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ABSTRACT
SARS-CoV-2 has recently emerged as a pandemic that has caused more than 2.4 million deaths world-
wide. Since the onset of infections, several full-length sequences of viral genome have been made
available which have been used to gain insights into viral dynamics. We utilised a meta-data driven
comparative analysis tool for sequences (Meta-CATS) algorithm to identify mutations in 829 SARS-CoV-
2 genomes from around the world. The algorithm predicted sixty-one mutations among SARS-CoV-2
genomes. We observed that most of the mutations were concentrated around three protein coding
genes viz nsp3 (non-structural protein 3), RdRp (RNA-directed RNA polymerase) and Nucleocapsid (N)
proteins of SARS-CoV-2. We used various computational tools including normal mode analysis (NMA),
C-a discrete molecular dynamics (DMD) and all-atom molecular dynamic simulations (MD) to study the
effect of mutations on functionality, stability and flexibility of SARS-CoV-2 structural proteins including
envelope (E), N and spike (S) proteins. PredictSNP predictor suggested that four mutations (L37H in E,
R203K and P344S in N and D614G in S) out of seven were predicted to be neutral whilst the remain-
ing ones (P13L, S197L and G204R in N) were predicted to be deleterious in nature thereby impacting
protein functionality. NMA, C-a DMD and all-atom MD suggested some mutations to have stabilizing
roles (P13L, S197L and R203K in N protein) where remaining ones were predicted to destabilize
mutant protein. In summary, we identified significant mutations in SARS-CoV-2 genomes as well as
used computational approaches to further characterize the possible effect of highly significant muta-
tions on SARS-CoV-2 structural proteins.
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Introduction

Coronaviruses are enveloped viruses having single-strand
RNA as genetic material. First pandemic of coronaviruses was
caused by SARS coronavirus in 2002 resulting in 919 deaths
worldwide (Yang et al., 2020). Another wave of coronavirus
pandemic was caused by MERS coronavirus in 2012 leading
to 2499 infections and 858 deaths (Memish et al., 2020).
Notably, MERS coronavirus was more pathogenic with
around 34.3% mortality as compared to SARS coronavirus
with mortality ratio of around 9.6%. Currently, we are wit-
nessing another case of pandemic caused by a novel SARS
coronavirus which originated in Wuhan, China (Zhou et al.,
2020). The virus known as SARS-CoV-2 has infected millions
and has caused more than 2.4 million deaths worldwide
(https://www.who.int/publications/m/item/weekly-epidemio-
logical-update—23-february-2021). Since the onset of infec-
tion, several full-length sequences of viral genome have

been made available with an aim to gain insights into the
viral pathogenesis. These genomic sequences have been
instrumental in gaining understanding into evolution and
pathogenesis of SARS-CoV-2. Recent reports suggest that
SARS-CoV-2 could have originated from bats and showed
around 89.1-96% similarity with other bats originated corona-
viruses (Wu et al., 2020; Zhou et al., 2020). Further analysis
identified bat coronavirus RaTG13 as the closest relative of
SARS-CoV-2. Scientists have obtained several insights from
SARS-CoV-2 genomes which might help explain the rapid
transmission of SARS-CoV-2. Apart from information obtained
from viral genomes, the pattern of mutations that virus accu-
mulate also sheds light into the possible evolution and
pathogenesis of the virus. High rate of mutations among
RNA viruses further hinders the development of potential
therapeutics against them (Peck & Lauring, 2018).

As SARS-CoV-2 infections are progressing, there are chan-
ces that virus might accumulate several new mutations.
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Nucleotide substitution plays a major role in virus evolution
and several groups are studying viral genomic sequences to
identify mutations driving SARS-CoV-2 evolution and patho-
genesis. One of the earlier studies identified several nucleo-
tide substitutions and deletions among SARS-CoV-2 genomic
sequences from around the world (Phan, 2020). Data from
phylogenetic analysis of SARS-CoV-2 identified three clusters
within the virus circulating throughout the world. The study
revealed that cluster A and C were more prevalent in Europe
and America whereas cluster B was confined to East Asia
(Forster et al., 2020). Another study identified 782 variant
sites in 3067 genomes from 55 countries. Out of these 782
variants, around 65% of them were non-synonymous in
nature suggesting that the majority of the mutations that
occur in SARS-CoV-2 can result in a non-synonymous muta-
tion (Laamarti et al., 2020). A recent report further aimed to
characterize patient derived mutations on the pathogenesis
of SARS-CoV-2 (Yao et al., 2020). The authors characterized
eleven different mutations in patient derived viral isolates.
These viral isolates differed significantly towards viral load as
well as their infectivity of Vero cells thereby pointing towards
the crucial role of mutations in viral pathogenesis. Another
group utilized computational methods to characterize D614G
mutation in SARS-CoV-2 spike protein and observed that the
mutation led to generation of serine protease cleavage site
near S1-S2 junction (Bhattacharyya et al., 2020). Further char-
acterization of this mutation revealed that pseudovirus con-
taining spike protein with D614G mutation entered
Angiotensin-converting enzyme 2 (ACE2) expressing cells
more efficiently as well as higher incorporation of S protein
in virion particles (Zhang et al., 2020). Further reports sug-
gested that D614G spike mutation led to increased infectivity
of the SARS-CoV-2 (Korber et al., 2020). Since the onset of
SARS-CoV-2 infections, it has accumulated several mutations
and the recent emergence of new SARS-CoV-2 strain in the
United Kingdom further attest to the fact. Further analysis
revealed that some of the mutations in this new strain might
lead to higher fitness of the virus (Singh et al., 2021).

As SARS-CoV-2 infections are increasing rapidly with
each passing day, the virus is accumulating new mutations
that might help the virus infectivity. Hence, we utilized
meta-analysis based approaches to identify highly signifi-
cant mutations among viral genomic sequences from
around the world. In order to further understand the pos-
sible role of the mutations in viral structural proteins, we
utilized a suite of algorithms including normal mode ana-
lysis, discrete molecular dynamics and all-atom molecular
dynamic simulations to predict the possible effect of these
mutations on parent proteins. Our extensive analysis of
several mutations on SARS-CoV-2 structural proteins
revealed that L37H mutation in E protein, G204R and
P344S in N protein and D614G in S protein were destabiliz-
ing the parent protein whereas P13L, S197L, and R203K in
N protein had stabilizing effect on the parent protein. This
study provides valuable insights into possible changes of
SARS-CoV-2 structural proteins due to novel mutations
from around the world.

Material and methods

SARS-CoV-2 genomic sequences and meta-analysis

SARS-CoV-2 sequences used in this study were obtained
from Virus Pathogen Resource (ViPR) (Pickett et al., 2012). A
total of 829 sequences that were available to download till
18 April 2020 were used in this study. All the sequences
were broadly grouped according to their geographic loca-
tions. A total of twelve groups were formed representing the
six continents from where the virus was sequenced. We uti-
lized a meta-data driven comparative analysis tool for
sequences (Meta-CATS) algorithm to identify significant
changes in various SARS-CoV-2 genomes (Pickett et al.,
2013). All the analysis was performed on default settings and
mutations having p< 0.05 were considered to be significant.

Protein structure retrieval and preparation

The crystal structures of the envelope protein (PDB: 7K3G)
(Mandala et al., 2020), C-terminal domain (CTD) of nucleocap-
sid phosphoprotein (PDB: 6ZCO) (Zinzula et al., 2021), and
spike glycoprotein (PDB: 6VYB) (Walls et al., 2020) were
retrieved from the protein data bank (PDB) (https://www.
rcsb.org/). We studied single mutation, L37H, and D614G in
envelope and spike proteins respectively. However, in
nucleocapsid protein, we analysed five mutations, P13L,
S197L, R302K, G204R, and P344S that were spanning the
whole protein. While searching for N protein crystal struc-
tures through the PDB database, we found that only Pro344
residue containing protein crystal structure (CTD, PDB: 6ZCO)
has been reported. Since crystal structure of N protein span-
ning the remaining mutations were not available, hence we
used modelled structure (Code: QHD43423) (https://zhanglab.
ccmb.med.umich.edu/COVID-19/) to study the effect of
remaining mutations on N protein. The structures used in
the study i.e. envelope, nucleocapsid C-terminal domain,
nucleocapsid modelled, and spike proteins have 31 (a.a.: 8-
38), 135 (a.a.: 230-364), 419 (a.a.: 1-419) and 698 (a.a.: 1-698)
amino acid residues respectively. Envelope, nucleocapsid
CTD, and spike have 2.1 Å (Mandala et al., 2020), 1.36 Å
(Zinzula et al., 2021), and 3.20 Å (Walls et al., 2020) resolution
respectively. The missing residues in N protein CTD and spike
protein were added using ModLoop (Fiser & Sali, 2003) and
SWISS-MODEL web server (Schwede et al., 2003). To investi-
gate the effects of mutation on the stability and flexibility of
protein, mutations were inserted in all three wild-type pro-
teins using the protein editing tool, PyMOL (Schr€odinger LLC,
2010). Further, the modelled N protein was refined using
Chiron (Ramachandran et al., 2011) web server without
imposing any constraints. During the refinement, the van der
Waals repulsion energy between the two residues was com-
puted using the CHARMM19 force field (Brooks et al., 1983).
The cut-off value of repulsion energy was set to 0.3 kcal
mol�1 (0.5 KBT) hence, all of the steric clashes between the
residues were removed that had greater than 0.3 kcal mol�1

repulsion energy. The root mean square deviation (RMSD)
between the unrefined and refined N modelled protein was
found 1.28 Å. For further analysis, experimentally solved
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structures, E, N protein CTD, and S proteins were directly
used without any refinements.

Effects of mutation on protein function

The impact of mutation on protein functions were evaluated
using PredictSNP (Bendl et al., 2014). This web server compiles
six best prediction tools (MAPP, PhD-SNP, PolyPhen-1,
PolyPhen-2, SIFT, and SNAP) and gives accurate prediction con-
fidence scores for deleterious or neutral types of mutations.
Embedded algorithms in PredictSNP use different approaches
to predict the mutation effect. To evaluate accurate nature of
the mutation, MAPP, PhD-SNP, PolyPhen-1, PolyPhen-2, SIFT,
and SNAP utilize physicochemical properties and alignment
score, support vector machine, expert set of empirical rules,
naïve Bayes, alignment score, and neural network methods
respectively (Bendl et al., 2014). PredictSNP uses the following
mathematical expression to calculate the score,

PredictSNPScore ¼
PN

i¼1 di:Sið Þ
PN

i¼1 Si

Where N indicates the number of integrated tools, di is an
overall prediction (neutral prediction, �1; deleterious predic-
tion, þ1) and Si represents the transformed confidence
scores. PredictSNP Score is from �1 to þ1 in which, �1 to 0
is denoted for neutral and 0 to þ1 for deleterious nature
of mutation.

Prediction of protein stability and flexibility
upon mutation

To probe the effects of mutation on the stability and flexibil-
ity of proteins, free energy change (DDG) was calculated
using the structure-based tool DynaMut (Rodrigues et al.,
2018). DynaMut employs normal mode analysis (NMA) to cal-
culate DDG between the wild-type (WT) and mutant-type
(MT) structures. Along with its own prediction, DynaMut also
gives DDG prediction of NMA based elastic network contact
model (ENCoM) (Frappier & Najmanovich, 2014) and struc-
ture-based predictions of mCSM (Pires et al., 2014a), SDM
(Worth et al., 2011), and DUET (Pires et al., 2014b).
Furthermore, DynaMut predicts ENCoM based vibrational
entropy difference (DDSVib) of WT and MT which predicts
whether the mutation will increase or decrease the flexibility
of the protein. ENCoM utilizes coarse-grained normal mode
analysis that calculates the DDSVib between WT and MT
structures by screening the all pairwise atomic interactions.
To calculate the number of total interactions in WT and MT
proteins, the output protein structures from the DynaMut
were uploaded to Arpeggio web server (Jubb et al., 2017).

Additionally, to validate the predictions of DDG of WT
and MT proteins calculated using DynaMut, sequence-based
tools, single amino acid folding free energy changes-
sequence (SAAFEC-SEQ) (Li et al., 2021) and I-Mutant2.0
(Capriotti et al., 2005) were used. SAAFEC-SEQ employs phys-
icochemical properties at mutation position, sequence char-
acteristics, and evolutionary data to predict DDG. However, I-
Mutant2.0 employs the support vector machines (SVMs)

based predictors and predicts the sign and magnitude of
DDG at the different pH values. We used 7 pH to compute
DDG of WT and MT structures.

Discrete molecular dynamics

In order to understand the structural dynamics of WT and
MT proteins, C-a discrete molecular dynamics implemented
in MDWeb was used (Hospital et al., 2012). The DMD simula-
tions of N and S proteins were performed for 500 ns at 300 K
temperature. During the simulation, output frequency, sigma
(square well amplitude for consecutive carbons), sigma_go
(square well amplitude for non-consecutive carbons), and
cut-off distance between pairs of atoms were kept fixed at
10 ps, 0.05, 0.1, and 8Å respectively. Root mean square fluc-
tuation (RMSF) and radius of gyration (Rg) were calculated
and plotted for further investigation.

Molecular dynamics simulation

The WT and variants of novel SARS-CoV-2 protein were sub-
jected to MD simulation using CHARMM36 (Huang et al.,
2017) force field available with the GROMACS 2020 kit
(Abraham et al., 2015; Berendsen et al., 1995). The protein
was solvated with water molecules (spc216) and placed in
the canter of a dodecahedron box with a minimum of 1 nm
from the box edge. Ions were added to neutralize the system
by substituting water molecules. Energy minimization was
performed using the steepest descent method with the
Verlet cut-off scheme and particle mesh ewald (PME) long-
range electrostatics. The system was then subjected to an
equilibration (NVT and NPT) for 100 ps at 300 K. The final MD
production runs were performed for 50 ns for each protein
structure using the leapfrog integration algorithm, PME, and
Verlet cut-off scheme at 300 K temperature and 1 bar pres-
sure. Each trajectory was then subjected to further analysis
of root mean square deviation (RMSD) of backbone, root
mean square fluctuation (RMSF) for alpha-carbon of protein,
radius of gyration (Rg) of whole protein structure,
Intramolecular hydrogen bonds of protein structure, and
solvent accessible surface area (SASA) of entire protein to
analyse the dynamic behaviour of residues and stability of
proteins using inbuilt tools in GROMACS suit. Additionally,
the Arpeggio web server was used to calculate the total
intramolecular interactions (Jubb et al., 2017).

Results and discussion

Identification of mutations among SARS-CoV-2
circulating genomes

As the SARS-CoV-2 infections are increasing to new geo-
graphical locations, new mutations are arising among the
viral genomes. In order to identify highly significant muta-
tions among SARS-CoV-2 genomes, we utilized meta-analysis
based approaches to identify novel mutations in 829 viral
genomes from twelve countries (Supplementary Table S1).
We observed that most of the mutations were confined to
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three locations in the SARS-CoV-2 genome namely nsp3,
RdRp and N proteins (Figure 1A and Supplementary Table
S2). However, apart from these mutations, we identified several
other mutations that were randomly distributed throughout the
SARS-CoV-2 genome (Figure 1A). Next, we studied the effect of
various mutations for possible amino acid substitutions. We
identified nearly thirty-seven non-synonymous mutations in the
genome of SARS-CoV-2 (Figure 1B-F, Supplementary Table S3).
Out of these, twenty non-synonymous mutations were found in
ORF1ab (open reading frame 1ab), five mutations were the part
of S protein, one mutation was present in E protein and five
mutations were present in N protein. In order to study the fre-
quency of these mutations among circulating SARS-CoV-2
genomes, we calculated the percentage of genomes carrying
the mutations. We observed that most of these mutations were
present in >30% of genomes suggesting that these mutations
are part of majority SARS-CoV-2 circulating genomes (Figure 1G).

Mutation analysis of structural proteins

Amino acid variation in proteins affects protein folding
(Alfalah et al., 2009; Lorch et al., 1999, 2000), stability (Doss
et al., 2012), and functioning (Yamada et al., 2006) that leads
to various degenerative diseases (Blocquel et al., 2019). It has
reported that around half of the total disease-related amino
acid mutations arise from non-synonymous single nucleotide
variants (SNVs) (Halushka et al., 1999). It is difficult to differ-
entiate the nature of mutation using any experimental pro-
cedure due to the meteoric growth of SNVs (Capriotti et al.,
2012; Tranchevent et al., 2011). To fill this gap, computa-
tional approaches are available to analyse the effects of vari-
ous mutations on protein structure and function.

Hence, we studied the effect of mutations in circulating
SARS-CoV-2 genomes and report the study of several muta-
tions in envelope (E), nucleocapsid (N), and spike (S) struc-
tural proteins. The envelope protein of SARS-CoV-2 consists
of 75 amino acids and three regions, N-terminal domain
(NTD), transmembrane domain (TMD), and C-terminal domain
(CTD). TMD is composed of 31 amino acids (a.a.: 8-38)
(Mandala et al., 2020). The structures of E protein are illus-
trated in Figure 2A-C. N protein contains disordered regions
and has several domains and flexible linkers (Peng et al.,
2020) which is shown in Figure 2D. Recent report has shown
that though the structure of the N protein of SARS-CoV-2 is
similar to the previously reported SARS-CoV N protein, how-
ever, they differ in electrostatic properties (Kang et al., 2020).
SARS-CoV-2 N protein contains two RNA binding domains,
the C-terminal domain (CTD) and N-terminal domain (NTD)
(Tomaszewski et al., 2020). These two domains are connected
via a central linker. The terminal regions have been reported
as intrinsically disordered regions (IDRs) (Wang et al., 2021).
The crystal structure of N protein CTD (Figure 2E) has been
solved and deposited in the PDB database (PDB: 6ZCO). The
surface of the virus is decorated by the homotrimeric spike
glycoproteins which looks like a crown. Each spike protomer
consists of S1 and S2 domains which are separated by furin
cleavage site. S1 and S2 domains have multiple regions like
N-terminal domain (NTD), NTD to residue binding domain

(RBD) linker N2R, and subdomains SD1 and SD2 in S1 while,
fusion peptide (FP), heptad repeat 1 (HR1), central helix (CH),
connector domain (CD), heptad repeat 2 (HR2), transmembrane
domain (TM), and cytoplasmic tail (CT) in S2 (Gobeil et al., 2021;
Saputri et al., 2020) . The crystal structure of spike protein tri-
mer and S1 domain are shown in Figure 2F and Figure 2G
respectively. Mutation sites and WT residues of three proteins
(E, N and S) are shown in Figure 1I-VI. Interestingly it was
observed that spike protein of SARS-CoV-2 harboured an RBD
domain which was predicted to facilitate efficient binding of
viral spike protein with human ACE-2 protein which acts as a
receipt for this virus. SARS-CoV-2 spike protein analysis further
revealed presence of a polybasic site at S1-S2 junction, a fea-
ture absent from SARS coronaviruses (Andersen et al., 2020).

Protein function and pathogenicity

We started with the L37H mutation that is located in the
transmembrane domain (TMD) of the envelope protein. It is
reported that this mutation has the potential to change rela-
tive solvent accessibility (Nguyen et al., 2021). Literature
review suggested that the nature of this mutation has not
been studied yet completely (Bianchi et al., 2020; Rahman
et al., 2021; Sarkar & Saha, 2020). In this mutation, nonpolar
leucine is substituted by a polar histidine residue. This muta-
tion was predicted to be neutral at an 83% confidence score.
In N protein, it has been reported that the mutations, P13L
and R203K are among the top ten high-frequency SNPs
(Wang et al., 2020). Moreover, P13L is present in the first dis-
ordered region, R203K and G204R are in the second disor-
dered region, while P344S is in the CTD domain (Dasgupta,
2020). Three mutations in N protein (P13L, S197L, and
G204R) were found to have a deleterious effect on protein
functions whereas, the remaining two mutations, R203K and
P344S were predicted to be neutral in nature. The single
mutation, D614G in S protein was predicted neutral. Hence,
mutations in all three proteins which are predicted to be
deleterious, may alter the functions and reduce the fitness of
coronavirus, while those which are found neutral do not
have adverse effects on the protein function. PredictSNP
results for the mutations are shown in Table 1 while the pre-
dicted results of all predictors with a confidence score of
deleterious and neutral mutation for each protein are tabu-
lated in Supplementary Table S4.

Normal mode analysis (DynaMut)

Free energy change (DDG)

To inspect the overall effects of missense mutation on protein
stability, DDG was calculated using structure and sequence
based predictors tools including DynaMut, SAAFEC-SEQ, and
I-Mutant2.0.

E protein

L37H mutation is part of the terminal region in a helix of the
pentameric transmembrane protein. Among seven predictors
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that we studied, six of them predicted that L37H mutation
in E protein destabilizes the overall structure. I-Mutant2.0,
SDM, and DUET also gave the significant magnitude of
destabilization whereas the remaining predictors predicted
minute destabilization for E protein. The majority of pre-
dictors predicted that the mutation results in destabiliza-
tion of the protein. Looking at the interactions in WT and

MT, it can be observed that a weak hydrogen bond of
Leu37 with Ile33 in WT is missing in MT. In WT, Leu37 has
33 proximal interactions at around 4-5 Å with surrounding
residues, Ala32, Ile33, Leu34, Thr35, and Ala36. However,
in MT these proximal interactions are reduced to 20 only.
Hence, these two major factors play a significant role in
destabilizing MT.

Table 1. Predicted results for the effects of mutation on functionality, stability, and flexibility of proteins.

Method

Mutation

E Protein N Protein S Protein

L37H P13L S197L R203K G204R P344S D614G
Residue
(WT-MT)

Nonpolar-
Polar

Nonpolar-
Nonpolar

Polar-
Nonpolar

Polar-
Polar

Nonpolar-
Polar

Nonpolar-
Polar

Polar-
Nonpolar

PredictSNP
Confidence Score (%) &
Nature of Mutation

83
Neutral

72
Deleterious

64
Deleterious

63
Neutral

61
Deleterious

63
Neutral

63
Neutral

ENCoM DDSVib
(kcal.mol�1.K�1) & Flexibility

0.060
Increase

0.857
Increase

0.013
Increase

�4.166
Decrease

�1.340
Decrease

�0.036
Decrease

0.418
Increase

DynaMut
DDG(kcal.mol�1)

�0.029
(Destabilizing)

0.004
(Stabilizing)

0.528
(Stabilizing)

1.774
(Stabilizing)

�0.282
(Destabilizing)

0.110
(Stabilizing)

�0.316
(Destabilizing)

ENCoM DDG(kcal.mol�1) �0.048
(Destabilizing)

�0.686
(Destabilizing)

�0.010
(Destabilizing)

4.333
(Stabilizing)

1.072
(Stabilizing)

0.029
(Destabilizing)

�0.334
(Destabilizing)

mCSM DDG (kcal.mol�1) 0.027
(Stabilizing)

�0.299
(Destabilizing)

�0.398
(Destabilizing)

�1.599
(Destabilizing)

�1.116
(Destabilizing)

�0.304
(Destabilizing)

�1.026
(Destabilizing)

SDM DDG(kcal.mol�1) �0.740
(Destabilizing)

0.840
(Stabilizing)

1.280
(Stabilizing)

�0.630
(Destabilizing)

�2.090
(Destabilizing)

�0.260
(Destabilizing)

�0.420
(Destabilizing)

DUET DDG(kcal.mol�1) �0.135
(Destabilizing)

0.221
(Stabilizing)

0.165
(Stabilizing)

�1.522
(Destabilizing)

�1.119
(Destabilizing)

�0.124
(Destabilizing)

�0.957
(Destabilizing)

SAAFEC-SEQ
DDG(kcal.mol�1)

�0.01
(Destabilizing)

�0.48
(Destabilizing)

�0.77
(Destabilizing)

�0.78
(Destabilizing)

�0.42
(Destabilizing)

�1.32
(Destabilizing)

�1.04
(Destabilizing)

I-Mutant2.0 DDG(kcal.mol�1) �1.81
(Destabilizing)

0.230
(Stabilizing)

0.290
(Stabilizing)

�2.160
(Destabilizing)

�0.000
(Destabilizing)

�0.45
(Destabilizing)

�1.94
(Destabilizing)

�DDG value is zero but, sign of the DDG is predicted negative hence, it is destabilizing.

Figure 1. Identification of highly significant mutations among various SARS-CoV-2 genomes. (A) Figure showing nucleotide position of various mutations in SARS-
CoV-2 genomes (B) Figure showing the non-synonymous mutations (positions in amino-acids) in ORF1ab (C) S protein (D) ORF3a protein (E) E protein and (F) N
protein of SARS-CoV-2 genome G) Figure showing the frequency of various non-synonymous mutations in SARS-CoV-2 genomes.
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N protein (modelled)

In N protein, the P13L mutation site is located at the centre
of protein and at the loop region. DDG values confirmed
that P13L mutation gives stability to the MT. Although four
predictors predict stabilization whereas three predict desta-
bilization of the N protein, data from all-atom MD simulation
(50 ns simulation) suggested that MT forms more number of
intramolecular contacts as compared to WT thereby leading
to stabilization of the N protein. The major contribution for
the stability comes from proximal polar contacts. In WT, 12
proximal polar and hydrophobic contacts with Asn11, Asn48,
Asn150, and Ile15 are observed but at longer distances (5-
7.5 Å) as compared to seven contacts with Asn11, Asn48, and
Ile15 at shorter distances (4-6 Å) in MT. So, the stability of MT
protein is mainly attributed to the proximal polar and hydro-
phobic interactions. Our data is in agreement with another
study which suggests that the P13L mutation in NTD stabil-
izes the N protein (Singh et al., 2020).

The second mutation, S197L is situated at a peripheral
position of IDR in N protein. From the DDG values as shown
in Table 1, we can observe that the majority of the predic-
tors predict stabilization of MT and that is mainly due to MT
having 41 proximal polar contacts in comparison with WT
that has 35. Additionally, in MT, Leu197 forms van der Waals
bond with Ser193 and weak hydrogen bonds with Ser193
and Pro199. Hence, the overall stability is gained by polar
contacts. Our In silico data is further supported by the
experimental evidence which suggests that the S197L muta-
tion has mild patient outcome ranging from 76% to 1%
(Nagy et al., 2021). For the third mutation R203K, DynaMut
and EnCOM based DDG values were significantly higher,
1.774 kcal mol�1 and 4.666 kcal mol�1 respectively and pre-
dicted stabilization compared to the other predictors. Further
analysis suggests reduced vibrational entropy in MT
(-4.166 kcal mol�1 K�1) thereby indicating the rigidification of
structure leading to reduced flexibility of MT as compared to
WT. Additionally, the radius of gyration (Rg) from MD shows
that the MT structure becomes compact at the end of the
simulation. Another supporting evidence is the formation of
new van der Waals bonds with Ala211 and Gly212 and
hydrophobic contacts with Phe307, Leu339, and Asp216 in
MT for the stabilization of overall structure due to R203K
mutation. MD data shows the overall contacts in MT are
higher compared to WT and that can be also considered
supporting evidence of stabilizing effect of R203K mutation.

In the G204R mutation, all predictors predict the destabiliza-
tion of mutant N protein except for ENCoM because negative
free energy change is occurring after mutation. MD results
show that MT has less number of intramolecular interactions
compared to WT which is a good indication of the destabilizing
effect of G204R mutation on N protein. Both the mutations,
R203K and G204R have inferior outcomes according to the pre-
viously reported study (Nagy et al., 2021).

N protein C-terminal domain

In the crystal structure of the C-terminal domain (CTD) of N
protein, P344S mutation was found to have a destabilizingTa
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effect on mutant protein. Though the magnitudes of DDG
are slightly negative, however, this miniscule difference leads
to destabilization of CTD. The destabilizing nature of this
mutation was reported elsewhere as well (Rahman et al.,
2021). Since the total number of contacts predicted by
DynaMut in WT and MT are roughly similar, hence formation
of contact could not be considered an evidence of destabil-
ization. However, MD analysis revealed that the total number
of interactions has been decreased in MT in comparison with
WT. Furthermore, the structural features of amino acids can
be considered one of the factors for the destabilization.
Here, rigid and conformationally blocked proline is replaced

by flexible serine residue thereby resulting in a flexible CTD
Pro344 and Ser344 both are interacting with the same resi-
dues, Lys342, Phe346, and Lys347 in WT and MT respectively.

S protein

In spike protein, D614G mutation is one of the most widely
studied mutations (Fernandez, 2020; Hou et al., 2020; Korber
et al., 2020; Plante et al., 2021; Volz et al., 2021; Zhang et al.,
2020). In this mutation, aspartic acid is replaced by glycine
and the predicted values of free energy change show that

Figure 2. Protein structures and mutation sites. Alphabets (A-G) and Roman numerals (I-VI) represent the structures of protein and mutation sites respectively. (A-
B) Represents the pentameric solution NMR structure of E protein (PDB: 7K3G) whereas (C) Monomeric E protein. (D-G) Illustrate the modelled N protein, experi-
mental (crystal) C-terminal domain (PDB: 6ZCO) of N protein, trimeric S protein, and monomeric domain of S protein respectively. In N protein, D has the multiple
fragments. Black (a.a.: 1-43), green (a.a.: 44-174), blue (a.a.: 175-203), pink (a.a.: 204-254), cyan (a.a.: 255-364), and orange (a.a.: 365-419) colours indicate N-arm, N-
terminal domain (NTD), serine/arginine (SR) rich motif, linker region (LKR), C-terminal domain, and C-tail respectively. In S protein, G shows two different regions,
green (a.a.: 27-291) for N-terminal domain (NTD) and pink (a.a.: 333-526) for residue binding domain (RBD) which is part of the C-terminal domain (a.a.: 294-700).
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the mutation leads to less stable structure formation. DDG
values are negative in all the seven predictions thereby
pointing towards the destabilizing effect of this mutation on
parent protein. The higher stability of the WT structure is
largely due to more numbers of polar contacts which are
nearly double (contacts: 35) as compared to MT (contacts:
18). In WT protein, Asp614 forms approximately 40 polar
contacts with Asp111, Gln115, Val120, Phe596, Tyr612,
Asn616, and Cys649 residues whereas, only 16 proximal con-
tacts are observed in MT with Gly614 with Lys97, Arg102,
Trp104, Leu117, Leu118, Asn121, Tyr124, and Val130 residues.
Also, a positive change in entropy indicates the highly
dynamic nature of MT spike protein. Table 2 shows the num-
ber and types of interaction of mutant and wild-type resi-
dues with surrounding residues while visual representation is
given in Figure 3.

Vibrational entropy change (DDSVib)

To understand how the mutations affect the dynamic behav-
iour of various SARS-CoV-2 proteins, we further calculated
vibrational entropy change between WT and MT structures
of the proteins. It can be depicted from Figure 4 that muta-
tions, L37H of E protein, P13L and P344S of N protein and
D614G in S protein give flexibility to the MT structures. In E
protein, L37H mutation is situated in the terminal part of the
transmembrane domain and makes the whole transmem-
brane helix slightly flexible.

P13L mutation is located at the N-terminal IDR and substi-
tution of proline with leucine gives the highest flexibility to
the NTD as compared to the CTD with DDSvib 0.857 kcal
mol�1 K�1. The second mutation, S197L is present at the
central linker IDR which is the loop region of the protein.
This mutation slightly increases the flexibility (DDSvib:
0.013 kcal mol�1 K�1) of only the IDR region. Similarly, R203K
and G204R mutations are also positioned at the central linker
IDR and the loop of proteins. From the DDSvib values, it was
confirmed that due to these two mutations, N protein gains
the highest rigidity among all mutations. Like a P13L muta-
tion, due to proline residue substitution in P344S mutation,
MT attains flexibility but less extent at the CTD region. In S
protein, the D614G mutation site is located at the loop
region of S1 domain. In this mutation, charged aspartic acid
is substituted by nonpolar glycine. Charged amino acids con-
tribute to protein stability by forming electrostatic contacts
or hydrogen bonds (Zhou & Pang, 2018). Hence, spike pro-
tein MT gains flexibility due to the lack of polar aspartic acid
residue. Flexibility in MT is observed maximum at the CTD
region and maximum at residue binding domain (RBD). The
values of DDSVib of proteins are given in Table 1 whereas vis-
ual representations are shown in Figure 4.

Discrete molecular dynamics

The most problematic challenge in molecular dynamics (MD)
and molecular mechanics (MM) is the demand for high com-
putational power. To simplify and reduce the computational
cost, Monte Carlo, Brownian dynamics, discrete molecular

dynamics (DMD) and their hybrids simulation techniques
have been developed to study the dynamics of biomolecules
(Proctor & Dokholyan, 2016). Dynamic behaviour of each
amino acid in protein is closely related to the functionality of
the protein. Mutation, which leads to decreased flexibility,
may alter the activity of a protein (Boehr et al., 2013;
Eisenmesser et al., 2005). The mutations are also known to
increase flexibility and make protein less rigid (Verma et al.,
2012; Wieczorek & Zielenkiewicz, 2008). Hence, to probe the
impacts of mutation on flexibility, 500ns C-a DMD was per-
formed along with normal mode analysis (NMA). After running
500ns DMD, we analysed trajectories and plotted RMSF and
radius of gyration (Rg) for all mutations of N and a single muta-
tion of S protein. Our results confirmed that C-a DMD results
were in good agreement with the all-atom MD results.

N protein (modelled)

It was observed from the RMSF plots (Figure 5A), all the
mutations in N protein give flexibility to the protein at loop
regions of NTD. However, R203K and G204R mutations bring
the highest flexibility in the protein whereas residues from
225 to 315 show the rigidity in the CTD region. The NTD
loop (a.a.: 95-100) has the highest fluctuations (8-10 Å)
among all the residues. S197L and P13L MT structures have
the lowest fluctuations which shows the gaining of rigidity
compared to WT protein. The radius of gyration plots (Figure
5D) show that the WT and MT structures initially open and
close at the end of simulation.

N protein C-terminal domain

In CTD crystal structure, two regions, loop between two short
helices (a.a.: 279-283) and beta-sheet (a.a.: 315-335) show the
dynamic behaviour in WT and MT structures. In P344S MT, the
values of RMSF (Figure 5B) are observed significantly greater (6-
19Å) than WT (6-13Å) structure. It can be observed from the
radius of gyration plots (Figure 5E) that the sequentially clos-
ing-opening-closing loop of MT whereas, WT closes initially and
opens at the end of the simulation.

S protein

In spike protein, MT (D614G) has slightly lower values of
RMSF (Figure 5C) compared to the WT structure. The radius
of gyration plots (Figure 5F) indicate that the opening and
closing of MT structure while WT shifts between opening
and closing slightly in the middle of simulation and at the
end of the simulation, it has little opening structure com-
pared to WT structure. Residual analysis and Rg are illus-
trated in Figure 5.

Molecular dynamics simulation

To investigate the effects of point mutation on the stability
and dynamics of S protein and N protein, the wild-type (WT)
and mutant structure of S protein (WT, and D614G), and
modelled N protein (WT, P13L, S197L, R203K, and G204R)
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were subjected to 50 ns MD simulation. Additionally, we also
simulated the available crystal structure of N protein CTD
and it’s mutant P344S for 50 ns for the same. Furthermore,
we calculated the total number of intramolecular interactions
using the Arpeggio webserver and the results are summar-
ized in Supplementary Table S5 which will indicate the struc-
tural stability of protein variants.

N protein (modelled)

To examine the change in the protein dynamics and stability
of WT and mutant N protein, we have performed 50ns simu-
lation of models of WT and mutant of N protein. Since the
partial crystal structure of P344s mutant was available, we
simulated that crystal structure and compared it with the
corresponding WT model created based on crystal structure.
The structure of 50 ns frames of WT and mutants along with
the initial structure are presented in Figure 6A, SASA and Rg
plots of WT and mutant are presented in Figure 6B, and 6C

respectively, RMSD, Hydrogen bonds, and RMSF are pre-
sented in Supplementary Figure S1.

The Rg and SASA values of mutant P13L and S197L were
observed to be lower as compared to WT and other mutants
which indicates that the structure of these mutants are com-
pact compared to WT and other mutants. Compaction of P13L
and S197L mutant structures lead to significant increase in total
number of contacts especially hydrogen bonds, polar and aro-
matics contacts as compared to WT and is indicated in
Supplementary Table S5. These results suggest that P13L and
S197L mutation is possibly stabilizing the structure leading to
compactness of protein N structure. Contrastingly, the Rg of
R203K appears to have lower values compared to WT in the
entire trajectory, while the SASA of mutant appears to have a
lower profile than WT. The total number of intramolecular con-
tacts is also higher in mutant R203K which suggests that at
50ns, R203K adopts a stable structure compared to WT.
However, Rg and SASA of G204R appear to have similar profiles
like WT. Further the observed slight increase in hydrogen bond-
ing and polar contacts compared to WT is compensated with

Figure 3. Intramolecular interactions of WT and MT residues with proximal amino acids. WT and MT residues are shown in cyan colour. Interactions are repre-
sented in different colours and for the further interpretation of interactions, readers are requested to visit the Web version of Arpeggio tool.
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slight loss in total number of aromatic and non-polar contacts
compared to WT structure populated at 50ns. This suggests
that WT and G204R mutants adopt similar compact structures
during simulation. We observed the RMSD of WT and all the
mutants are slightly different in the first half of simulation, but
in the second half of simulation all the variants and WT display
similar behaviour, except R203K which continuously have
slightly higher values compared to all other variants.
Furthermore, the RMSF of all the mutants are similar except for
R203K and G204R mutants which shows higher continuous fluc-
tuations compared to WT and other two mutants suggesting
that R203K and G204R mutations had an effect on the flexibility
of the protein structure throughout the simulations. Based on
these data, it appears that R203K and G204R structures are
more dynamic compared to WT and other two mutants.

In summary, mutations P13L and S197L appear to cause
structural stabilization leading to an increase in compactness
of structure as well as increase in polar and non-polar intra-
molecular interactions compared to WT and other two
mutants. However, G204R appears to have similar compac-
tions and less intramolecular contacts as of WT, but is more
dynamic, therefore G204R mutations could be destabilizing
the protein N structure. Based on simulation data only, it is
difficult to predict whether the behaviour of R203K is stabiliz-
ing or destabilizing.

N protein C-terminal domain

A small segment (230-364 amino acids, C-terminal domain)
of N protein has been experimentally crystallized (PDB:

Figure 4. Visual representation of MT protein dynamicity. Mutations are shown in sphere representation. Red and blue colours indicate the flexibility and rigidity
respectively.
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Figure 5. RMSF and Rg plot of WT and MT proteins. (A-C) RMSF of modelled N protein, CTD of N protein, and S protein respectively. (D-F) Rg plot of modelled N
protein, CTD of N protein, and S protein respectively.

Figure 6. Comparative analysis for WT and various mutants of N protein. (A) Conformations of WT (cyan), P13L (green), S197L (pink), R203K (red), G204R (orange)
populated at 50 ns timestep. (B) SASA plot of WT and their mutants against time. (C) Rg plot of WT and mutants showing compactness.
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6ZCO) recently, so we utilized that opportunity to investigate
the effect of mutations P344S on the stability and dynamics
of protein (Zinzula et al., 2021). The Rg and SASA values,
described (Figure 7B and C), indicate that mutation leads to
decrease in globularity of protein structure and statistically
have less number of hydrogen bonds compared to WT. The
mutants appear to have continuously higher fluctuations in
RMSF plots (Supplementary Figure S2), indicating that the
mutations had an effect on the flexibility of protein. To fur-
ther investigate the structural basis of flexibility, we overlaid
the structure populated at the interval of every 10 ns during
the simulation of N protein WT and mutant and we observed
that the mutation of proline at 344 lead to structural fluctua-
tions at remote site and b-sheet region (a.a.: 318-334)
changes its orientations dramatically during the simulation
(Figure 7A). The results from the present work confirm that
P344S mutations cause the structural destabilization of N
protein leading to loss of protein compactness.

S protein

For MD simulation, we have taken the structural component
(a.a.: 1-698) from the experimentally solved S protein (PDB:
6VYB). The initial structure (0 ns) and final structure (50 ns) of
S protein variants are presented in Figure 8A. The calculated
SASA, Rg, and hydrogen bonds were plotted against time of
simulation and are presented in Figure 8B–D. It appears that
Rg and SASA of WT is lower as compared to D614G mutant
whereas the total number of intramolecular hydrogen bonds,
calculated for the entire trajectory, are high in number in WT
as compared to mutant. These results further provide sup-
portive evidence that the structure of WT is compact

compared to D614G mutant. The observed high value of
RMSD (Supplementary Figure S3A) for WT structure indicates
the conformational dynamics associated with structural tran-
sition of open state (initial model) to compact state during
the course of simulation. However, initial model structure for
mutant protein is opening further only slightly, during the
course of simulation thereby resulting in less deviation as
compared to WT structure.

The dynamic behaviour of individual amino acid residues
for WT and mutant was determined in terms of RMSF values,
denoted by the peak elevation in Supplementary Figure S3B.
RMSF plot indicated similar residue fluctuation profile for WT
and mutant. We have highlighted the dynamic region in the
model structure according to RMSF value (Supplementary
Figure S3C). In conclusion, WT S protein was observed to
adopt a compact fold in the latter half of the trajectory via a
large conformational change in a process to adopt compact
state during simulation from initial structure. However, the
mutant was observed to adopt more open conformation
compared to WT. Calculated value of total number of intra-
molecular interactions (Supplementary Table S5), further sup-
ports destabilizing effects of mutation on protein structure,
because mutant protein structure at 50 ns comprises less
number of intramolecular interactions compared to WT. The
present results suggest that WT is stable and mutation
D614G caused a destabilization leading to a loss of protein
compactness. Previous study reported that the open con-
formation of spike protein increases the infectivity of virus
(Wrapp et al., 2020). In our study, MD data shows that the
mutant structure has open conformation at the end of simu-
lation compared to wild-type structure and hence it was pre-
dicted destabilizing and shows the higher infectivity.

Figure 7. Stability analysis of crystallized N protein CTD and its mutant (P344S). (A) Showing dynamics in the structure of WT and P344S mutant at different inter-
vals of time. (B) Rg plot of WT (green) and P344S mutant (yellow) displays their compactness. (C) SASA plot of variants of CTD.
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Conclusion

Since the first cause reported on 1st December 2019 from
China, SARS-CoV-2 has infected nearly all the countries
throughout the globe. This alarming rate of spread of SARS-
CoV-2 has prompted many countries to declare a complete
shutdown, an event that was not witnessed till now.
However, as the scientists from around the world are work-
ing hard to develop antivirals, the virus is spreading and
accumulating mutations which might help it to combat host
immune responses. Hence, it becomes imperative to gain
understanding into viral evolution for the development of
effective antivirals. In this study, we performed meta-analysis
of SARS-CoV-2 genomes from around the world to identify
highly significant mutations in the viral structural proteins.
Our analysis identified sixty-one highly significant mutations
spanning complete viral genomes. Further analysis revealed
that most of these mutations were concentrated around few
regions of viral genomes including NS3, RdRp and N protein.
Since integrity of structural proteins is vital for immune
responses, hence we sought to study the putative effect of
highly significant mutations on viral structural proteins.
Meta-CATS algorithm identified one mutation in spike pro-
tein, five mutations in N protein as well as one mutation in
envelope protein. We then performed molecular simulations
on these mutations to predict their effect on stability of par-
ent protein. Among seven mutations in three proteins (E, N
and S), four mutations (L13H in E, R203K and P344S in N and
D614G in S) were predicted neutral while, remaining three

(P13L, S197L and G204R) found to have deleterious effects
on protein functions. Discrete molecular dynamics and all-
atom molecular dynamics results revealed that three muta-
tions (P13L, S197L and R203K) in N protein give stability to
the parent proteins. However, two mutations (G204R and
P344S) in N protein and D614G in S protein destabilize the
parent proteins. Though our analysis of D614G mutation in
Spike protein predicted destabilization of the protein, several
experimental studies have shown that the mutation contrib-
utes towards enhanced infectivity of the virus. D614G muta-
tion opens up the spike protein which though might lead to
destabilization of protein but might lead to enhanced viral
infections. Hence, it seems that there is a trade-off between
the stabilization of protein structure versus the infectivity of
the virus. Therefore, our studies provide vital clues about the
effect of highly significant mutations on the structure of viral
structural proteins.
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