
https://doi.org/10.1177/11769343231182258

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial  
4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without 

further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Evolutionary Bioinformatics
Volume 19: 1–12
© The Author(s) 2023
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1177/11769343231182258

Introduction
The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has already reached pandemic proportions and still 
threatens our way of life. It is an enclosed, single-stranded, posi-
tive-sense RNA virus with a 29.7 kb genome.1 There are 6 open 
reading frames in the genomic RNA (ORFs). The ORF1ab 
gene of SARS-CoV-2 encodes a polypeptide broken into 16 
nonstructural proteins.2 Among them are 3 nonstructural pro-
teins: Papain Like-protease (PLpro) or NSP3, RNA-dependent 
RNA polymerase (RdRp) or NSP12, and Helicase or NSP13,2 
and a structural protein, for example, the spike is among crucial.

Spike glycoprotein is the principal structural protein of 
SARS-CoV-2 and is highly conserved across all human coro-
naviruses. The spike protein of SARS-CoV-2 plays a vital 
role in the entry to host cell3 as it participates in receptor 
recognition and viral attachment. It is one of the most critical 
targets for the COVID-19 vaccine and therapeutic because of 
its crucial significance.4

PLpro is a protein with 1945 amino acid residues that have 
multiple functions. The papain-like domain cleaves nonstruc-
tural protein peptide bonds5,6 and inhibits the host cell’s type 1 
interferon (IFN) antiviral actions.7 Because PLpro cleaves the 
interferon-stimulating gene-15 (ISG-15) protein, host cells 

cannot effectively respond to antiviral signals.8,9 RdRp is a 932 
amino acid RNA polymerase that copies viral RNA.2 RdRp is 
essential for viral replication. It is the primary surface point for 
antiviral drugs to bind and inhibit or reduce virus replication via 
remdesivir binding.10 Helicase with 601 amino acids has multi-
ple enzymatic activities, for example, helicase,2 RNA 5′-triphos-
phatase,11 and NTPase12 activities. All 3 nonstructural proteins 
play a vital role in genome replication and propagation in the 
host cell and can be ideal targets for antiviral drugs.13

However, the subsequent advent of SARS-CoV-2 strains 
that are more transmissible and, in some cases, more severe 
than the Wuhan, China-origin strain can occasionally dash 
hope for new vaccinations.14 The World Health Organization 
(WHO) has identified 5 SARS-CoV-2 variants as variations 
of concern (VOC): the Alpha, Beta, Gamma, Delta, and 
Omicron. These were crucial in increasing their virulence and 
transmissibility or decreasing the effectiveness of therapies and 
immunizations.

According to the worldometer, 6 549 724 deaths (till 
October 1, 2022) have been attributed to SARS-CoV-2. 
Numerous investigations have been conducted evaluating the 
severity of this respiratory disease among different variants, 
particularly Beta, Delta, and Omicron. The Beta and Delta 
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variations were associated with a higher risk than the Alpha, 
and Gamma variants, as shown by a higher hospitalization rate, 
severity of illness, and mortality.15 The Beta and Delta genetic 
profiles are distinguished by a distinct combination of some 
unique mutations that may result in structural and functional 
abnormalities. Despite being different from earlier successful 
variants, Delta has spread globally and become the sole VOC 
since around September 2021.16

In addition to these 4 VOCs, a new variant of concern 
emerged at the end of November 2021, named Omicron.17 In 
the early days, Omicron was found to have less severity in sick-
ness than infection than Delta. But now, Omicron is also as 
severe a threat as Delta. A comparative analysis of the disease 
severity between the Omicron and Delta variants in the USA 
found that the cumulative number of deaths in the Omicron 
wave was very similar to that seen in the Delta wave. Similarly, 
it was shown that during the peak outbreak of the Omicron 
variant in the UK, US, and Australia, daily hospitalization and 
ICU cases were about one-time greater than during the peak 
outbreak of the Delta variant.18 These results imply that struc-
tural variations of the spike protein caused by mutational 
changes may increase the severity of illness and the risk of 
death in the Beta, Delta, and Omicron types.

Understanding the SARS-CoV-2 proteome is essential for 
developing proteomic-based COVID-19 control strategies.3 
That’s why the investigation of structural variations is required 
to connect the genomic patterns of coronaviruses to the pheno-
typic attributes to show the binding discrepancies and antibody 
response for variants of concern.19 Such structural analysis data 
can then be used to determine binding affinity with receptor 
binding sites and design potential therapeutics against the new 
variants.20

In this study, we aimed to describe mutations in all 5 VOCs 
from various nations, catalog them, and then determine 
whether these structural variations in nonstructural and struc-
tural proteins significantly influenced disease severity and 
increased transmissibility. In addition, our research centered on 
the relationship between these 5 variants’ mutational and struc-
tural changes and their associated mortality rate.

Materials and Methods
Sequence collection

In our study, we selected 3 main nonstructural proteins (NSPs), 
Papain-like proteinase (NSP3), RdRp (NSP12), and Helicase 
(NSP13), and one structural protein, spike protein, from 5 dif-
ferent types of SARS-CoV-2 variants, Alpha, Beta, Gamma, 
Delta, and Omicron. Based on the following criteria, we 
retrieved sequences from the NCBI SARS-CoV-2 database21 
sequence lengths of 25 000 and 35 000 as the minimum and 
maximum, respectively. The pangolin lineage B.1.1.7, B.1.351, 
P.1, B.1.617.2, and BA.1, BA.2, and BA.3 were given for Alpha, 
Beta, Gamma, Delta, and Omicron accordingly, while the 
human was chosen as the host. Fasta format of the sequences 

was collected. In addition, the completeness of nucleotide was 
selected as a criterion. At first, we picked and downloaded 50 
sequences of each of the 4 proteins from each of the 5 variants 
from the NCBI SARS-CoV-2 database. In this case, 50% of 
sequences were from the origin country of the variant and the 
rest from different geographic regions such as Africa, Asia, 
Europe, Oceania, North America, and South America, depend-
ing on NCBI availability. However, the sequences of NSP13 
were not directly found in the NCBI database. Therefore, we 
downloaded the whole genome sequence of SARS-CoV-2 and 
retrieved the NSP13 sequence. The reference sequences of 
SARS-CoV-2 and Wuhan strain (YP_009724389 for NSPs 
and YP_009724390 for the spike protein) were also recovered 
from the NCBI SARS-CoV-2 database.

Mutational analysis

Multiple sequence alignments of these 3 NSPs and spike pro-
teins of 5 variants were analyzed by the Clustal Omega appli-
cation using BioEdit software. We identified some common 
mutations in almost all the sequences and named them “com-
mon mutations.” Interestingly, we also discovered a few muta-
tions classified as “uncommon regional mutations,” which were 
only seen in specific regions in our analysis. Only mutations in 
more than 10% of the total sequences were considered unusual 
regional mutations.

Protein modeling and quality assessment

Homology modeling of PLpro, RdRp, Helicase, and spike pro-
teins of all 5 variants (NCBI ID UFA39486.1, UAL50113.1, 
QXF22993.1, UHK30205.1, UJU86736.1 for Alpha, Beta, 
Gamma, Delta, and Omicron respectively) was performed 
using the SWISS-MODEL database.22 In addition, 6wuu, 
5rl6, and 7krn were used as PLpro, Helicase, and RdRp tem-
plate proteins, respectively, for each variant, and 7n1u, 7n1q, 
7sbt, 7sbo, and 7cn4 were used as template spike proteins for 
Alpha, Beta, Gamma, Delta, and Omicron respectively to 
determine protein structure. Swiss-Model QMEAN (Quality 
model energy analysis) quality assessment was used to assess 
the quality of the modeled protein structures using QMEAN 
Z-score,23 GMQE (Global Model Quality Estimation),24 and 
Ramachandran Plot.25

Structural analysis

Pymol was used for structural visualization by which protein 
models were superimposed individually with wild RdRp, 
Helicase, and spike protein of SARS-COV 2 (NCBI ID: YP 
009724390.1; Wuhan, China) to determine the structural 
changes where mutations occurred, and RMSD values pro-
vided by pymol during superimposing were noted. The root-
mean-square-deviation (RMSD) in their best-superimposed 
atomic coordinates is used to analyze the structural similarity 



Alam et al 3

of 2 proteins.26 In fact, the root means square deviation 
(RMSD) between corresponding atoms of 2 protein chains is a 
commonly used measure of similarity between 2 protein struc-
tures.27 A lower RMSD between 2 structures suggests a closer 
resemblance, whereas a higher RMSD indicates a more signifi-
cant structural difference. RMSD Value less than 2 Å is consid-
ered an insignificant or minor structural deviation.28 In the 
case of PLpro, the superimposition with the wild structure was 
not possible due to the unavailability of the wild structure of 
this protein in the protein database.

Results
Common mutations found worldwide

We mainly worked with 3 nonstructural proteins (NSPs), for 
example, PLpro, RdRp, Helicase, and 1 structural protein, for 
example, the spike protein of the 5 concern variants from differ-
ent countries. All variants showed some mutations found in 
almost all (50) sequences analyzed. In the RdRp case, we found 
P323L mutation in all 5 variants of all regions, and G671S was 
found only in the Delta variant. In the PLpro, T183I, A890D, 
and I1412T mutations were found for the Alpha variant, K837N 
for Beta, S370L, K977Q for Gamma, A488S, P822L/S, P1228L, 
P1469S for Delta, and K38R, L1266I, A1892T for Omicron 
variant. However, the structural protein spike protein has the 
most mutational changes among the proteins concerned. In 
Omicron, there is an insertion mutation, ins214EPE. In sequence 

alignment figures, BioEdit shows the omicron spike mutations 3 
positions later than those mentioned because of adding those 
insertion mutations. Among them, only the D614G mutation 
was common for the spike protein of all 5 variants. All the muta-
tions of these 5 variants are listed in Table 1.

Regional uncommon mutations of the nonstructural 
and structural proteins

Some uncommon mutations were found only in the sequences 
of some specific regions, not all over the world, which we 
named uncommon or unique regional mutations listed in 
Table 2. Mutational analysis revealed that these regional 
mutations were found mainly in the USA-based sequences 
(Figure 1). For example, in the Alpha variant, P227L muta-
tion was found in the RdRp protein, K1191N mutation was 
found in the spike protein, and K159R mutation was found in 
the Helicase in the sequences retrieved from different states 
of the USA. In the case of the Beta variant, the T293I muta-
tion was found in the RdRp protein from Djibouti, whereas 
E37D and V416A mutations were found in the PLpro from 
the USA. A688V and T1303I mutations were found in the 
sequences of spike proteins and PLpro, respectively, of the 
Gamma variant from the USA. T95I mutation was found in 
the spike of both the Delta variants of the USA and Indian 
sequences. P822L and K159R mutations were found in the 
Indian Delta sequences of PLpro and Helicase, respectively. 

Table 1. Common mutations found in SARS-CoV-2 sequences.

VARIAnT PROTEIn MUTATIOn

Alpha PLpro T183I, A890D, I1412T

Beta K837n

Gamma S370L, K977Q

Delta A488S, P822L/S, P1228L, P1469S

Omicron K38R, L1266I, A1892T

Alpha RdRp P323L

Beta P323L

Gamma P323L

Delta P323L, G671S

Omicron P323L

Alpha Spike protein H69S, Y144V, V143del, n501Y, A570D, D614G, P681H, T716I, S892A, D1118H

Beta L18F, D80A, D215G, LLA240del, K417n, E484K, n501Y, D614G, A701V

Gamma L18F, T20n, P26S, D138Y, R190S, K417T, E484K, n501Y, D614G, H655Y, T1027I, V1176F

Delta T19R, T95I, G142D, E156G, L452R, T478K, D614G, P681R, D950n

Omicron H69V, V70I, T95I, G142D, n211I, ins214EPE, G339D, S371L, S373P, S375F, K417n, K440n, G446S, S477n, 
T478K, E484A, Q493R, G496S, Q498R, Y505H, T547K, D614G, H655Y, n679K, P681H, n764K, D796Y, 
n856K, Q954H, n969K, L981F
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Table 2. Uncommon regional mutations found in SARS-CoV-2 sequences.

REGIOn VARIAnT PROTEIn MUTATIOn

USA Alpha RdRp P227L

USA Helicase K159R

Djibouti Beta RdRp T293I

USA PLpro E37D

USA PLpro A416V

USA Gamma Spike protein A688V

USA PLpro T1303I

India, USA Delta Spike protein T95I

India PLpro P822L

India Helicase K159R

India Omicron PLpro T1004I

Figure 1. Uncommon regional mutational analysis of non-structural proteins (nsps): (A) P227L mutation in the RdRp protein of Alpha variant in the USA, 

(B) K159R mutation in the Helicase protein of Alpha variant in the USA, (C) T293I mutation in the RdRp protein of Beta variant in Djibouti, (D) E37D 

mutation in the PLpro protein of Beta variant in the USA, (E) A416V mutation in the PLpro protein of Beta variant in the USA, (F) T1303I mutation in the 

PLpro protein of Gamma variant in the USA, (G) P822L mutation in the PLpro protein of Delta variant in India, (H) K159R mutation in the Helicase protein 

of Delta variant in India, and (I) T1004I mutation in the PLpro protein of Omicron variant in India.
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However, the Omicron variant has only one notable muta-
tion, T1004I, which was found in the PLpro of the Indian 
sequences.

Homology modeling quality assessment
For quality assessment of homology models sequence identity, 
QMEAN Z-Score, GMQE values, and Ramachandran 
Favoured Score for each variant spike protein are noted (Table 
3). Models were also visualized by Ramachandra plot (Figure 2).

Analysis of structural deviation by measuring 
RMSD value of RdRp and Helicase

We determined the structural changes of proteins by compar-
ing them with reference structures (Wuhan). For this purpose, 
we measured the root mean square deviation (RMSD) of 
RdRp and Helicase proteins by superimposing them on refer-
ence structures (NCBI ID: YP 009724390.1). RdRp and 
Helicase of all variants had RMSD values of 1.094 and 0.85 Å. 
So, there were minor changes in analyzing structural variation.

Table 3. Homology modeling quality assessment.

VARIAnT TEMPLATE SEQUEnCE 
IDEnTITY (%)

QMEAn Z-SCORE GMQE RAMACHAnDRAn 
FAVOURED SCORE 
(%)

Alpha 7n1u 100 −1.77 0.72 92.63

Beta 7n1q 100 −1.67 0.73 93.24

Gamma 7sbs 100 −1.89 0.72 93.43

Delta 7sbo 99.76 −2.3 0.71 92.23

Omicron 7cn4 94.93 −2.24 0.7 93.00

Figure 2. Spike protein models were also visualized through Ramachandran plot. Most of the amino acids are in the favored regions.
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Analysis of structural deviation by measuring 
RMSD value of spike proteins

We superimposed spike proteins of variants with reference 
protein (NCBI ID: YP 009724390.1). Spike of Delta showed 
the highest RMSD value (11.067 Å), whereas Beta and 
Omicron showed RMSD values of 10.055 and 10.083 Å, 
respectively. On the other hand, Alpha (4.354 Å) and Gamma 
(2.840 Å) had the lowest RMSD value (Table 4). Furthermore, 
we found the Delta spike showed a higher and notable struc-
tural deviation from Wuhan, followed by Beta and Omicron. 
And Alpha and Gamma contained minimal structural 
variation.

Impact of common mutations and uncommon 
regional mutations within the structure of spike 
proteins

Due to A688V and T95I mutations, structural changes were 
found in the Gamma (NCBI ID UEF38454.1) and Delta 
spike proteins (NCBI ID UBU60165.1) of the USA after 
comparing them with the reference structure. Changes occurred 
at amino acid number 688 of the structure due to the removal 
of one methyl group in the first case. Whereas polar to nonpo-
lar amino acid change caused the difference in the structure at 
position 95 due to the removal of the hydroxyl group and the 
addition of a few methyl groups in the second case (Figure 3). 
These might affect the binding affinity with receptors. 
Similarly, structural changes were found in the Indian Delta 
spike protein compared to the reference structure at position 
95 (Figure 3).

Mutational and structural analysis of the spike 
proteins of beta variants

Mutational analysis of the Beta spike revealed some novel 
mutations which had structural alteration. We found a struc-
tural change in Beta spike protein at position 80. Aspartic acid 
(negatively charged) found in the Wuhan spike was changed to 
Alanine (nonpolar) in the Beta spike protein (Figure 4). 
Leucine-Leucine-Alanine found in the Wuhan spike was 
deleted in the Beta spike protein. The deletion mutation caused 

changes in Leucine (nonpolar) to Histidine (positively charged) 
at atom position 242 and of Alanine (nonpolar) to Arginine 
(positively charged). Those changes caused structural differ-
ences due to the extra addition of the amine group (Figure 4). 
Apart from this, structural change was also found at atom posi-
tion 215 (Supplemental Figure 1). The mutation occurred of 
Aspartic Acid (negatively charged) to Glycine (Nonpolar), 
which caused a change in structure due to the removal of a 
carboxyl group and the addition of hydrogen. Structural change 
was also found at atom position 701. The mutation replaced 
Alanine (nonpolar) with Valine (nonpolar), which caused the 
addition of methyl groups, and a negligible change in the struc-
ture occurred at that position (Supplemental Figure 1).

Mutational analysis and structural analysis of the 
spike proteins of delta variants

Similarly, T19R, E156G, L452R, T478K, P681R, and D950N 
were common mutations found in the spike protein of the delta 
variant by mutational analysis. Structural change was found  
in the Delta spike protein at position 19. The mutation took 
place from Threonine (polar) to Arginine (positively charged), 
which caused a significant change in structure due to the 
removal of the hydroxyl group and the addition of amine 
groups (Supplemental Figure 2). At position 156, the mutation 
took place from Glutamic Acid (negatively charged) to Glycine 
(nonpolar), which caused structural change due to removing a 
carboxyl group (Supplemental Figure 2). At position 452, the 
mutation took place from Leucine (nonpolar) to Arginine 
(positively charged), which caused structural change due to the 
addition of amine groups (Figure 5). At position 478, the muta-
tion took place from Threonine (polar) to Lysine (positively 
charged), which caused structural change because of the 
removal of the hydroxyl group and the addition of amine 
groups (Figure 5). At position 681, the mutation occurred from 
Proline (nonpolar) to Arginine (positively charged), which 
caused structural change due to adding amine groups 
(Supplemental Figure 3). Structural change was also found in 
Delta spike protein at position 950. The mutation caused 
changing of the amino acid from Aspartic Acid (negatively 
charged) to Valine (Nonpolar) which caused a change in 

Table 4. Impact of common mutations with structural deviation of structural proteins.

STRUCTURAL PROTEIn SUPERIMPOSE RMSD VALUE (Å) TOTAL ATOM

Spike Alpha Wuhan 4.354 8413

Beta 10.055 8525

Gamma 2.84 8781

Delta 11.067 8486

Omicron 10.083 8507

Bold indicating higher or significant RMSD values.
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structure at the position due to the removal of a carboxyl group 
and the addition of a methyl group (Supplemental Figure 3).

Mutational analysis and structural analysis of the 
spike proteins of omicron variants

Spike protein of the omicron variant has a significant number 
of shared mutations found by mutational analysis in this study. 
H69V, V70I, N211I, G339D, S371L, S373P, S375F, N440K, 
G446S, S477N, E484A, Q493R, G496S, Q498R, T547K, 
N679K, N764K, D796Y, N856K, N969K were the common 
mutations found in omicron spike. A notable structural change 
was found at position 69, where Valine replaced Histidine due 

to the removal of amine groups (Supplemental Figure 4). 
Structural change was found at position 211 because of the 
amino acid change from polar to nonpolar with the removal of 
amine groups (Supplemental Figure 5).

Due to the addition of a carboxylic group at position 339, 
Structural change occurred (Figure 6) when Glycine (nonpo-
lar) was replaced by Aspartic Acid (negatively charged). In 
addition, Polar to nonpolar structural changes was found at 
positions 371, 373, and 375, where Leucine, Proline, and 
Phenylalanine replaced Serine (Supplemental Figures 5 and 6). 
On the contrary, nonpolar to polar structural changes were 
found at positions 446 and 496, where Glycine was replaced by 
Serine (Supplemental Figures 7 and 9).

Figure 3. Uncommon regional mutational and structural analysis of structural proteins (spike proteins): A(a) A688V mutation in the USA’s spike protein of 

Gamma variant, A(b) structural deviations of A688V mutation in Gamma spike A688V, and A(c) change in amino acid Alanine to Valine, B(a) T95I Mutation 

in the Delta spike protein in the USA, B(b) structural deviations of Delta spike T95I, and B(c) change in amino acid Threonine to Isoleucine.
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Figure 4. Mutational and structural analysis of the D80A and LLA242del mutations of the spike proteins of beta variant. A(a) D80A mutation in the spike 

protein of the Beta variant, A(b) structural change in Beta spike D80A, and A(c) amino acid alteration of Aspartic Acid to Alanine, B(a) LLA242del mutation 

in the spike protein of the Beta variant, B(b) structural change in Beta spike LLA242del, and B(c) amino acid alteration of Arginine to Alanine.

Another notable structural change was found at position 
484, where the mutation occurred from Glutamic Acid (nega-
tively charged) to Alanine (Nonpolar) which caused a change 
in structure at that position due to the removal of a carboxyl 
group and the addition of a methyl group (Supplemental 
Figure 8). Finally, at positions 493 (Supplemental Figure 9) and 
498 (Supplemental Figure 8), the mutation took place from 
Glutamine (polar) to Arginine (positively charged), which 
caused structural change due to the removal of the hydroxyl 
group and the addition of amine groups.

Similarly, at position 547, the mutation took place from 
Threonine (polar) to Lysine (positively charged), which caused 
structural change (Supplemental Figure 10) due to the removal 
of the hydroxyl group and the addition of amine groups.  
Apart from these, negligible structural change was found at 
positions 70 (nonpolar to nonpolar) and 477 (polar to polar) 

(Supplemental Figures 4 and 7). Structural change was found 
at position 796, where the mutation occurred from Aspartic 
Acid (negatively charged) to Tyrosine (Polar) which caused  
a change in structure at that position due to the removal  
of a carboxyl group and the addition of a phenol group 
(Supplemental Figure 12).

Structural change was found at positions 440, 764, 856, 679, 
and 969, where mutation took place from Asparagine (polar) to 
Lysine (positively charged), which caused a significant change 
in structure due to the removal of the keto group and the addi-
tion of amine groups (Figure 6, Supplemental Figures 10–12).

Discussions
Emerging mutations in SARS-CoV-2 variants affect the struc-
ture and functions of nonstructural and structural proteins, 
making the disease difficult to treat and control.15 All 5 
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SARS-CoV-2 VOCs have many common mutations reported 
in previous studies. In this study, we focused on the mutational 
analysis of uncommon regional mutations found in 3 NSPs, 
namely PLpro, RdRp, and Helicase, as well as one structural 
protein, the spike protein of 5 VOCs of SARS-CoV-2. We fur-
ther investigated the structural alterations caused by a few 
unique mutations among these uncommon regional mutations 
and their relationship with mortality.

PLpro cleaves off interferon-stimulating gene-15 (ISG-15) 
protein, resulting in improper antiviral signaling by host cells.8,9 

In addition, RdRp is a fundamental surface point for the  
antiviral drug to stop or slow down viral replication.10  
And, Helicase is responsible for DNA strand unwinding and 
translocation.29 Mutational analysis of these 3 nonstructural 
proteins revealed that some uncommon mutations found in  
a different region might affect the above functions of such  
proteins. For example, in RdRp, P227L mutation has recently 
appeared, and its prevalence may have increased during the 
most recent global peak,30 and P323L has been associated 
with the disease severity of COVID-19.31

Figure 5. Mutational and structural analysis of the L452R and T478K mutations of the spike proteins of delta variant. A(a) L452R mutation in the spike 

protein of the Delta variant, A(b) structural change in Delta spike L452R, and A(c) amino acid alteration of Leucine to Arginine. B(a) T478K mutation in the 

spike protein of the Delta variant, B(b) structural change in Delta spike T478K, and B(c) amino acid alteration of Threonine to Lysine.
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The RMSD values of PLpro, RdRp, and Helicase were too 
low to analyze structural deviations. For this reason, we did not 
perform the structural analysis of nonstructural proteins. But 
spike protein, one of the major structural proteins of SARS-
CoV-2, had a higher RMSD value, prompting its structural 
investigation and mutational analysis of 2 uncommon regional 
mutations.

Structures of spike proteins of each variant were assessed as 
good quality as QMEAN Z scores were below −2.5. Z-scores 

close to 0.0 represent a “native-like structure,” As a general rule, 
a “QMEAN” Z-score below −4.0 denotes a model with low 
quality.32 The quality of the models was also validated by 
GMQE scores which give an overall model quality measure-
ment between 0 and 1, with higher numbers indicating higher 
expected quality33 and Ramachandran plot, which is a way to 
visualize energetically favored regions for backbone dihedral 
angles against of amino acid residues in protein structure.34 In 
our study, the GMQE scores of all models are between 0 and 1, 

Figure 6. Mutational and structural analysis of the G339D and n440K mutations of the spike proteins of omicron variant: A(a) G339D mutation in the spike 

protein of the Omicron variant, A(b) structural change in omicron spike G339D, and A(c) amino acid alteration of Glycine to Aspartic acid, B(a) n440K mutation 

in the spike protein of the omicron variant, B(b) structural change in omicron spike n440K, and B(c) amino acid alteration of Asparagine to Lysine.
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finding maximum amino acids in the favored region by visual-
izing the Ramachandran plot and favored scores.35

Our structural analysis of uncommon regional mutations of 
spike protein explored that structural change caused by T95I 
mutation of Indian spike protein might be responsible for high 
viral load.36 Also, mutational and structural modifications of 
P688V of Gamma spike protein found in the USA in our study 
might cause a notable increase in infectious rate.

In addition, the RMSD values for the Beta (10.055 Å), 
Delta (11.067 Å), and Omicron (10.083 Å) variants of spike 
proteins were extremely high in comparison to the reference 
structure. Some unique mutations of Beta, Delta, and Omicron 
spike protein that induced significant structural changes were 
further evaluated to determine the association between struc-
tural change and risk of severity.

The alteration of amino acids from polar or nonpolar to 
positively or negatively charged and vice versa may alter protein 
structure and function.37 Our study discovered the structural 
change of D80A mutation found only in the Beta spike that 
could be responsible for escaping neutralizing antibodies and 
compromising vaccine efficacy.38 In this study, we performed a 
structural analysis of the Delta spike protein of T19R muta-
tion, which revealed that structure change might cause the 
sidechain conformational change and weakened interactions 
with antibodies.39 Similarly, the structural changes found in 
our study in the delta spike of L452R mutation present in the 
receptor-binding domain (RBD) of SARS-COV-2, spike pro-
tein might cause the reduction of neutralizing activities in 
many monoclonal antibodies15 as well as the immune evasion 
by increasing the spike protein’s affinity for the hACE2 recep-
tor and decreasing the immune system’s detection capability.40 
Our study further investigated the structural change of T478K 
mutation found in the Delta spike that could be predicted to be 
responsible for increasing binding affinity between RBD and 
ACE2 receptor (entry point of SARS-COV-2 into the human 
cell) and enabling immune escape.41

Interestingly, we also found that P681R, the most promi-
nent mutation detected only in the delta spike, causes struc-
tural alteration and may be responsible for the increased 
cell-level infectivity. This structural alteration, which occurred 
right at the furin cleavage site of the delta variation, played a 
crucial role in boosting S-protein cleavage and was proposed as 
the primary cause of the Delta variant’s infectivity.42

We found that the D950N mutation of delta spike protein 
changed structure, but no functional change was yet to detect. 
Similarly, LLA242del and D215G mutations in the beta spike 
protein caused a difference in the structure found in our analy-
sis but are yet to find functional alteration. A701V mutation in 
the Beta spike protein showed minor structural alteration of 
amino acids from nonpolar to nonpolar.

Structural changes were also found in G339D, S371L, 
S375F, K440N, G446S, S477N, E484A, G496S, Q498R, and 
Y505H mutations in our study of Omicron spikes may lead to 

increased abilities of immune escape.43 Besides, Omicron has 
N679K mutation where structural alteration was detected in 
this study near the furin cleavage site which incorporates basic 
amino acids around the furin cleavage site and, perhaps, facili-
tates the cleavage of the spike protein into S1 and S2, thereby 
increasing fusion and virus infection.44 Furthermore, N764K, 
D796Y, and N856K mutations also caused structural devia-
tions in our study to help attain improved stability in the 
Omicron variant.43

Conclusion
Our findings suggested that notable structural changes in the 
spike protein of Beta, Delta, and Omicron variants may have a 
significant association with rates of sickness severity and mor-
tality rates. However, until now, no specific database exists that 
correlates the mortality rates caused by SARS-CoV-2 variants 
that could be associated with the structural changes found  
in our study. Since there is a greater possibility of making an 
effect on mortality by structural changes of SARS-CoV-2 vari-
ants, both mathematical and statistical analysis, and a patient 
database will be needed to establish the relationship between 
structural changes and mortality rates.

This new information from our study and more detailed 
information about SARS-CoV-2 infections, mutation, and 
structural changes will be better equipped to assess the selec-
tion of regional vaccine strains and treat them with that more 
targeted vaccines.

Author Contributions
Mohammad Mamun Alam contributed to the study’s concep-
tion, design, and data analysis. Prepared the final version of the 
Manuscript.
Sumaiya Binte Hannan, Tanvir Ahmed Saikat, and Md 
Belayet Hasan Limon contributed to data collection, organi-
zation, and primary analysis. They also generated the results. 
Prepared the first draft and contributed to revising the final 
version of the Manuscript.
Md Raihan Topu, Md Jowel Rana, Asma Salauddin, and 
Sagar Bosu did a specific in-silico analysis.
Mohammed Ziaur Rahman provided critical advice for the 
study design and revision of the Manuscript.

ORCID iD
Mohammad Mamun Alam  https://orcid.org/0000-0003-0064- 
1812

Supplemental Material
Supplemental material for this article is available online.

RefeRenCeS
 1. Marra MA, Jones SJM, Astell CR, et al. The genome sequence of the SARS-

associated coronavirus. Science. 2003;300:1399-1404.
 2. Yoshimoto FK. A biochemical perspective of the nonstructural proteins (NSPs) 

and the spike protein of SARS CoV-2. Protein J. 2021;40:260-295.

https://orcid.org/0000-0003-0064-1812
https://orcid.org/0000-0003-0064-1812


12 Evolutionary Bioinformatics 

 3. Khan A, Hussain S, Ahmad S, et al. Computational modelling of potentially 
emerging SARS-CoV-2 spike protein RBDs mutations with higher binding 
affinity towards ACE2: a structural modelling study. Comput Biol Med. 2022;141: 
105163.

 4. Huang Y, Yang C, Xu X-f, Xu W, Liu S-w. Structural and functional properties 
of SARS-CoV-2 spike protein: potential antivirus drug development for 
COVID-19. Acta Pharmacol Sin. 2020;41:1141-1149.

 5. Barretto N, Jukneliene D, Ratia K, Chen Z, Mesecar AD, Baker SC.  
The papain-like protease of severe acute respiratory syndrome coronavirus has 
deubiquitinating activity. J Virol. 2005;79:15189-15198.

 6. Lei J, Kusov Y, Hilgenfeld R. Nsp3 of coronaviruses: structures and functions of 
a large multi-domain protein. Antivir Res. 2018;149:58-74.

 7. Narayanan K, Ramirez SI, Lokugamage KG, Makino S. Coronavirus nonstruc-
tural protein 1: common and distinct functions in the regulation of host and viral 
gene expression. Virus Res. 2015;202:89-100.

 8. Morales DJ, Lenschow DJ. The antiviral activities of ISG15. J Mol Biol. 2013; 
425:4995-5008.

 9. Shin D, Mukherjee R, Grewe D, et al. Papain-like protease regulates SARS-
CoV-2 viral spread and innate immunity. Nature. 2020;587:657-662.

 10. Chan WS, Au CH, Lam HY, et al. Evaluation on the use of nanopore sequenc-
ing for direct characterization of coronaviruses from respiratory specimens, and 
a study on emerging missense mutations in partial RdRP gene of SARS-CoV-2. 
Virol J. 2020;17:183.

 11. Ivanov KA, Thiel V, Dobbe JC, van der Meer Y, Snijder EJ, Ziebuhr J. Multiple 
enzymatic activities associated with severe acute respiratory syndrome coronavi-
rus helicase. J Virol. 2004;78:5619-5632.

 12. Shu T, Huang M, Wu D, et al. SARS-coronavirus-2 Nsp13 possesses NTPase 
and RNA helicase activities that can be inhibited by bismuth salts. Virol Sin. 
2020;35:321-329.

 13. Wu C, Liu Y, Yang Y, et al. Analysis of therapeutic targets for SARS-CoV-2 and 
discovery of potential drugs by computational methods. Acta Pharm Sin B. 
2020;10:766-788.

 14. Korber B, Fischer WM, Gnanakaran S, et al. Tracking changes in SARS-CoV-2 
spike: evidence that D614G increases infectivity of the COVID-19 virus. Cell. 
2020;182:812.e19-827.e19.

 15. Mohammad T, Choudhury A, Habib I, et al. Genomic variations in the 
structural proteins of SARS-CoV-2 and their deleterious impact on patho-
genesis: a comparative genomics approach. Front Cell Infect Microbiol. 2021; 
11:765039.

 16. Perez-Gomez R. The development of SARS-CoV-2 variants: the gene makes the 
disease. J Dev Biol. 2021;9:58.

 17. Khan A, Randhawa AW, Balouch AR, et al . Blocking key mutated hotspot resi-
dues in the RBD of the omicron variant (B.1.1.529) with medicinal compounds 
to disrupt the RBD-hACE2 complex using molecular screening and simulation 
approaches. RSC Adv. 2022;12:7318-7327.

 18. Duong BV, Larpruenrudee P, Fang T, et al. Is the SARS CoV-2 omicron variant 
deadlier and more transmissible than delta variant? Int J Environ Res Public 
Health. 2022;19:2586.

 19. Khan A, Waris H, Rafique M, et al. The omicron (B.1.1.529) variant of SARS-
CoV-2 binds to the hACE2 receptor more strongly and escapes the antibody 
response: insights from structural and simulation data. Int J Biol Macromol. 
2022;200:438-448.

 20. Khan A, Zia T, Suleman M, et al. Higher infectivity of the SARS-CoV-2 new 
variants is associated with K417N/T, E484K, and N501Y mutants: an insight 
from structural data. J Cell Physiol. 2021;236:7045-7057.

 21. National Library of Medicine. NCBI SARS-CoV-2 resources. Accessed August 
28, 2022. https://ncbi.nlm.nih.gov/sars-cov-2/

 22. Waterhouse A, Bertoni M, Bienert S, et al. SWISS-MODEL: homology model-
ling of protein structures and complexes. Nucleic Acids Res. 2018;46:W296-W303.

 23. Benkert P, Künzli M, Schwede T. QMEAN server for protein model quality 
estimation. Nucleic Acids Res. 2009;37:W510-W514.

 24. Mora Lagares L, Minovski N, Caballero Alfonso AY, et al. Homology modeling 
of the human P-glycoprotein (ABCB1) and insights into ligand binding through 
molecular docking studies. Int J Mol Sci. 2020;21:4058.

 25. Alam M, Shill D, Jahan S, Alam M, Hossain M. Screening and identification of 
antiviral drugs from drug bank database targeting SARS-Cov-2 nonstructural 
proteins (NSP): a virtual screening and molecular docking study. J Appl Bioin-
forma Comput Biol S5. 2021;2.

 26. Zhou X, Chou J, Wong STC. Protein structure similarity from principle compo-
nent correlation analysis. BMC Bioinform. 2006;7:40.

 27. Reva BA, Finkelstein AV, Skolnick J. What is the probability of a chance predic-
tion of a protein structure with an rmsd of 6 å? Fold Des. 1998;3:141-147.

 28. Carugo O. How root-mean-square distance (r.m.s.d.) Values depend on the resolu-
tion of protein structures that are compared. J Appl Crystallogr. 2003;36:125-128.

 29. Darlix J-LEPH, Adedeji AO, Marchand B, et al. Mechanism of nucleic acid 
unwinding by SARS-CoV helicase. PLoS One. 2012;7:e36521.

 30. Mazhari S, Alavifard H, Rahimian K, et al. SARS-CoV-2 NSP-12 mutations sur-
vey during the pandemic in the world. Research Square, 2021.

 31. Biswas SK, Mudi SR. Spike protein D614G and RdRp P323L: the SARS-
CoV-2 mutations associated with severity of COVID-19. Genomics Inform. 2020; 
18:e44.

 32. Benkert P, Biasini M, Schwede T. Toward the estimation of the absolute quality 
of individual protein structure models. Bioinformatics. 2011;27:343-350.

 33. Swiss Institute of Bioinformatics. Introduction to SWISS-MODEL: model 
evaluation. Accessed December 20, 2022. https://swissmodel.expasy.org/docs/
help

 34. Swiss Institute of Bioinformatics. SWISS-MODEL structure assessment:  
Ramachandran plots. Accessed December 20, 2022. https://swissmodel.expasy.
org/assess/help

 35. Patil VM, Balasubramanian K, Masand N. Dengue virus polymerase. Viral 
Polymerases. 2019:387-428.

 36. Shen L, Triche TJ, Bard JD, Biegel JA, Judkins AR, Gai X. Spike protein NTD 
mutation G142D in SARS-CoV-2 Delta VOC lineages is associated with  
frequent back mutations, increased viral loads, and immune evasion. BMJ. 
Published online September 15, 2021. doi:10.1101/2021.09.12.21263475

 37. Chen C, Boorla VS, Banerjee D, et al. Computational prediction of the effect of 
amino acid changes on the binding affinity between SARS-CoV-2 spike RBD 
and human ACE2. Proc Natl Acad Sci USA. 2021;118:e2106480118.

 38. Mohammadi M, Shayestehpour M, Mirzaei H. The impact of spike mutated 
variants of SARS-CoV2 [Alpha, Beta, Gamma, Delta, and Lambda] on the  
efficacy of subunit recombinant vaccines. Braz J Infect Dis. 2021;25:101606. 
doi:10.1016/j.bjid.2021.101606

 39. Kannan SR, Spratt AN, Cohen AR, et al. Evolutionary analysis of the Delta and 
Delta plus variants of the SARS-CoV-2 viruses. J Autoimmun. 2021;124:102715.

 40. Aoki A, Adachi H, Mori Y, et al. A rapid screening assay for L452R and T478K 
spike mutations in SARS-CoV-2 Delta variant using high-resolution melting 
analysis. J Toxicol Sci. 2021;46:471-476.

 41. Hagen A. How dangerous is the delta variant (B.1.617.2)? Accessed May 24, 
2022.  https://asm.org/Articles/2021/July/How-Dangerous-is-the-Delta-Variant- 
B-1-617-2

 42. Adhikari P, Jawad B, Rao P, Podgornik R, Ching W-Y. Delta variant with 
P681R critical mutation revealed by ultra-large atomic-scale Ab initio simula-
tion: implications for the fundamentals of biomolecular interactions. Viruses. 
2022;14:465.

 43. Cao Y, Wang J, Jian F, et al. Omicron escapes the majority of existing SARS-
CoV-2 neutralizing antibodies. Nature. 2021;602:657-663.

 44. He X, Hong W, Pan X, Lu G, Wei X. SARS-CoV-2 Omicron variant: charac-
teristics and prevention. MedComm. 2021;2:838-845.

https://ncbi.nlm.nih.gov/sars-cov-2/
https://swissmodel.expasy.org/docs/help
https://swissmodel.expasy.org/docs/help
https://swissmodel.expasy.org/assess/help
https://swissmodel.expasy.org/assess/help
https://asm.org/Articles/2021/July/How-Dangerous-is-the-Delta-Variant-B-1-617-2
https://asm.org/Articles/2021/July/How-Dangerous-is-the-Delta-Variant-B-1-617-2

