Omicron, 
with a mutational frequency of 81%. The SNV was 
not found for other variants.

For the M region, we found three SNVs for Omi-
cron, A26530G, C26577G, and G26709A, and the 

Fig. 3  A schematic diagram represented the mutational land-
scape throughout the S-glycoprotein of Omicron and its com-
parison with VOCs and VOIs. (A) The mutational landscape 
throughout the S-glycoprotein of Omicron and its comparison 
with VOCs and VOIs. (B) A statistical model demonstrates 
the number of mutations in the S-glycoprotein in the VOCs 
and VOI, including Omicron. This model shows the number 
of mutations in the S-glycoprotein of VOCs and VOIs Alpha, 
Delta, Gamma, Beta, Lambda, and Mu formed a cluster 
regarding the number of mutations. Here, the clustering event 

also formed two groups: The first one contains all variants, and 
the second one is Omicron. Like the previous model (devel-
oped using the number of total genome mutations), Omicron 
belongs to a different group and shows a different pattern com-
pared to other variants in terms of the number of mutations. 
For the analysis, we have taken the data from the literature 
collected from open source databases such as Google Scholar 
[36], PubMed[37, 38] etc. At the same time, we also collected 
the open source mutation information on CDC’s Omicron vari-
ants and other VOCs/VOIs [39–41]; eCDC [41], WHO[42] etc.
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mutational frequencies were 41%, 73%, and 90%, 
respectively (Fig. 6A). SNV T26767T was also found 
for Delta with an SNV of 100%.

Only one mutational frequency (91%) was found 
for Omicron for SNV A27259C (Fig.  6B). For the 
ORF7a region, we found two SNVs. However, the 
mutational frequencies were insignificant, and these 
two SNVs could not be considered (Fig.  6C). Here, 
we found two SNVs for the Delta variant, T27638C, 
and C27752T, and the mutational frequencies were 
the same (97%) in both cases. For the ORF7b region, 
SNV C27807T was found in Omicron, and the muta-
tional frequency was 66% (Fig.  6D). Another SNV 

C27874T with a mutational frequency of 77% was 
identified in Delta variant in this region.

In the ORF78 region, we found no significant 
SNVs for Omicron (Fig.  6E). Here, we identified 
three SNVs with the highest mutational frequencies 
for Alpha (C27972T, G28048T, and A28111G), with 
mutational frequencies of 99% for all SNVs. We also 
found the two highest mutational frequencies for Mu 
(C27925A and C28005T), with mutational frequen-
cies of 99% each. For the M region, the two signifi-
cant SNVs for Omicron (> 75%) were C28311T and 
G28881A, with mutational frequencies of 80% and 
78%, respectively (Fig. 6F).

Fig. 4  3D model illustrated the mutational landscape through-
out the S-glycoprotein of Omicron and its comparison with 
VOCs and VOIs. (A) A 3D model that illustrates all the muta-
tions of the S-glycoprotein of Omicron. (B) A 3D model that 
illustrates all the mutations RBD region of the S-glycoprotein 
of Omicron. (C) A 3D model describes all the mutations RBM 
of the S-glycoprotein of Omicron. (D) A 3D model that illus-
trates all the mutations in the VOCs (Delta (B.1.617.2), Alpha 
(B.1.1.7), Gamma (P.1), Beta (B.1.351)). (E) A 3D model 

that illustrates all the RBD mutations in the VOCs (Delta 
(B.1.617.2), Alpha (B.1.1.7), Gamma (P.1), Beta (B.1.351)). 
(F) A 3D model that illustrates all the mutations in the VOIs 
(Lambda (C.37) and Mu (B.1.621). (G) A3D model that illus-
trates all the RBD mutations in the VOIs (Lambda (C.37) 
and Mu (B.1.621)). All the 3D models were developed using 
PyMOL software. For a 3D model generation, we used some 
PDB files (PDB ID: 6VXX)
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Lastly, the 3′UTR region analysis showed no sig-
nificant SNVs for Omicron (Fig.  6G). However, we 
found one highly significant SNV for the Delta vari-
ant, G29742T, with a mutational frequency of 99%. 
However, we have tried to analyze mutational study 
events of ORF6. Nevertheless, the used server failed 
to generate the mutational event.

Recently, Yadav et  al. found the Omicron variant 
in collected samples, and the genome was analyzed 
using next-generation sequencing. Finally, several 
SNVs were found in Omicron clinical isolates [58]. 
Ahmed et al. found the Omicron variant by sequenc-
ing a swab sample collected from the nasopharynx 
of an aircraft traveler. The Omicron variant was 
also found in subsequent sequencing (ATOPlex and 
Nanopore) of aircraft wastewater samples. They have 
attempted to discuss the genome in light of SNVs. 
However, researchers have not yet fully analyzed 
SNVs [59]. However, we performed a comprehensive 
SNV analysis throughout the genome of Omicron and 
compared it with other VOCs/VOIs.

Amino acid (AA) variants in the non-structural 
proteins of Omicron and comparison with mutations 
in other VOCs and VOIs

We analyzed AA variants in the non-structural pro-
teins (nsp2, nsp3 (PL2-PRO), nsp4, nsp5 (3CLp), 
nsp6, nsp12 (RdRp), nsp13 (Helicase), and nsp14) 
of Omicron and compared the mutations with other 
VOCs and VOIs. No AA variant was found in the 
Omicron region of nsp2 (Fig. 7A). We found a T85I 
AA variant with 100% mutational frequency in the 
Delta variant. Similarly, in nsp3, the maximum muta-
tional frequency of the Omicron variant was 78% in 
the A1892T AA variant (Fig. 7B). We found a highly 
significant mutational frequency of the AA variant 
in three places in the Alpha variant as well, which 
was 100% at T183I and A890D and 99% at I1412T. 
We also found the Mu variant mutational frequency 
of 100% in T720I AA. In nsp4, one AA variant had 
a significant mutational frequency (99%) among the 
Omicron variant in T492I (Fig. 7C). Lambda had two 

Table 2  Emerging mutations in S-protein of VOCs of SARS-CoV-2

Sl No SARS-CoV-2 VOC Variants name 
(WHO label)

SARS-
CoV-2 
lineages

Mutations in S-protein

RBD region Other than the RBD region

1 21 K, GR/484A Omicron B.1.1.529 G339D, S371L, S373P, S375F, 
K417N, N440K, G446S, 
S477N, T478K, E484A, 
Q493K, G496S, Q498R, 
N501Y, Y505H

A67V, Δ69–70, T95I, G142D, 
Δ143–145, Δ211, L212I, 
ins214EPE,T547K, D614G, 
H655Y, N679K, P681H, 
N764K, D796Y, N856K, 
Q954H, N969K, L981F

2 20I/501Y.V1 Alpha B.1.1.7 E484K, S494P, N501Y 69del, 70del, 144del, A570D, 
D614G, P681H, T716I, 
S982A, D1118H, K1191N

3 21A, 21I, 21 J/20A/S:478 K Delta B.1.617.2 L452R, T478K G142D, T19R, R158G, D614G, 
P681R, D950N, E156del, 
F157del

4 20 J/501Y.V3 Gamma P.1 K417T, E484K, N501Y L18F, T20N, P26S, D138Y, 
R190S, H655Y, T1027I

5 20H/501Y.V2 Beta B.1.351 K417N, E484K, N501Y D80A, D215G, 241del, 242del, 
243del, D614G, A701V

Table 3  Emerging mutations in S-protein of SARS-CoV-2 VOIs

Sl no Significant 
SARS-CoV-2 
variants

Variants name 
(WHO label)

SARS-
CoV-2 
lineages

Mutations in S-protein

RBD region Other than the RBD region

1 21G Lambda C.37 L452Q, F490S G75V, T76I, Δ246–252, D614G, T859N
2 21H Mu B.1.621 R346K, E484K, N501Y T95I, Y144S, Y145N,D614G, P681H, D950N
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AA variants (L438P and T492I) with 100% muta-
tional frequency. Similarly, Mu has one AA variant 
(T492I) with 100% mutational frequency. In nsp5, we 
found one AA variant (P132H) with an 83% muta-
tional frequency in the Omicron variant (Fig.  7D). 

Additionally, we found one AA variant (K90R) with 
99% mutational frequency in the Beta variant and one 
AA variant (G15S) had 97% mutational frequency 
in the Lambda variant. Similarly, in nsp6, Omicron 
had one AA variant (I189V) with an 88% mutational 

Fig. 6  Single-nucleotide variations (SNVs) of some other 
parts of the genome (M, ORF6, ORF7a, ORF7b, ORF8, 
3′UTR) of Omicron along with other VOCs and VOIs. (A) 
SNVs of M of Omicron along with other VOCs and VOIs. (B) 
SNVs of ORF6 of Omicron, along with other VOCs and VOIs. 
(C) SNVs of ORF7a of Omicron, along with other VOCs and 
VOIs. (D) SNVs of ORF7b of Omicron, along with other 
VOCs and VOIs. (E) SNVs of ORF8 of Omicron, along with 

other VOCs and VOIs. (F) SNVs of N of Omicron along with 
other VOCs and VOIs. (G) SNVs of 3′UTR of Omicron along 
with other VOCs and VOIs. We have also used the COVID-19 
CG server for SNVs analysis of these parts of the genome (M, 
ORF6, ORF7a, ORF7b, ORF8, 3′UTR) of Omicron along with 
other VOCs and VOIs [48]. The server used the data from the 
GISAID ingestion pipeline, which is open-source data [48]

Fig. 7  Amino acid (AA) variants in the non-structural proteins 
of Omicron along with other VOCs and VOIs. (A) AA variants 
in nsp2, (B) AA variants in nsp-3 (PL2-PRO), (C) AA vari-
ants in nsp4, (D) AA variants in nsp5(3CLp), (E) AA variants 
in nsp6, (F) AA variants in nsp12 (RdRp), (G) AA variants 
in nsp13 (Helicase), (H) AA variants in nsp14. In this part of 

the study, we have also used the COVID-19 CG server to ana-
lyze the amino acid (AA) variants of non-structural proteins 
of Omicron along with other VOCs and VOIs [48]. The server 
used the data from the GISAID ingestion pipeline, which is 
open-source data [48]
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frequency (Fig.  7E). We also found one AA variant 
(Q160R) with a 99% mutational frequency in the 
Lambda variant.

In nsp12, we found one AA variant (P323L) with 
a significant mutational frequency for VOCs and 
VOIs, including Omicron (Fig. 7F). Mutational fre-
quencies were 100% (Delta), 100% (Alpha), 90% 
(Beta), 97% (Omicron), 100% (Lambda), and 99% 
(Mu). However, no AA variant was found in Omi-
cron in the nsp13 region (Fig.  7G). Delta had one 
AA variant (P77L) with a significant mutational 
frequency of 94%. Similarly, Mu had one AA vari-
ant (P419S) with a mutational frequency of 99%. 
In contrast, one AA variant was found with a muta-
tional frequency of 81% in Omicron in the nsp114 
region (Fig. 7H).

3.5. Amino acid (AA) variants of structural proteins 
and associated regions (S-glycoprotein, ORF3a, 
ORF3b, E, M, ORF7a, ORF7b, ORF8, N, ORF9b, 
and ORF9c) of Omicron and comparison with 
mutations in other VOCs and VOIs

We evaluated AA variants in structural proteins and 
associated regions (S-glycoprotein, ORF3a, ORF3b, 
E, M, ORF7a, ORF7b, ORF8, N, ORF9b, and 
ORF9c) of Omicron and compared the mutations 
with other VOCs and VOIs. We found several AA 

variants in the S-glycoprotein with significant muta-
tional frequency in Omicron. The AA variants with 
mutational frequency are A67V (75%), HV69 (66%), 
T95I (84%), GVYY142D (71%), T478K (69%), 
T547K (74%), D614G (99%), H655Y (91%), N679K 
(91%), P681H (91%), N764K (63%), D796Y (71%), 
N856K (74%), Q954H (86%), N969K (81%), L981F 
(81%), G339D (58%), S371L (40%), S373P (42%), 
S375F (43%), K417N (26%), N440K (34%), G446S 
(33%), S477N (40%), T478K (69%), E484A (42%), 
Q493K (43%), G496S (39%), Q498R (43%), N501Y 
(44%), and Y505H (43%). Interestingly, one AA 
variant (D614G) was mutated in all VOCs and VOIs, 
including Omicron (Fig.  8A). Mutation frequencies 
were 100% (Delta), 100% (Alpha), 100% (Beta), 99% 
(Omicron), 100% (Lambda), and 100% (Mu).

In ORF3a, no AA variant was detected in the Omi-
cron (Fig.  8B). We found S26L (Delta) and Q57H 
(Mu) AA variants with a 100% mutational frequency. 
In orf3a, one AA variant (P21S) had a significant 
mutational frequency (94%) in the Omicron variant 
(Fig. 8C).

One AA variant (T9I) with 82% mutational fre-
quency was found in Omicron in the M protein 
(Fig. 8D). Similarly, three AA variants (D3G, Q19E, 
and A63T) with 39%, 69%, 72% mutational fre-
quencies were found in Omicron in the M protein 
(Fig.  8E). Simultaneously, one AA variant (I82T) 

Fig. 8  Amino acid (AA) variants in the structural proteins of 
Omicron along with other VOCs and VOIs. (A) AA variants in 
S-glycoprotein, (B) AA variants in ORF3a, (C) AA variants in 
ORF3b, (D) AA variants in E, (E) AA variants in M, (F) AA 
variants in ORF7a, (G) AA variants in ORF7b, (H) AA vari-
ants N, (I) AA variants in ORF8b, (J) AA variants in ORF9b, 

(K) AA variants in ORF9c. In this part of the study, we have 
also used the COVID-19 CG server to analyze the amino acid 
(AA) variants of structural proteins of Omicron along with 
other VOCs and VOIs [48]. The server used the data from the 
GISAID ingestion pipeline, which is an open source data [48]
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with 100% mutational frequency was found in the M 
protein of the Delta variant.

In ORF7a, one AA variant (V28A) with meager 
(10%) mutational frequency in the Omicron variant 
cannot be considered as an AA variant (Fig. 8F). How-
ever, two AA variants (V28A and T120I) were noted, 
each with 97% mutational frequencies in both cases in 
the Delta variant.

One AA variant (V28A) with meager (13%) muta-
tional frequency in the Omicron variant in ORF7b can-
not be considered an AA variant (Fig. 8G). However, 
one AA variant (T40I) was noted, with a 76% muta-
tional frequency in the Delta variant.

In ORF8, one AA variant (DF119) with a deficient 
(7%) mutational frequency in the Omicron variant 
could not be considered an AA variant (Fig. 8H). How-
ever, we found that the same AA variant (DF119) had 
a significant mutational frequency (86%) in the Delta 
variant.

Four AA variants (P13L, ERS31, R203K, and 
G204R) with 78%, 69%, 81%, and 72% mutational 
frequencies, respectively, were found in Omicron 
in the N protein (Fig.  8I). Simultaneously, four 
AA variants (D63G, R203M, G215C, and D377Y) 
with 99%, 99%, 75%, 99% mutational frequencies 
respectively were found in the N protein of the Delta 
variant.

In ORF9b, two AA variants (P10S, ENA27-) with 
78% and 69% mutational frequencies were found in 
Omicron (Fig.  8J). However, we found 99% muta-
tional frequency in one AA variant (T60A) in the 
Delta variant and one AA variant (Q77E) in the 
Gamma variant.

Finally, we found one AA variant (G50N) 
with 69% mutational frequency Omicron in orf9c 
(Fig.  8K). However, we found 100% mutational fre-
quency in one AA variant (G50W) in the Delta 
variant. We also found 99% mutational frequency 
in one AA variant (G50N) in Alpha, two AA vari-
ants (G50N, M60I) in Lambda, and one AA variant 
(L52F) in Mu.

Nikolaidis et al. analyzed the amino acid substitu-
tions (AAS) and found a high rate in the spike of the 
Omicron [60]. Zhang et al. also evaluated AA muta-
tions in different circulating VOCs, including Omi-
cron. They also illustrated cross-species tropism in 
cells expressing 18 ACE2 molecules. This study may 
help to forecast the spread of mutations [61].

Heat map-like structure of mutation prevalence 
with > 75% mutational frequency in Omicron and 
comparison with the mutations with other VOCs and 
VOIs

Scientists have evaluated and illustrated the SARS-
CoV-2 mutations, their occurrence frequencies, and 
their circumstances [62–64]. This will assist the 
researchers in understanding the role of this variant in 
epidemiology.

We analyzed the mutation prevalence of Omicron, 
compared the mutations with other VOCs and VOIs, 
and represented them using a heat map. The heat map 
shows eight mutations with > 90% identity (K856R, 
S2083I, DEL2084/2084, A2710T, T3255I, P3395H, 
DEL3674/3676, and I3758V) in ORF1a in Omi-
cron (Fig.  9A). Similarly, the heat map shows one 
mutation with > 90% (P314L) and one with > 75% 
(I1566V) mutation prevalence in ORF1b of Omicron 
(Fig. 9B). Delta had three mutations (P314L, G662S, 
P1000L) with > 90% and one mutation (A1918V) 
with > 80% mutation prevalence. Interestingly, the 
heat map showed 29 mutations with a > 75% mutation 
prevalence in the S protein (Fig.  9C). No mutations 
with > 75% mutation prevalence were found in ORF3a 
in Omicron (Fig. 9D). Simultaneously, we found some 
mutations (Delta with S26L, Beta with Q57H, and 
S171L, Gamma with S253P, Mu with Q57H, and Del 
256/257) with > 75% mutation prevalence in ORF3a 
with other VOCs and VOIs. We found one mutation 
(T9I) with a > 75% mutation prevalence in Omicron 
in the E protein and compared it with other VOCs and 
VOIs (Fig. 9E). We found one mutation (P71L) with 
a > 75% mutation prevalence in Beta. The heat map of 
the M protein showed that Omicron had three muta-
tions (D3G, Q19E, and A63T) (Fig.  10A). ORF7a, 
with a > 75% mutation prevalence, was noted in Omi-
cron. However, Delta had two mutation prevalence 
rates of > 75% (V82A and T120I) (Fig. 10B). ORF7b, 
with no mutation with > 75% prevalence, was noted in 
Omicron. However, Delta had a prevalence of > 75%, 
corresponding to T40I (Fig. 10C). We observed that 
the prevalence of S84L was > 75% for all ORF8 
variants. The only mutation prevalence observed 
for Omicron with > 75% (Fig.  10D). Finally, we 
noted that the prevalence of the four Omicron muta-
tions, P13L, DEL31/33, R203K, G204R was > 75% 
in N (Fig.  10E). We also noted four mutations with 
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a prevalence of > 75% in Delta, Alpha, and Lambda. 
Characteristic mutations for Omicron and com-
parison with the mutations of other VOCs and VOIs 
were noted as deletions or nonsynonymous substitu-
tions, which have taken place in > 75% of sequences 
within those variants. In this study, we measured the 
mutations of Omicron with > 75%. Simultaneously, 
this study assisted in understanding the mutations of 
VOCs and VOIs with > 75% (Alpha, Beta, Gamma, 
Delta, Lambda, and Mu). From the heat map, we 
found that AA variants with high mutation preva-
lence showed eight mutations with > 90% prevalence 
in ORF1a and 29 mutations with > 75% prevalence in 
the S-glycoprotein of Omicron. Our study is signifi-
cant in this regard.

Scatter plot for cluster evaluation of Omicron and 
other VOCs and VOIs

Cluster analysis was performed, and a scatter plot was 
generated for all current VOCs and VOIs, in conjunc-
tion with the Omicron variant. The scatter plot shows 
the prevalence of all VOCs and VOIs with Omicron 
and indicates the origin and distribution of all current 
VOCs and VOIs. A scatter plot with linear regression 
was developed using the current circulating VOCs 
and VOIs (Fig. 11A). The model informs us that all 
the sample values were placed on both sides of the 

regression line. The figure shows a strong, positive, 
and linear scatter plot. Simultaneously, the scatter 
plot of the Omicron variant shows the prevalence of 
all samples on the upper side of the regression line 
(Fig. 11B).

Similarly, the scatter plot of the Delta variant shows 
the prevalence of all sample points on both sides of the 
regression line of the plot (Fig. 12A). The scatter plot 
of the Alpha variant shows the prevalence of all sam-
ple points above the regression line. All sample points 
were in the middle position of the regression line 
(Fig. 12B). Similarly, the scatter plot of the Beta vari-
ant shows the prevalence of all sample points below 
the regression line. However, a few sample points were 
placed above the regression line, and all sample points 
were placed middle in the position of the regression 
line (Fig. 12C).

Similarly, the scatter plot of the Gamma variant 
shows the prevalence of all sample points in the upper 
region of the regression line. Most sample points 
were above the regression line. However, a few sam-
ple points are found below the plot’s regression line 
(Fig. 12D).

Similarly, the scatter plot of the Lambda vari-
ant shows the prevalence of all sample points in the 
upper region of the regression line. Most of the sam-
ple points were below the regression line, and how-
ever, very few sample points were observed above the 
regression line (Fig. 12E).

Fig. 9  The heat map-like representation shows the high muta-
tion prevalence (> 75% mutational frequency) of Omicron 
and other VOCs and VOIs in ORF1a, ORF1b, S-glycoprotein, 
ORF3a, E. (A) Heat map of ORF1a. (B) Heat map of ORF1b. 
(C) Heat map of S-glycoprotein. (D) Heat map of ORF3a. 
(E) Heat map of E. Here, we have used outbreak.info [51] 

to provide the heat map like representation of high mutation 
(AA mutation) prevalence (> 75% mutational frequency) of 
Omicron and other VOCs and VOIs of different parts of the 
genome. The server used GISAID API data and integrated 
the EpiData pipeline [65] from Johns Hopkins University if 
needed and finally represented through a graphical interface
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Finally, we developed a scatter plot for the Mu 
variants. The figure shows the prevalence of all sam-
ple points in the upper region of the regression line 
of the plot. Most of the sample points were below 
the regression line. However, few sample points were 
found above the regression line (Fig. 12F). The scat-
ter plots for the Lambda and Mu variants are quite 
similar. However, it was observed that the Mu variant 
sample points were densely placed (Fig. 12E, F).

Prevalence of mutations in the neutralizing antibody 
(NAb) binding site in Omicron and other VOCs and 
VOIs

Mutations in the nAb binding site or close to the nAb 
binding site of the S-glycoprotein of the Omicron 

variant have been noted. We analyzed the mutations 
in the nAb binding site from an extensive survey of 
the typical nAb (type-1 to type-4) interaction with the 
S-glycoprotein and found mutations in the nAb bind-
ing site or close to the nAb binding site of the S-gly-
coprotein. The most emerging mutations in the anti-
body interaction area were located within the RBD 
region (Fig. 13A).

Similarly, mutations in the nAb binding site or 
close to the nAb binding site of the S-glycoprotein 
of the other VOCs are also illustrated (Fig. 13B). We 
also recorded mutations in the nAb binding site or 
close to the nAb binding site of the S-glycoprotein of 
the other VOIs (Fig. 13C). We performed a compara-
tive analysis of mutations in the nAb binding site of 
all VOCs and VOIs to assess the emerging mutations 

Fig. 10  The heat map-like representation shows the high 
mutation prevalence (> 75% mutational frequency) of Omicron 
and other VOCs and VOIs in M, ORF7a, ORF7b, ORF8, N. 
(A) Heat map of M. (B) Heat map of ORF7a. (C) Heat map 
of ORF7b. (D) Heat map of ORF8. (E) Heat map of N. Here, 
we have also used outbreak.info [51] to provide the heat map-

like representation of high mutation (AA mutation) prevalence 
(> 75% mutational frequency) of Omicron and other VOCs 
and VOIs. The server used GISAID API data and integrated 
the EpiData pipeline [65] from Johns Hopkins University if 
needed and finally represented through a graphical interface
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in the nAb binding site of the S-glycoprotein, and 
illustrated all crucial mutations in the nAb binding 
area (Table 4).

Zhang et  al. illustrated mutations in 11 VOCs 
and VOIs, including Omicron, and their effect 
on the nAb binding site. They concluded from 
their study that mutations near AA 439–448 and 
AA484 might cause resistance to neutralization 

[61]. Cui et  al. performed an experimental 
study and developed the Omicron pseudo-virus, 
attempted to correlate immunogenic areas with 
high mutation frequencies, and correlated them 
with properties such as immune escape and 
infectivity. They identified the ten most criti-
cal immunogenic residues. Among them, the 
three AA substitution residues were Y505H, 

Fig. 11  Scatter plot for cluster evaluation of Omicron and 
all VOCs and VOIs. (A) Scatter plot for cluster evaluation of 
all VOCs and VOIs. (B) Scatter plot for cluster evaluation of 

Omicron. The scatter plot was developed for Omicron and 
all VOCs and VOIs using the Nextstrain server [49, 50]. The 
server used the GISAID data
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E484A/K, and Q493R. They have noted some 
other significant residues, including F456, N487, 
Y449, Y489, and F486 [66]. Similarly, in another 
experimental study, Planas et  al. illustrated 32 
spike mutations, mostly in NTD, which may aug-
ment viral fitness and antibody escape [67]. In 
the present study, we also depicted mutations 
nAb binding site or close to the nAb binding site 
of the S-glycoprotein, which may increase viral 
fitness and nAb escape.

Risk analysis of antibody-binding to significant 
antibody-binding mutations in the RBD in the 
S-glycoprotein

We performed an analysis to understand the risk level 
of mutations in four positions and found that three 
AA residues are essential for interactions with the 
antibody. In this study, we analyzed three positions 
for mutations (L452, F490, and P681) and a signifi-
cant mutation (D614G).

Fig. 12  Scatter plot for cluster evaluation for VOCs and VOIs. 
(A) Scatter plot for cluster evaluation of Delta. (B) Scatter 
plot for cluster evaluation of Alpha. (C) Scatter plot for clus-
ter evaluation of Beta. (D) Scatter plot for cluster evaluation of 

Gamma. (E) Scatter plot for cluster evaluation of Lambda. (F) 
Scatter plot for cluster evaluation of mu. The scatter plot was 
developed for VOCs and VOIs using the Nextstrain server [49, 
50]. The server used the GISAID data

Fig. 13  The figure shows the developed 3D model of S-glyco-
protein and the emerging mutations. The major mutations are 
located within the RBD region, which might involve antibod-
ies interaction area. (A) RBD mutations in Omicron located 
in antibody interaction region. (B) RBD mutations in VOIs 
located in antibody interaction region. (C) RBD mutations in 

VOIs located in the antibody interaction region. The 3D model 
of S-glycoprotein using PyMOL software and the emerging 
mutations for antibody interaction was depicted for the Omi-
cron variant, other VOC, and VOI in the 3D model [46, 47]. 
For a 3D model generation, we used some PDB files (PDB ID: 
6VXX)
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The mutation risk of the L452 location was ana-
lyzed, and the risk level of 19 different types of muta-
tional variants at a particular site (L452) is illustrated 
(Fig. 14A). The L452R mutation has a destabilizing 
effect on the interactions of S-glycoprotein targeting 
antibodies. Variants of the mutation have also been 
reported (Fig.  S1A). The count for this variant of 
the L452R mutation is 1657075, and the first variant 
(L452R) was identified in the USA.

We analyzed the mutation risk at the F490 posi-
tion, and 19 different types of mutations in differ-
ent variants at this position (F490) were observed 
(Fig. 14B). The F490S mutation was found to have a 

destabilizing effect on antibody interactions. Variants 
of this mutation have also been reported (Fig. S1B). 
The count for this variant of the F490S mutation was 
13,311, and the first variant (F490S) was identified in 
Canada.

We analyzed the mutation risk at the P681 posi-
tion. Similarly, previous mutations and the 19 dif-
ferent types of mutations in different variants (P681) 
were explained (Fig.  14C). In the P681 mutation, it 
has been noted that the mutations do not have any 
destabilizing effect on the antibody interactions. 
Variants of this mutation have also been reported 
(Fig. S1C). The count for this variant of the P681H 

Table 4  Emerging mutations in antibodies interaction area within RBD region of SARS-CoV-2 VOCs and VOIs including Omicron 
variant

Sl no Variants name 
(WHO label)

SARS-CoV-2 
lineages

Mutations in S-protein (RBD region) Remarks

1 Omicron B.1.1.529 K417N, N440K, G446S, S477N, T478K, 
E484A, Q493K, G496S, Q498R, N501Y, 
Y505H

Comparative analysis from all present 
VOCs and VOIs noted the following 
mutations in Ab interaction within the 
RBD region:

K417N, N440K, G446S, S477N, T478K, 
E484A, Q493K, G496S, Q498R, N501Y, 
Y505H, S494P, L452R, T478K, K417T, 
L452Q, F490S, R346K

2 Alpha B.1.1.7 E484K, S494P, N501Y
3 Delta B.1.617.2 L452R, T478K
4 Gamma P.1 K417T, E484K, N501Y
5 Beta B.1.351 K417N, E484K, N501Y
6 Lambda C.37 L452Q, F490S
7 Mu B.1.621 R346K, E484K, N501Y

Fig. 14  Risk analysis of antibody-binding to significant some 
antibody-binding mutations and its other variants. (A) Risk 
analysis of antibody-binding to L452 region and L452R muta-
tion. (B) Risk analysis of antibody-binding to F490 region 
and F490S mutation. (C) Risk analysis of antibody-binding to 
P681 region and P681H mutation. (D) Risk analysis of anti-

body-binding to D614 region and D614G mutation. We used 
the VarEPS server to evaluate the risk analysis of antibody-
binding of some antibody-binding mutations [52]. The server 
used the GISAID data and data from other resources such as 
CDC China, CDC, USA, WHO
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mutation was 130,2751, and the first mutation 
(P681H) was identified in Nigeria.

Finally, 19 different types of mutations in different 
variants of D614G are shown (Fig. 14D). The D614G 
mutation has a destabilizing effect on the antibody 
interactions. Variants of the mutation have also been 
reported (Fig. S1D). The count for this variant of the 
D614G mutation was 4,105,183, and the first variant 
(D614G) was reported in Germany.

Molecular and mutational properties of some 
significant RBD mutations in Omicron

Mutations in the RBD region may play a role in anti-
body, immune, or vaccine escape. In this part of the 
analysis, we evaluated some RBD mutations’ molec-
ular and mutational properties in the Omicron vari-
ants: G339D, S371L, N440K, G446S, T478K, and 
Q498R. The study illustrated several molecular and 
mutational parameters such as delta delta G (DDG) 
or ΔΔG, interatomic interactions in the wild-type and 
mutant-type residues, and fluctuation and deforma-
tion analysis of those mutations. We also analyzed the 
fluctuation of the wild-type and mutant-type residues, 
atomic fluctuation in the wild-type and mutant-type 
of the S-glycoprotein, and deformation energies in the 
wild-type and mutant-type of the S-glycoprotein in 
respect of these mutations.

We assessed the molecular and mutational prop-
erties of G339D. The molecular and mutational 
parameters (ΔΔG, interatomic interactions, and 
fluctuation and deformation analysis) of G339D are 
illustrated in Fig.  15A. Here, the analysis indicated 

that the outcome of ΔΔG was 0.019  kcal/mol (sta-
bilizing). The NMA-based predictions showed that 
ΔΔG ENCoM was − 0.027  kcal/mol (destabilizing). 
Other structure-based calculations showed that ΔΔG 
mCSM was − 0.691  kcal/mol (destabilizing), ΔΔG 
SDM was 0.110  kcal/mol (stabilizing), and ΔΔG 
DUET was − 0.400  kcal/mol (destabilizing). The 
ΔΔSVib ENCoM (minute vibrational entropy energy 
between wild-type and mutant-type) was 0.033 kcal/
mol−1   K−1. This model indicates that the mutation 
increases molecular flexibility, as shown in Fig. 15B. 
Here, the wild-type and mutant-type residues are 
colored light green. The model informed the neigh-
boring residues linked to the interaction interface. 
Figure S2A shows the fluctuation of the wild-type and 
mutant-type residues. Visual analysis shows atomic 
fluctuation in the 3D model of the S-glycoprotein, 
both in the wild-type and mutant-type (Fig.  S2B). 
Simultaneously, the study included a visual analysis 
of deformation energies to show the amount of local 
flexibility of the 3D model of both the wild-type and 
mutant-type S-glycoproteins (Fig. S2C).

The molecular and mutational properties of S371L 
were also evaluated. Here, we illustrated the molecu-
lar and mutational factors in G339D (Fig.  16A). The 
analysis indicated that the outcome of ΔΔG was 
0.127  kcal/mol (stabilizing). The NMA-based pre-
dictions showed that ΔΔG ENCoM was 0.030  kcal/
mol (destabilizing). Other structure-based calcula-
tions showed that ΔΔG mCSM was − 0.394 kcal/mol 
(destabilizing), ΔΔG SDM was 1.280  kcal/mol (sta-
bilizing), and ΔΔG DUET was 0.080 kcal/mol (stabi-
lizing). The evaluation of (ΔΔSVib ENCoM) change 

Fig. 15  Mapped molecular and mutational properties of 
G339D. (A) Prediction of vibrational Entropy Energy of 
G339D with a visual representation. (B) Prediction of intera-
tomic interactions of wild type to mutant type G339D muta-

tion. In this study, we used the DynaMut server to evaluate the 
molecular and mutational properties of G339D [53]. For the 
analysis, we used a model PDB file (PDB ID: 7QO7)
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between wild-type and mutant-type was − 0.037  kcal/
mol−1  K−1. The mutational landscape indicated that the 
mutation decreased molecular flexibility. The molecu-
lar contacts between the inter-atoms are illustrated in 
Fig.  16B. The light green residues indicate the wild-
type and mutant-type AA residues in this study. The 
developed model indicated that adjoining residues 
were related to the interaction interface. Figure S3A 
shows the fluctuation of the wild-type and mutant-type 
residues. Visual analysis shows atomic fluctuation in 
the 3D model of the S-glycoprotein for both the wild-
type and mutant-type (Fig.  S3B). We evaluated the 
visual analysis of deformation energies, showing the 
quantity of local flexibility of the 3D model of both the 
wild-type and mutant-type S-glycoprotein (Fig. S3C).

This study analyzed parameters such as ΔΔG, inter-
atomic interactions, and fluctuation and deformation 
to understand the molecular and mutational properties 
of the N440K mutation. The results of ΔΔG analysis 

of N440K mutation are shown in Fig.  17A. Here, 
the analysis indicated that the outcome of ΔΔG was 
0.064 kcal/mol (stabilizing). The NMA-based predic-
tions showed that ΔΔG ENCoM was 0.045  kcal/mol 
(destabilizing). Other structure-based calculations 
showed that ΔΔG mCSM was 0.243 kcal/mol (stabi-
lizing), ΔΔG SDM was 0.780  kcal/mol (stabilizing), 
and ΔΔG DUET was 0.876  kcal/mol (stabilizing). 
The evaluation of minute vibrational entropy energy 
between the wild-type and mutant-type (ΔΔSVib 
ENCoM) indicated as − 0.057  kcal   mol−1   K−1. The 
result of the model predicts that the mutation decreases 
molecular flexibility. The interactions between the 
inter-atoms are shown in Fig.  17B. The wild-type 
and mutant-type residues are marked in light green. 
The model revealed the adjacent residues involved in 
the interaction. Figure S4A illustrates the fluctuation 
of wild-type and mutant-type residues. Visual analy-
sis showed atomic fluctuation in the 3D model of the 

Fig. 16  Evaluated molecular and mutational properties of 
S371L. (A) Calculation of vibrational Entropy Energy of 
S371L with a visual representation. (B) Prediction of intera-
tomic interactions of wild type to mutant type S371L mutation. 

For this evaluation, the DynaMut server was used to evaluate 
the molecular and mutational properties of S371L [53]. For the 
analysis, we used a model PDB file (PDB ID: 7QO7)

Fig. 17  Analyzed result of molecular and mutational proper-
ties of N440K. (A) Computation of vibrational Entropy Energy 
of N440K and is represented through a pictorial view. (B) Pre-
diction of interatomic Interactions of wild type to mutant type 

N440K mutation. In this study, we used the DynaMut server to 
assess the molecular and mutational properties of N440K [53]. 
For the analysis, we used a model PDB file (PDB ID: 7QO7)
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S-glycoprotein, both in the wild-type and mutant-type 
(Fig.  S4B). Simultaneously, the study evaluated the 
visual analysis of deformation energies to show the 
amount of local flexibility of the 3D model of both the 
wild-type and mutant-type S-glycoproteins (Fig. S4C).

This study analyzed several parameters to evaluate 
the molecular and mutational features of the G446S 
mutation. Figure  18A shows the results of ΔΔG 
analysis of the G446S mutation. In this investiga-
tion, the effect of ΔΔG was recorded as − 0.501 kcal/
mol (destabilizing). The NMA-based calculation 
showed that ΔΔG ENCoM was − 0.283  kcal/mol 
(destabilizing). Additional structure-based computa-
tions indicated that ΔΔG mCSM was − 0.593  kcal/
mol (destabilizing), ΔΔG SDM was − 0.680 kcal/mol 
(destabilizing), and ΔΔG DUET was − 0.366  kcal/
mol (destabilizing). We evaluated minute vibrational 

entropy energy change between wild-type and mutant-
type, which shows ΔΔSVib ENCoM: − 0.353  kcal/
mol−1  K−1. The results of the model indicated a muta-
tional landscape augmentation of molecular flexibility. 
The inter-atomics interactions are shown in Fig. 18B. 
The model depicts the wild-type and mutant-type 
residues as light green and shows the nearby residues 
involved in the interface. Figure S5A shows the fluc-
tuation of the wild-type and mutant-type residues. 
Visual analysis showed that the atomic fluctuation 
in the 3D model indicated both in the wild-type and 
mutant-type S-glycoprotein (Fig.  S5B). We visually 
analyzed the deformation energies to show the amount 
of local flexibility through the 3D model of wild-type 
and mutant-type S-glycoproteins (Fig. S5C).

We recorded the results of ΔΔG for the T478K 
mutation in Fig. 19A. In the computation, the effect 

Fig. 18  Evaluated outcome of the molecular and mutational 
properties of G446S. (A) Calculated vibrational Entropy 
Energy of G446S and its pictorial representation. (B) Illus-
trated interatomic interactions of wild type to mutant type 

G446S mutation. For this analysis, the DynaMut server was 
used to evaluate the molecular and mutational properties of 
S371L [52]. For the analysis, we used a model PDB file (PDB 
ID: 7QO7)

Fig. 19  Analyzed result of the molecular and mutational prop-
erties of T478K. (A) Calculated vibrational Entropy Energy of 
T478K and its visual representation. (B) Illustrated of intera-
tomic interactions of wild type to mutant type T478K muta-

tion. We have used the DynaMut server in this study to explain 
the molecular and mutational properties of N440K [53]. For 
the analysis, we used a model PDB file (PDB ID: 7QO7)
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of ΔΔG was recoded as 1.009  kcal/mol (stabiliz-
ing). The NMA-based estimation showed that ΔΔG 
ENCoM was 0.181  kcal/mol (destabilizing). Further 
structure-based analysis indicated three ΔΔG-based 
parameters ΔΔG mCSM, − 0.695  kcal/mol (destabi-
lizing), ΔΔG SDM (− 0.070 kcal/mol; destabilizing), 
and ΔΔG DUET (− 0.366  kcal/mol (destabilizing). 
The ΔΔSVib ENCoM change between wild-type and 
mutant-type was found to be − 0.227 kcal/mol−1  K−1. 
The result of the model informed us about mutational 
flexibility (decreased molecular flexibility). The inter-
atom correlations are shown in Fig. 19B. The devel-
oped model of the wild-type and mutant-type residue 
indicated in light green, which informs us that adjunct 
residues are involved in the interaction interface. The 
fluctuation of the wild-type and mutant-type residues 
are shown in Figure S6A. Visual analysis revealed 
atomic fluctuation of the wild-type and mutant-type 
of the S-glycoprotein (Fig.  S6B). We evaluated the 
visual analysis of deformation energies to show 
the amount of local flexibility through a model that 
provides a pictorial view of both the wild-type and 
mutant-type S-glycoprotein (Fig. S6C).

Finally, the mutational features and molecular 
properties of the Q498R mutation were assessed. We 
observed the properties of ΔΔG and its effect on the 
mutant type of the Q498R mutation, as illustrated in 
Fig. 20A. This analysis recorded the consequence of 
ΔΔG due to the Q498R mutation as − 0.163  kcal/
mol (destabilizing). The computation of NMA-
related predictions showed that ΔΔG ENCoM 
was − 0.289  kcal/mol (destabilizing). Additionally, 

three structure-based analyses indicated ΔΔG-
related features of the mutation. The results were as 
follows: ΔΔG mCSM was 0.283  kcal/mol (stabiliz-
ing), ΔΔG SDM was 0.550  kcal/mol (stabilizing), 
and ΔΔG DUET was 0.519  kcal/mol (stabilizing). 
The ΔΔSVib ENCoM, calculated as 0.361  kcal/
mol−1   K−1, was noted as increased the molecular 
flexibility of the S-glycoprotein. We depicted the 
inter-atom configurations of the mutational land-
scape of the wild and mutant varieties of Q498R, 
which is illustrated in Fig.  20B. A model was gen-
erated for the wild-type and mutant-type residues, 
illustrating both residues as light green. The model 
showed that the residues associated with that particu-
lar position were also associated with the interaction 
interface. Figure S7A shows the fluctuation of the 
wild-type and mutant-type residues. Furthermore, 
visual analysis of atomic fluctuation in the mutant 
residue informed us about the atomic fluctuation of 
the wild-type and mutant-type spike-glycoproteins 
(Fig. S7B). Moreover, the experiment illustrated the 
deformation energies of the visual analysis and pro-
vide information on the quantity of local flexibility 
using a bioinformatics model. The model shows the 
pictographic view of both the wild-type and mutant-
type spike-glycoprotein (Fig. S7C).

We have comprehensively analyzed the properties 
of 28 mutations, and other researchers have tried to 
analyze other mutations using a similar method [68]. 
However, our comprehensive study has tried to ana-
lyze the 28 mutations along with RBD mutations 
and concluded how RBD mutations affect receptor 

Fig. 20  Representation of the molecular and mutational prop-
erties of Q498R. (A) Calculated vibrational Entropy Energy of 
Q498R and its visual representation. (B) Illustrated interatomic 
interactions of wild type to mutant type Q498R mutation. We 

have used the DynaMut server in this study to elucidate the 
molecular and mutational properties of Q498R [53]. For the 
analysis, we used a model PDB file (PDB ID: 7QO7)
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binding of Omicron. Finally, we tried to explain how 
RBD mutations might affect infectivity.

Comparative analysis of delta-delta G (DDG) or 
ΔΔG of analyzed mutations in the S-glycoprotein

We performed a comprehensive and compara-
tive analysis of ΔΔG for 28 significant muta-
tions, including K417N, S477N, T478K, D796Y, 
G196D, G446S, E484A, T95I, D614G, H655Y, 
Q493K, G496S, N501Y, Y505H, N969K, A67V, 
L981F, N440K, N856K, Q498R, S371L, G339D, 
L212I, S375F, S373P, N764K, T547K, and Q954H. 
The ΔΔG values of the 28 analyzed mutations are 
shown in Table  5. In this study, we performed sev-
eral cooperative analyses, including ΔΔG ENCoM, 
ΔΔG, ΔΔG mCSM, ΔΔG DUET, ΔΔG SDM, and 
ΔΔSVib ENCoM. The NMA-based prediction of 
ΔΔG ENCoM analysis showed that the K417N muta-
tion had shown a minimum value with the destabiliz-
ing result (− 0.677 kcal/mol), and the G196D muta-
tion had a maximum value with a stabilizing result 
(0.897  kcal/mol). ΔΔG prediction showed that the 
K417N mutation had a minimum value with a desta-
bilizing impact (− 0.932  kcal/mol) and the Q954H 
mutation had a maximum value with a stabiliz-
ing effect (0.969  kcal/mol). Evaluation of Δ vibra-
tional entropy energy between wild-type and mutant 
(ΔΔSVib ENCoM) showed that the G196D mutation 
had a minimum value of − 1.121  kcal/mol−1   K−1. 
Similarly, the K417N mutation had a maximum value 
of 0.846 kcal/mol−1  K−1.

Cui et  al. reported a stable Omicron spike that 
helps to maintain an active conformation, which plays 
a significant role in receptor recognition [66]. Some 
mutations were observed with increased flexibility 
which may also help in receptor interactions and, 
thus, improve viral fitness. Therefore, our predicted 
mutations with stabilizing properties in the S-glyco-
protein, particularly RBD mutation, play a significant 
role in receptor recognition, increasing infectivity, 
and improving viral fitness.

Discussion

The Omicron variant has been spreading rapidly 
in several countries worldwide. Omicron is an 

immensely mutated emerging variant that is proving 
to be a challenge to researchers [25, 26]. This variant 
has the largest number of mutations among all other 
VOCs and VOIs of SARS-CoV-2, and researchers 
have described this variant as a rare collection of 
mutations [69]. More than 50 mutations have been 
identified in the genome. Researchers have noted 
approximately 32 in the spike protein [20, 25–27]. 
Therefore, it is essential to understand the mutational 
landscape of the Omicron variant and compare the 
landscape of mutations with other emerging variants. 
This study attempted to understand the mutational 
landscape of the Omicron variant and compared 
all mutational frequencies of SNVs throughout the 
genome with those of other emerging variants. We 
evaluated the AA variants in the Omicron variant and 
compared them with those in the present VOCs and 
VOIs. This study found that the D614G AA variant in 
the S-glycoprotein was present in all VOCs and VOIs 
at a high frequency (98–100%). Our in silico analy-
sis corroborates the previous finding about the high 
frequency of D614G mutation in Omicron and other 
VOI/VOC [31, 32, 63]. Analysis of AA variants of the 
non-structural protein revealed that P323L in nsp12 
was also observed in all VOCs and VOIs with high 
frequency (97–100%). We illustrated the AA variants 
using a heat map of mutation prevalence with > 75% 
mutational frequency of Omicron and compared 
those mutations with that of other VOCs and VOIs. 
The heat map helps identify mutations with a high 
mutational frequency. This study showed eight muta-
tions with > 90% in ORF1a and 29 in S-glycoprotein, 
with > 75% mutation prevalence in Omicron. Several 
other studies have attempted to illustrate mutations 
in different regions of the Omicron. Lupala et  al. 
elucidated the interaction between the RBD region 
of Omicron and the hACE2 receptor to understand 
its binding affinity. In this study, they developed a 
model of a mutated RBD region and an interaction 
model between the RBD region of Omicron and the 
hACE2 receptor. Finally, MDS (molecular dynam-
ics simulations) were performed to understand the 
RBD-hACE2 interaction pattern [70]. In our study, 
we analyzed 28 mutations and observed that among 
RBD mutations, G339D, S371L, N440K, and T478K 
mutations are stabilizing, and G446S and Q498R are 
destabilizing mutations. At the same time, G339D, 
G446S, and Q498R mutations have increased molec-
ular flexibility. Cumulative effects of the properties 
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Table 5  Comparative analysis of delta delta G (DDG) or ΔΔG of emerging mutations of S-glycoprotein in Omicron variant

NMA based 
prediction

ΔΔG predic-
tion

Other structure-based predictions Minute vibra-
tional entropy 
energy change 
between wild-
type and mutant

Remarks

Sl no Significant 
mutations 
of Omicron 
variant

ΔΔG 
ENCoM

(kcal/mol)

ΔΔG
(kcal/mol)

ΔΔG mCSM
(kcal/mol)

ΔΔG DUET
(kcal/mol)

ΔΔG SDM
(kcal/mol)

ΔΔSVib ENCoM
(kcal  mol−1  K−1)

1 K417N  − 0.677,
Destabilizing

 − 0.932,
Destabilizing

 − 1.138,
Destabilizing

 − 1.123,
Destabilizing

 − 0.280,
Destabilizing

0.846 Increase of 
molecule 
flexibility 
increased

2 S477N 0.064,
Destabilizing

0.628,
Stabilizing

 − 0.215,
Destabilizing

0.235,
Stabilizing

0.780,
Stabilizing

 − 0.080 Decrease of 
molecule 
flexibility

3 T478K 0.181,
Destabilizing

1.009,
Stabilizing

 − 0.695,
Destabilizing

 − 0.366,
Destabilizing

 − 0.070,
Destabilizing

 − 0.227 Decrease of 
molecule 
flexibility

4 D796Y  − 0.052,
Destabilizing

0.146,
Stabilizing

0.387,
Stabilizing

0.370,
Stabilizing

 − 0.010,
Destabilizing

0.065 Increase of 
molecule 
flexibility

5 G196D 0.897,
Stabilizing

0.193,
Stabilizing

 − 2.071,
Destabilizing

 − 2.248,
Destabilizing

 − 2.160,
Destabilizing

 − 1.121 Decrease of 
molecule 
flexibility

6 G446S  − 0.283,
Destabilizing

 − 0.501,
Destabilizing

 − 0.593,
Destabilizing

 − 0.366,
Destabilizing

 − 0.680,
Destabilizing

0.353 Increase of 
molecule 
flexibility

7 E484A  − 0.377,
Destabilizing

 − 0.456,
Destabilizing

 − 0.415,
Destabilizing

 − 0.128,
Destabilizing

0.320,
Stabilizing

0.471 Increase of 
molecule 
flexibility

8 T95I 0.320,
Destabilizing

1.200,
Stabilizing

 − 0.097,
Destabilizing

0.670,
Stabilizing

1.910,
Stabilizing

 − 0.400 Decrease of 
molecule 
flexibility

9 D614G  − 0.134,
Destabilizing

0.351,
Stabilizing

 − 0.514,
Destabilizing 

0.171,
Stabilizing

2.510,
Stabilizing

0.168 Decrease of 
molecule 
flexibility

10 H655Y 0.158,
Destabilizing

1.728,
Stabilizing

1.302,
Stabilizing

1.516,
Stabilizing

0.400,
Stabilizing

 − 0.197 Decrease of 
molecule 
flexibility

11 Q493K 0.066,
Destabilizing

0.470,
Stabilizing

0.194,
Stabilizing

0.794,
Stabilizing

0.580,
Stabilizing

 − 0.082 Decrease of 
molecule 
flexibility

12 G496S  − 0.014, 
Destabilizing

 − 0.097, 
Destabilizing

 − 0.763, 
Destabilizing

 − 0.614, 
Destabilizing

 − 1.010, 
Destabilizing

0.018 Decrease of 
molecule 
flexibility

13 N501Y  − 0.094,
Destabilizing

 − 0.203,
Destabilizing

 − 0.457,
Destabilizing

 − 0.471,
Destabilizing

0.280,
Stabilizing

0.117 Decrease of 
molecule 
flexibility

14 Y505H  − 0.305,
Destabilizing

 − 0.510, 
Destabilizing

 − 0.119,
Destabilizing

0.143,
Stabilizing

0.380,
Stabilizing

0.381 Decrease of 
molecule 
flexibility



GeroScience 

1 3
Vol.: (0123456789)

of the mutations (stabilizing, destabilizing, molecular 
flexibility) of RBD might augment the receptor-bind-
ing activity of Omicron, which might help to provide 
superior infectivity properties of Omicron. Our study 

has also attempted to understand the complete muta-
tional landscape of Omicron along with the present 
VOCs and VOIs. It is important to understand the 
Omicron variant from a mutational point of view.

Table 5  (continued)

NMA based 
prediction

ΔΔG predic-
tion

Other structure-based predictions Minute vibra-
tional entropy 
energy change 
between wild-
type and mutant

Remarks

15 N969K  − 0.381,
Destabilizing

0.086,
Stabilizing

0.065,
Stabilizing

0.184,
Stabilizing

 − 0.500,
Destabilizing

0.477 Increase of 
molecule 
flexibility

16 A67V 0.520,
Stabilizing

0.544,
Stabilizing

 − 0.387,
Destabilizing

0.256,
Stabilizing

0.950,
Stabilizing

 − 0.650 Decrease of 
molecule 
flexibility

17 L981F 0.009,
Destabilizing

0.104,
Stabilizing

 − 1.241,
Destabilizing

 − 1.289,
Destabilizing

 − 0.69,
Destabilizing

0.012 Increase of 
molecule 
flexibility

18 N440K 0.045,
Destabilizing

0.064,
Stabilizing

0.243,
Stabilizing

0.876,
Stabilizing

0.780,
Stabilizing

 − 0.057 Decrease of 
molecule 
flexibility

19 N856K 0.202,
Destabilizing

1.304,
Stabilizing

0.103,
Stabilizing

0.314,
Stabilizing

0.300,
Destabilizing

 − 0.252 Decrease of 
molecule 
flexibility

20 Q498R  − 0.289,
Destabilizing

 − 0.163,
Destabilizing

0.283,
Stabilizing

0.519,
Stabilizing

0.550,
Stabilizing

0.361 Increase of 
molecule 
flexibility

21 S371L 0.030,
Stabilizing

0.127,
Stabilizing

 − 0.394,
Destabilizing

0.080,
Stabilizing

1.280,
Stabilizing

 − 0.037 Decrease of 
molecule 
flexibility

22 G339D  − 0.027,
Stabilizing

0.019,
Stabilizing

 − 0.69,
Destabilizing

 − 0.400,
Destabilizing

0.110,
Stabilizing

0.033 Increase of 
molecule 
flexibility

23 L212I  − 0.028,
Destabilizing

0.090,
Stabilizing

 − 0.844,
Destabilizing

 − 0.334,
Destabilizing

0.490,
Stabilizing

0.035 Increase of 
molecule 
flexibility

24 S375F 0.578,
Stabilizing

 − 0.125,
Destabilizing

 − 0.948,
Destabilizing

 − 0.460,
Destabilizing

1.190,
Stabilizing

 − 0.723 Decrease of 
molecule 
flexibility

25 S373P  − 0.323,
Destabilizing

 − 0.797,
Destabilizing

 − 0.645,
Destabilizing

 − 0.534,
Destabilizing

 − 0.030,
Destabilizing

0.404 Increase of 
molecule 
flexibility

26 N764K  − 0.344,
Destabilizing

0.189,
Stabilizing

0.089,
Stabilizing

0.475,
Stabilizing

 − 0.300,
Destabilizing

0.430 Increase of 
molecule 
flexibility

27 T547K 0.072,
Destabilizing

0.462,
Stabilizing

 − 0.244,
Destabilizing

0.194,
Stabilizing

 − 0.090,
Destabilizing

 − 0.090 Increase of 
molecule 
flexibility

28 Q954H 0.192,
Destabilizing

0.969,
Stabilizing

 − 0.676,
Destabilizing

 − 0.491,
Destabilizing

0.060,
Stabilizing

 − 0.240 Decrease of 
molecule 
flexibility
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Emerging mutations in SARS-CoV-2 are a major 
concern for antibody escape, especially in nAb. 
Triveri et  al. have attempted to describe the escape 
phenomena of SARS-CoV-2 variants because of 
mutations in the S-glycoprotein. They considered 
emerging variants such as the South African (501Y.
V2), UK (B.1.1.7), Brazilian (P.1), and D614G vari-
ants to understand the correlation between the muta-
tions and escape from immuno-recognition. The 
study also illustrated the ability of these variants to 
evade or decrease the recognition capacity of S-gly-
coprotein targeting antibodies [71]. However, we per-
formed risk analysis for D614G antibody binding. We 
observed that the mutation in D614 has a high risk 
related to antibody-binding and can reduce the recog-
nition capability by targeting antibodies to the S-gly-
coprotein. The outcome of our in silico risk analysis 
study of D614G corroborates the previous experimen-
tal study’s result by Martin et al. [72]. Their study has 
found that the D614G mutation decreased antibody 
binding of the S-glycoprotein. Previously, we illus-
trated that the D614G variant is present in all VOCs 
and VOIs with high frequency, and the mutant variant 
may be a positive selection [28, 31, 32]. We are cur-
rently attempting to understand the prominent muta-
tions in the S-glycoprotein in SARS-CoV-2 and their 
role in antibody escape [73, 74].

Several studies have shown that most antibodies 
bind closer to the NTD or RBD regions [75]. How-
ever, some RBD mutations are responsible for anti-
body escape [33, 34]. We evaluated some mutations, 
especially mutations in the RBD region in Omicron, 
and their probable consequence on antibody affin-
ity [76]. In this study, we also attempted to evaluate 
some molecular and mutational properties of some 
mutations in the RBD region in Omicron, which may 
provide deeper insight into the mutations. We evalu-
ated the molecular and mutational properties of some 
Omicron variants: G339D, S371L, N440K, G446S, 
T478K, and Q498R. Here, we describe the molecular 
and mutational properties of these mutations.

Recently, Singh et  al. attempted to understand 
the ΔΔG between the wild-type and mutant pro-
teins in Mycobacterium tuberculosis. We analyzed 
the ΔΔG value to understand the effects of muta-
tions on molecular flexibility. Several researchers 
have computed ΔΔG values to understand the muta-
tional properties of mutations in a human pathogen. 
It aids in the understanding of the properties of point 

mutations [77]. Othman et  al. used the same algo-
rithm to calculate the enthalpy (DDG) and entropy 
(DDS) to understand the folding energy during the 
interaction of the SARS-CoV-2 S-glycoprotein and 
host ACE2 [78]. We also calculated the ΔΔG of some 
point mutations (G339D, S371L, N440K, G446S, 
T478K, and Q498R), which are significant in the 
RBD region of the SARS-CoV-2 Omicron. We found 
fluctuation in the wild-type and mutant-type residues, 
atomic fluctuation in the wild-type and mutant-type 
S-glycoprotein, and deformation energies in the wild-
type and mutant-type in the dynamics of the S-gly-
coprotein with respect to those mutations through 
the algorithms. Our analysis allowed us to illustrate 
the harmonic motions of the missense variants in 
terms of the S-glycoprotein through the analysis of 
ΔΔG values, which provides insights into accessible 
conformations of S-glycoprotein and its dynamics; 
however, we analyzed residue-wise RMS fluctua-
tions, atomic fluctuations, and deformation energies 
of all mutations (G339D, S371L, N440K, G446S, 
T478K, and Q498R). The residue-wise RMS fluc-
tuation (Figs. S2A, S3A, S4A, S5A, S6A, and S7A), 
atomic fluctuation (Figs. S2B, S3B, S4B, S5B, S6B, 
and S7B), and deformation energies (Figs. S2C, S3C, 
S4C, S5C, S6C, and S7C) of all these mutations 
showed a similar result in every category. Presently, 
scientists are attempting to understand the effects 
of spike-protein mutations on conformations and 
dynamics [79–81]. Our study illustrated the essential 
mutations of the Omicron variant.

The present study chose 28 mutations and six RBD 
mutations with immense importance in understanding 
the molecular properties of mutations. These RBD 
mutations may be associated with some significant 
properties of Omicron, such as antibody escape and 
ACE2 interaction. A schematic diagram was used to 
depict the mutation selection from the RBD region of 
the S-glycoprotein (Fig.  1B). Finally, we attempted 
to evaluate all 28 mutations, including the six RBD 
mutations, to understand mutational properties such 
as stabilizing or destabilizing events and increased or 
decreased molecular flexibility.

The study performed a comparative analysis of 
ΔΔG of the 28 mutations of the S-glycoprotein, 
including the six RBD mutations, to understand 
the stabilizing or destabilizing properties and other 
mutational properties. The comparative outcome is 
noted in Table  5. ΔΔG analysis and the stabilizing 
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or destabilizing properties were analyzed using the 
DynaMut server and other mutational properties. 
We chose six mutations in the RBD of Omicron for 
a more detailed analysis, G339D, S371L, N440K, 
G446S, T478K, and Q498R. The research outcome of 
the six RBD mutations showed that G339D, S371L, 
N440K, and T478K were stable with 0.019 kcal/mol 
and 0.127 kcal/mol, 0.064 kcal/mol, and 1.009 kcal/
mol, respectively. Other mutations (G446S and 
Q498R) showed destabilizing results (Fig.  21A). It 
is noteworthy that, among the six RBD mutations, 
G339D, G446S, and Q498R mutations increased the 
molecular flexibility of the S-glycoprotein (Fig. 21B). 
These RBD mutations may help RBD interact with 
the ACE2 receptor, thus helping to increase Omi-
cron infectivity. Our study aids future researchers in 
understanding the mutational landscape of Omicron 
and in elucidating more about the different properties 
of Omicron, such as infectivity and antibody escape, 
using our analyzed properties (stabilizing or desta-
bilizing as well as increased or decreased molecular 
flexibility of the S-glycoprotein to interact with the 
mAb/receptor) of those using the 28 emerging muta-
tions along with six RBD mutations. Recently, several 
researchers have characterized SARS-CoV-2 muta-
tions using the DynaMut server. The DDG of some 
mutations (L452R, E484Q, and P681R) in the Indian 
variant (B.1.617) was computed using the DynaMut 
server [82]. Another study characterized three muta-
tions in an Italian SARS-CoV-2 strain using the 
DynaMut server [83]. This study analyzed the proper-
ties of 28 mutations, including six RBD mutations of 
the Omicron variant, in a short time. This information 

may be essential supportive data for future research-
ers who further unfold the significant properties of 
Omicron and other VOCs and provide a solution to 
the pandemic. From this perspective, our study is 
highly important.

Limitations

The Omicron variant is a crucial variant termed by 
the WHO as a VOC because of its infectivity, anti-
body escape, and partial vaccine escape. Therefore, 
this variant has created a more challenging pandemic 
[65, 74, 76, 84]. In this study, we evaluated 28 muta-
tions in Omicron and their properties. The study com-
puted the increased or decreased stability event and 
the increased or decreased molecular flexibility of 
the S-glycoprotein because of the mutational change 
using the DynaMut server in a short time. This may 
be a limitation of the present study. However, this 
paper presents a more detailed analysis of these eight 
mutations. Simultaneously, we computed different 
data using bioinformatics tools and servers. We can-
not calculate some data, such as AA variants of ORF6. 
This may be another limitation of this study. However, 
this computational experiment with the mutation of 
the S-glycoprotein, especially in the RBD region, will 
help understand the ACE2 binding ability of Omicron 
and, thus, infectivity. The results generated in a short 
time frame will also help understand Omicron’s anti-
body escape properties. Our rapidly generated data 
may be helpful for future research from a pandemic 
perspective because the Omicron variant is a VOC.

Fig. 21    The graphical image shows the emerging mutations 
of RBD (S-glycoprotein) of the Omicron. It is also shown 
how it affects flexibility changes and stability alteration due to 
amino acid point mutation. (A) The schematic diagram illus-
trates the emerging mutations of RBD (S-glycoprotein) of the 

Omicron and their effects on stability (stabilizing event or 
destabilizing) (B) The schematic diagram shows the emerging 
mutations of RBD (S-glycoprotein) of the Omicron and their 
impact on flexibility
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Conclusion

The present study represents the mutational land-
scape of the Omicron variant along with the emerg-
ing VOCs and VOIs, which helps us to understand the 
pattern of Omicron mutations in the whole genome in 
terms of SNVs along with the AA variants of struc-
tural proteins and non-structural proteins. The study 
also revealed some molecular properties of the muta-
tions, such as increased or decreased stability events 
and the increased or decreased molecular flexibil-
ity of the S-glycoprotein because of the mutational 
change.

In this study, we applied computational servers and 
tools to explain the mutational landscape of the Omi-
cron variant, a newly emerging SARS-CoV-2 variant, 
and compared the mutations with those in current 
VOCs and VOIs. In this study, we evaluated all the 
emerging mutations and categorized them in terms of 
mutational frequency.

The stability of the S-glycoprotein depends on 
the different stable mutations, and all the muta-
tions in the region determine the interaction capac-
ity with the host receptor binding and its stability. 
This study noted that 19 mutations showed stabi-
lizing effects based on the ΔΔG prediction of 28 
mutations. Conversely, mutations affect the stabil-
ity of the S-glycoprotein, which may play a signifi-
cant role in receptor recognition, increasing infec-
tivity, and improving viral fitness. This study also 
observed that 12 mutations increased the molecu-
lar flexibility and flexibility of the S-glycoprotein. 
It may play a significant role in receptor binding, 
increasing infectivity, and improving viral fitness.

Our study also analyzed the mutational frequency 
of all AA variants in all structural and non-struc-
tural proteins of SARS-CoV-2. This study may help 
future researchers to understand the stability of all 
the proteins of SARS-CoV-2. Therefore, our study 
can help future researchers understand the Omi-
cron variant’s fast-spreading properties. Our study 
attempted to illustrate the molecular and mutational 
properties of the emerging mutations in the RBD 
regarding nAb interaction and escape. Furthermore, 
our study comprehensively mapped RBD mutations 
in terms of several molecular and mutational param-
eters, such as ΔΔG, interatomic interactions in the 
wild-type and mutant-type residues, and fluctuation 
and deformation analysis. The study will help future 

researchers to understand the antigenic properties 
of epitopes of the S-glycoprotein. Finally, this study 
will help future researchers design and develop 
novel vaccines and therapeutic antibodies using the 
SNVs and point mutations with high frequencies in 
the case of all VOIs and VOCs, including Omicron.
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