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Summary. – Missense mutations in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
virus may cause changes in the structure of proteins. The nucleocapsid (N) protein is an important target 
for drugs and vaccines. The main purpose of this study is to detect missense mutations in the SARS-CoV-2 
N protein and to reveal the effects of these mutations on protein structure by using in silico approaches. 
161 missense mutations of the N protein were determined in 2286 SARS-CoV-2 genomes derived from the 
GISAID EpiCoV database in the Turkish population. Identified 161 missense mutations were analyzed by 
using sequence and structure-based methods to predict effects of mutation on function and structure of 
SARS-CoV-2 N protein. These analyzes revealed that some mutations showed deleterious effects and change 
of stability and flexibility of nucleocapsid protein. D3L, S194L, S235F, and P13L (Omicron variant) mutations 
were further analyzed in our study due to their importance in the literature and in our results. Even though, 
our findings are essential for research of SARS-CoV-2 virus, in vitro and in vivo validations are necessary. 
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Introduction

The severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2), which affects the whole world rapidly 
since the end of 2019 and causes an epidemic of viral 
pneumonia, first appeared in Wuhan in China. The World 
Health Organization (WHO) declared coronavirus di-
sease 2019 (COVID-19) as a pandemic on 11th March (WHO, 
2022a).

Up to date, the number of cases seen all over the world 
were estimated at around 450 million and the number of 
deaths at 6 million. However, in Turkey the number of 

cases recorded, was around 14 million and the number of 
deaths around 95 thousand (WHO, 2022b).

Coronaviruses are enveloped and positive-strand RNA 
viruses belonging to the family Coronaviridae. Their ge-
nome is ~30 kb in size. The genome consists of specific 
genes, spike protein (S), envelope protein (E), membrane 
protein (M), nucleocapsid protein (N) and open reading 
frames (ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF9 and 
ORF10) forming protease and replicase (1a–1b) (Naqvi et 
al., 2020). Among these proteins, spike protein has a spe-
cial role. S protein facilitates entry into the host cell via 
binding of angiotensin-converting enzyme 2 (ACE2) cell 
surface receptor. SARS-CoV-2 is transported through the 
respiratory route and affects lungs (Cascarina and Ross, 
2020). Among the symptoms seen in patients infected 
with the SARS-CoV-2 are high fever, cough, shortness of 
breath, fatigue, muscle and headache, loss of smell and 
taste (Zeng et al., 2020). 

Among other proteins, SARS-CoV-2 nucleocapsid 
protein has an undeniable importance. The N protein is 
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a multifunctional RNA-binding protein that is required 
for the viral RNA transcription and replication processes. 
The primary function of the N protein is to bind to the 
viral RNA genome, form the RNP complex and drive 
viral mRNA transcription and replication. It plays many 
important roles in the regulation of host cell metabolism, 
such as cytoskeletal organization and immune regulation 
(Savastano et al., 2020; Khan et al., 2021). Furthermore, the 
double-stranded RNA-binding activity of the N  protein 
acts to combat antiviral responses mediated by host RNA 
silencing. RNA silencing acts as a  viral repressor. High 
amount of double-stranded RNA is expressed during 
infection and has been reported to induce both humoral 
and cellular immune responses after infection (Peng et al., 
2020). Some studies demonstrate that the N protein regu-
lates host-pathogen interactions and has an impact on 
actin organization, host cell cycle and apoptosis pathways 
(Ding et al., 2016; Pizzato et al., 2022). Further, it has been 
shown that interaction of SARS-CoV-2 N  with envelope 
protein as well as with the membrane protein are essential 
to further trigger the other molecular mechanisms du-
ring the viral infection (Tseng et al., 2014; He et al., 2004). 
Structural E  protein has a  vital role for viral assembly 
and infectivity, whereas structural M protein promotes 
membrane fusion of virus and host cell through protein-
protein interaction (Gorkhali et al., 2021).

N protein has two structural domains, N-terminal 
domain (NTD) and C-terminal domain (CTD). These two 
domains are linked by an intrinsically disordered region 
(IDR) called the binding region. It is known that NTD is 
responsible for RNA binding and CTD has both oligomeri-
zation and RNA binding function. Also, NTD and CTD have 
two IDRs which are placed at the beginning and ending of 
the nucleocapsid protein, called the N-arm and C-tail. The 
IDR has important role in modulating the RNA-binding 
activity of NTD and CTD and oligomerization. The linker 
region also has a Serine-Arginine (SR) region containing 
phosphorylation sites in which primary phosphoryla-
tion plays role in further functioning of the protein. Each 
of these is a potential drug target of antiviral inhibitors 
(Peng et al., 2020; Khan et al., 2021).

Amino acid sequences of proteins determine their 
structure and function. A single amino acid mutation can 
change molecular function and 3D structure of proteins 
and causes diseases (Stone and Sidow, 2005). Therefore, it 
is important to understand the missense mutations and 
their impact on gene expression and protein functions.

Missense mutations can disrupt not only protein 
stability, but also interactions of other proteins, nucleic 
acids, polysaccharides, ligands, and metal ions (Dehghan-
poor et al., 2018). Missense mutations became even more 
important with the SARS-CoV-2 virus (Teng et al., 2021). 
Especially, how potential mutations that may occur in the 

virus will affect the viral function and how it will change 
its interaction with the host cell is a matter of curiosity for 
the whole world (Mohammadi et al., 2021). Mutagenesis 
studies in physical proteins can provide insight into the 
effects of amino acid substitutions. However, these stu- 
dies require time and financial resources (Jacob et al., 2021). 
In recent studies, bioinformatic analysis are preferred to 
predict the effects of a mutation on a protein structure. 

In this study, our aim is to determine SARS-CoV-2 nu-
cleocapsid protein related mutations identified in Turkey 
and to analyze defined mutations to understand their 
possible effects on protein function and structure which 
can change their flexibility and stability features.

Materials and Methods

identification of viral sequences. SARS-CoV-2 genome se-
quences were obtained from GISAID EpiCoV database (GISAID, 
2021) between 01 March 2020 and 15 March 2021. These sequen-
ces were eliminated using following filters. Location was 
defined “Europe/Turkey” to evaluate only Turkey related se-
quences and 2557 genome sequences were included. In addition, 
full genome length (sequence size 29 kilobases or greater), high 
coverage (< 0.05% specific mutation, no insertion or deletion 
specified, < 0.1% sequence) were included and low coverages 
were excluded (low coverage excluded) (>5% Ns). 2286 viral ge-
nome sequences were found and downloaded in FASTA format.

Detection of nucleocapsid protein related mutations. Mi-
ssense mutations related to nucleocapsid protein were found 
in genome sequences using the Nextclade v1.7.1 (Aksamentov 
et al., 2021). Nextclade is a  network tool that facilitates the 
analyses of mutations in the SARS-CoV-2 genome comparing 
to reference sequence (MN908947.3). FASTA format files of 2286 
genome sequences was uploaded to the Nextclade. The results 
were saved in CSV and TSV formats.

Sequence-based analysis of nucleocapsid protein. The SARS-
CoV-2 nucleocapsid protein sequence (P0DTC9) was down-
loaded from the NCBI database. PROVEAN (Choi and Chan, 
2015) and PredictSNP (Bendl et al., 2014) network servers were 
used for sequence-based analysis to predict the mutation ef-
fect on protein function. The file in TXT format containing the 
P0DTC9 encoded SARS-CoV-2 nucleocapsid protein sequence 
and defined missense mutations were uploaded and analyzed.

Obtaining the 3D structure of the nucleocapsid protein. The 
three-dimensional N protein structure was downloaded from 
the I-Tasser (yang et al., 2015). The I-Tasser server uses PDB 
coded 3D protein structures such as PDB ID: 6M3M and PDB ID: 
6yUN to reveal the desired structure. The code (QHD43423.pdb) 
for the nucleocapsid protein was downloaded from the I-Tasser. 
The template modelling (TM) score of this structure was 0.97.

Structure-based analysis of nucleocapsid protein. Structure-
based analysis was performed with the DynaMut web server 
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to predict the impact of mutation on protein stability and flex-
ibility (Rodrigues et al., 2018). A  file in txt format containing 
the N protein structure encoded [QHD43423.pdb] and defined 
missense mutations were uploaded and analyzed. 

Results

identification of missense mutations

161 different missense mutations of N  protein were 
found in 2286 sample. Number of mutations found in 
different regions of nucleocapsid protein are shown in 
Table 1. 

Mutation effects on nucleocapsid protein

Eighteen deleterious and 143 neutral missense muta-
tions were detected by performing analysis with PROVE-
AN network server. In addition, resulting from analysis by 
PredictSNP network server, 65 missense mutations were 
identified as deleterious whereas 96 missense mutations 
were neutral. Moreover, 70 missense mutations were 
found to be deleterious and 91 missense mutations were 
neutral in SNAP database. 91 missense mutations were 
found as deleterious and 70 missense mutations were 
found as neutral in SIFT database. Finally, 87 missense 
mutations were found as deleterious and 74 missense mu-
tations were found as neutral using MAPP tool (Supple-
mentary Table 2). 49 mutations identified as deleterious in 
at least 4 servers among PROVEAN, PredictSNP, PhD-SNP, 
PolyPhen 1 and 2, SIFT, SNAP are shown in the Table 2.

Stabilization and flexibility of nucleocapsid protein 
analysis 

ΔΔG DynaMut values represent change of stabilization 
while ΔΔSVib ENCoM values represent change of flexibi-

lity. If the values are higher than 0 kcal/mol, the stability 
and flexibility of protein increases. If the values are less 
than 0 kcal/mol, the stability and flexibility of protein 
decreases. Both ΔΔG DynaMut and ΔΔSVib ENCoM values 
of 49 mutations identified in the Table 2 are also shown 
in the Table 3. 

103 mutations increased stability of the N  protein 
3D structure based on stabilization analysis performed 
with the DynaMut web server. On the other hand, 
58 mutations decreased stability of the protein structure. 
Mi ssense mutations that increased the flexibility of 
N  protein 3D structure are shown in Table 2 (Supple-
mentary Table 3). 

According to protein entropy analysis performed by 
the DynaMut network server; 77 missense mutations 
increased flexibility of the 3D structure (Supplementary 
Table 4) while 84 missense mutations decreased the fle-
xibility. Number of mutations in different domains of 
N protein that either increased or decreased stability and 
flexibility are shown in the Table 4. 

Selection of key mutations on protein structure

D3L, S194L, S235F mutations among 161 missense muta-
tions were selected for our study, as key mutations for fur-
ther analysis due to their high frequency and highlighted 
importance in the literature. Besides high frequency 
mutations, we selected P13L mutation as key mutation. 
Although P13L mutation frequency is very low (n = 1) in 
our SARS-CoV-2 data, it is one of the mutations found in 
Omicron variant. This variant is in the recent list of Va-
riant of Concern (VOC) in the WHO and its importance is 
increasing every day. 

interatomic interactions of key mutations

Interatomic interaction analysis of D3L, S194L, S235F 
and P13L mutations were performed with DynaMut net-

Table 1. Missense mutations located on different domains of N protein

Position of missense mutations Number of missense mutations

N-Arm 39

NTD 29

Linker 44

CTD 23

C-Tail 26

Protein regions of N protein
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work server (Fig. 1). For S194L mutation, it was observed 
that the carbonyl bond and ionic interaction in the wild-
type structure were disrupted, and new hydrogen bond 
formation was formed. For S235F mutation, it was deter-
mined that the hydrogen bond in the wild-type structure 
was broken, and weak hydrogen bond formation occurred. 
New bonds are formed and clearly observed because of 
P13L mutation. Finally, no serious change was observed 
between D3L wild-type and mutant. 

Entropy energy change and atomic instability analysis 
of key mutations

Δ vibrational entropy energy between wild-type and 
mutant of D3L, S194L, S235F and P13L was also identi-
fied (Fig. 2). Amino acids are colored according to the 
vibrational entropy change due to mutation. Blue and 
red colors represent rigidification and gaining flexibility 
of the structure, respectively. S194L and D3L mutations 

increase the flexibility of N  protein whereas S235F and 
P13L mutations reduce the flexibility of the N protein ac-
cording to the entropy energy change analysis performed 
with the DynaMut network server. 

Discussion

SARS-CoV-2, which caused the COVID-19 pandemic, 
deeply affect the whole world with its contagiousness. 
The virus is transmitted to humans and causes serious 
symptoms. It is the focus of attention of researchers to 
solve the structure of the virus, to diagnose and to find 
the treatment of the disease (Peng et al., 2020). 

In the Coronaviridae virus family, the N  protein is 
a multifunctional RNA-binding protein required for viral 
RNA transcription and replication (Mohammadi et al., 
2021). Some studies demonstrated that the interaction 
between the N  and E  protein has role in the release of 

Table 2. Mutations identified as deleterious in at least 4 servers among PROVEAN, PredictSNP, PhD-SNP, PolyPhen 1 and 2, SIFT, SNAP

Mutation Gene location Frequency Mutation Gene location Frequency

D3L A28281T,T28282A 382 S194L C28854T  164

D3y G28280T 33 T198I C28866T 42

A35V C28377T 17 G204L G28883C,G28884T  23

G25C G28346T 6 N196y A28859T 13

Q9H G28300T 5 S188P T28835C 8

G34W G28373T 4 R195I G28857T 7

P13L C28311T 3 R191L G28845T 3

R40C C28391T 3 P207H C28893A 2

G25V G28347T 2 G204P G28883C, G28884C 1

G44C G28403T 2 Q241L A28995T 1

S33I G28371T 2 R185C C28826T 1

D22y G28337T 1 S180C A28811T 1

Q9R A28299G 1 S201C A28874T 1

R14C C28313T 1 S202C A28877T 1

R32H G28368A 1 S206F C28890T 1

S21P T28334C 1 T334I C29274T 9

S2F C28278T 1 A308S G29195T 2

T16M C28320T 1 T271I C29085T 2

D128y G28655T 6 V350G T29322G 2

D144H G28703C 2 P364Q C29364A 1

D63y G28460T 1 S327L C29253T 1

P151A C28724G 1 D377y G29402T 22

P151S C28724T 1 D401y G29474T 21

V72L G28487C 1 S416L C29520T 2

Q418H G29527T 1
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Table 3. DynaMut, structure-based analysis of mutations identified as deleterious in at least 4 servers among PROVEAN, PredictSNP, 
PhD-SNP, PolyPhen 1 and 2, SIFT, SNAP

Mutation ΔΔG DynaMut
(kcal/mol)

ΔΔG mCSM
(kcal/mol)

ΔΔG SDM
(kcal/mol)

ΔΔG DUET
(kcal/mol)

ΔΔS ENCoM
(kcal-1/mol-1)

ΔΔSVibENCoM
(kcal-1/mol-1)

D3L -0,548 0,194 -0,190 0,380 0,044 0,044

D3y -0,382 -0,065 -0,430 -0,153 -0,030 -0,030

A35V 1,13 -0,270 1,150 0,296 -0,174 -0,174

G25C -0,092 -0,966 -0,420 -0,842 -0,022 -0,022

Q9H 0,062 -0,500 0,740 -0,199 -0,365 -0,365

G34W -1,112 -1,143 -2,140 -1,531 0,073 0,073

P13L 1,523 -0,306 -0,040 0,008 -0,693 -0,693

R40C 0,137 0,043 -0,400 -0,005 0,883 0,883

G25V 0,063 -0,494 0,150 -0,146 0,010 0,010

G44C -0,843 -1,079 -0,320 -0,938 0,186 0,186

S33I 0,216 -0,226 1,370 0,356 -0,055 -0,055

D22y 1,464 0,094 0,540 0,267 -1,928 -1,928

Q9R 0,411 -0,045 0,54 0,303 -0,397 -0,397

R14C -0,223 0,023 -0,240 0,003 0,852 0,852

R32H 0,233 -0,624 0,120 -0,529 -0,055 -0,055

S21P -0,140 -0,187 -0,050 0,024 -0,358 -0,358

S2F 1,005 -0,920 0,360 -0,740 -0,712 -0,712

T16M -0,316 -0,187 0,620 0,045 -0,034 -0,034

D128y -0,036 0,237 0,120 0,196 0,244 0,244

Fig. 1

Prediction of interatomic interaction changes upon targeted D3L, S194L, S235F, and P13L mutations
Red color shows hydrogen bonds, orange color weak hydrogen bonds, blue color halogen bonds, yellow color ionic interactions, light blue 
color aromatic interaction, green hydrophobic contact, pink carbonyl interactions, gray color Van der Waals interactions. Wild-type and 
mutant side chains are colored light green. Interactions and bonds between them are shown with dashed lines.
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Table 3. (continued) 

Mutation ΔΔG DynaMut
(kcal/mol)

ΔΔG mCSM
(kcal/mol)

ΔΔG SDM
(kcal/mol)

ΔΔG DUET
(kcal/mol)

ΔΔS ENCoM
(kcal-1/mol-1)

ΔΔSVibENCoM
(kcal-1/mol-1)

D144H 0,210 -0,377 -0,040 -0,385 -0,322 -0,322

D63y 2,299 1,688 0,330 1,484 -0,43 -0,943

P151A -0,129 -0,525 0,510 -0,198 0,297 0,297

P151S -0,323 -0,999 -1,050 -1,016 -0,055 -0,055

V72L 0,348 -0,362 -1,210 -0,325 -0,626 -0,626

S194L 0,647 -0,446 2,270 0,313 0,044 0,044

T198I 0,398 -0,275 1,370 0,169 -0,070 -0,070

G204L 0,013 -0,441 -1,860 -0,565 -0,901 -0,901

N196y -1,169 -0,641 1,109 -0,542 0,334 0,334

S188P 0,335 0,492 -1,620 0,375 0,141 0,141

R195I 0,481 0,002 0,280 0,199 0,349 0,349

R191L -0,358 -0,854 0,710 -0,380 -0,021 -0,021

P207H 0,053 -0,015 0,910 0,198 -0,051 -0,051

G204P 0,684 -0,327 -3,610 -0,844 -0,572 -0,572

Q241L 0,346 0,166 1,170 0,693 0,089 0,089

R185C -1,292 -2,110 0,330 -1,721 1,042 1,042

S180C 0,265 -0,076 0,830 0,239 -0,059 -0,059

S201C 0,321 -0,212 1,180 0,174 0,176 0,176

S202C -0,377 -0,206 0,620 0,048 0,315 0,315

S206F 0,390 -0,864 0,940 -0,621 0,016 0,016

T334I -0,065 -0,267 0,640 0,200 0,267 0,267

A308S 0,159 -0,891 -1,140 -0,774 -0,104 -0,104

T271I 0,569 -0,219 0,890 0,336 -0,398 -0,398

V350G -0,544 -1,871 -0,960 -1,855 0,296 0,296

P364Q -0,247 -0,400 0,640 0,072 -0,024 -0,024

S327L 0,753 -0,317 1,030 0,098 -0,122 -0,122

D377y 0,953 -0,389 0,770 -0,046 -0,545 -0,545

D401y 1,253 -0417 0,780 -0,068 -0,487 -0,487

S416L -0,308 -0,347 0,980 0,054 0,086 0,086

Q418H 0,350 -0,212 0,910 -0,001 -0,222 -0,222

Table 4. Number of mutations in the domains of N protein that either increase or decrease stability and flexibility

Stabilization results Flexibility results

Increase Decrease Increase Decrease

Position No. of mutations Position No. of mutations Position No. of mutations Position No. of mutations

N-Arm 22 N-Arm 17 N-Arm 17 N-Arm 22

NTD 17 NTD 12 NTD 11 NTD 18

Linker 36 Linker 8 Linker 21 Linker 23

CTD 10 CTD 13 CTD 12 CTD 11

C-Tail 18 C-Tail 8 C-Tail 16 C-Tail 10
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the SARS-CoV from the cell whereas the N–M protein 
complex is involved in the formation of the coronavirus 
(Lopez et al., 1994; He et al., 2004; Boscarino et al., 2008; 
Tseng et al., 2014). Therefore, the interaction between 
each SARS-CoV-2 mutant N protein and the E protein may 
increase virus production, on the other hand decreased 
binding affinity of the S194L N-M protein complex may 
weaken virus formation (Wu et al., 2021). In this study, 
ΔΔG DynaMut values (0.647 kcal/mol) revealed that 
S194L mutation increases the stabilization of the 3D 
structure. ΔΔSvib ENCoM values (0,044 kcal-1/mol-1) 
revealed that S194L mutation decreases the flexibility 
of the N  protein 3D structure. In the sequence-based 
mutation pathogenicity analysis, the S194L mutation is 
found to be deleterious. It was determined that carbonyl 
bond and ionic interaction were disrupted, and a  new 
hydrogen bond formation is seen with S194L mutation. 
It is thought that the S194L mutation affects the binding 
affinity of the N-M protein complex and the interaction 
between the N and E proteins. 

In recent studies, it is demonstrated that the SR-rich 
linker region plays an important role in the intracellular 

signaling pathways via phosphorylation in serine side 
chains (Wootton et al., 2002; Mcbride et al., 2014; Azad, 
2021). In our study, 44 missense mutations were detected 
in SR-rich linker region. S194L, G204L, N196y, S188P, R195I, 
R191L, R185C, S180C, S201C, S202C, and S206F mutations 
are detected as deleterious in the sequence-based analyzes 
in our study. It was determined that the ΔΔG DUET va-
lues   of G204P (-0,844 kcal/mol), G204Q (-0,623 kcal/mol) 
mutations destabilize the 3D structure of the N protein 
and the flexibility of the structure is decreased (ΔΔSVib 
ENCoM (-0,572 kcal-1/mol-1) (-0,938 kcal-1/mol-1 ). It was also 
observed that the R185C (-1,292 kcal/mol) mutation desta-
bilizes the 3D structure of the N protein. Therefore, it is 
possible that these missense mutations in the serine side 
chains may affect phosphorylation-dependent signaling.

NTD and CTD regions of N  protein are known to be 
involved in RNA binding (Zeng et al., 2020). In a  recent 
study, by using the PROVEAN network server, 13 and 12 
deleterious mutations are detected in the CTD and NTD 
domain of the N protein, respectively (Das and Roy, 2021). 
The deleterious D128y and P151S mutations in NTD and 
T334I and T271I mutations in CTD are consistent with 

Fig. 2

Vibrational entropy changes upon targeted D3L, S194L, S235F, and P13L mutations
Blue color indicates rigidification of the structure and red color indicates an increase in flexibility. 
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our study. In the analysis of PredictSNP server, 6 and 5 
deleterious mutations were detected in the NTD and CTD 
domains of N protein, respectively. How these mutations 
affect binding ability of the protein to the RNA should be 
the subject of further in vitro studies.

Azad et al. (2021) revealed that one of the B and T cell 
epitopes is located between the 305-340 side chains 
of the N  protein. Mutations in the 305–340 side chains 
may change the epitope characteristics and as a  result 
immunological response of the host may be affected. 
In this study, 11 mutations in the CTD (305–340 amino 
acids) are detected. T334I is found as deleterious by us-
ing PROVEAN and PredictSNP tool. Furthermore, T334A, 
M234I and P326S mutations are found to destabilize 
the 3D structure of the N protein by using the DynaMut 
network server. Therefore, it reinforces the notion that 
mutations occurring in various populations and regions 
should be considered in the development of vaccines and 
drugs targeting the N protein of SARS-CoV-2. 

Irregular regions do not have a well resolved tertiary 
structure; however, the IDRs of N  proteins have been 
found to play an important role in binding with viral 
genomic RNA (Chang et al., 2008). 109 mutations in the 
IDR regions were detected in our study. The analysis with 
PROVEAN and PredictSNP network servers revealed that 
S194L, G204L, N196y, S188P, R195I, R191L, R185C, S180C, 
S201C, S202C and S206F mutations are deleterious. As a re-
sult of the ΔΔG DUET values, it was determined that the 
G204L (-0,565 kcal/mol) mutation decreases the stability 
of the N protein structure, and the R195I (0,199 kcal/mol) 
mutation increases the stability of the N protein structure. 
In addition, it is determined that the R195I (0,349 kcal-1/

mol-1) mutation increases the flexibility of the 3D struc-
ture of the N protein according to ΔΔSVib ENCoM values. 
These mutations may have a great potential to alter the 
N protein binding stability of the viral genome.

Drugs that can interfere with N  protein have great 
pharmacological interest. Drugs inhibiting the CTD 
region are promising candidates for preventing virus 
formation. Researchers have identified several promi sing 
drugs including Conivaptan, Ergotamine, Venetoclax, 
Rifapentine against SARS-CoV-2 (Kadioglu et al., 2021). 
T334I and T271 mutations in the CTD of the N  protein 
were found to be deleterious in the analysis performed 
with PROVEAN and PredictSNP network servers in 
our study. Mutations detected in this region give great 
opportunity for studies related to drug-protein intera-
ctions. We think that mutations detected in this region 
of nucleocapsid will contribute greatly to drug-protein 
interaction studies.

Hu et al. (2021) have determined the interaction sites 
on the N protein with Ceftriaxone, Arbidol and Lopinavir 
drugs. It was found that Arbidol could bind to the NTD 

region while Lopinavir could bind to the CTD region of 
the N  protein (Hu et al., 2021). T334 (T334I: -0,065 kcal/
mol, T334A:-0,653 kcal/mol) mutations are detected in 
the side chains where the lopinavir drug interacts. This 
mutation destabilized the N protein. Moreover, according 
to the ΔΔSVib ENCoM T334I: 0,149 kcal-1/mol-1, T334A: 0,267 
kcal-1/mol-1) value that increased the flexibility of the 3D 
structure of the N protein. In addition, mutations were 
detected in the T166 (-0,226 kcal-1/mol-1 ) and L167 (-0,543 
kcal-1/mol-1 ) side chain where the arbidol drug interacts, 
and as a result of the ΔΔSVib ENCoM value, these muta-
tions were found to reduce the flexibility of the N protein 
structure. It is important to determine how mutations in 
these specific structural areas and how the interactions 
of these small molecules within these areas will change.

Vilar and Isom emphasized that the possible effects of 
D3L, S235F, and S194L mutations should be investigated 
in further studies (Vilar and Isom, 2021). D3L, S235F, and 
S194L mutations, also detected in our study, that have 
been detected more frequently in the SARS-CoV-2 genome 
are mostly deleterious. Therefore, D3L, S194L, S235F, 
and P13L mutations were selected as key mutations for 
the further analysis in our study. For chemical bond 
and intera ction analysis, atomic instability analysis of 
N protein, and analysis of deformation energies of selected 
mutations were calculated using DynaMut web server.

In the chemical bond and interaction analysis with 
the DynaMut web server, no change was detected with 
D3L mutation. As a result of the ΔΔSVib ENCoM value of 
the S235F (-0,135 kcal-1/mol-1) mutation, it was determined 
that the flexibility of the 3D structure of the N protein de-
creased. Otherwise, it was determined that the hydrogen 
bond in the wild-type structure was disrupted and weak 
hydrogen formation occurred in S235F mutation. The last 
and the most important mutation P13L seen in Omicron 
variant causes formation of new bonds in the mutant form 
of the protein. Further, rigidification is also observed due 
to mutation P13L. ΔΔSVib ENCoM value is -0.693 kcal.mol-

1.K-1 and it decreases molecule flexibility 
Overall, our results revealed that mutations in the 

SARS-CoV-2 N protein can alter its binding affinity and 
interatomic interactions. The integrative bioinformatics 
methods are significantly time and cost saving for re-
search communities to gain more insight about structural 
and molecular mechanism of COVID-19. However, our 
findings need to be validated with further in vitro and 
in vivo studies to contribute to development of drug and 
vaccine research against SARS-CoV-2. Furthermore, our 
study shows that more in silico and laboratory research is 
required to investigate the precise role of mutations in the 
N protein in replication and pathogenesis of SARS-CoV-2 
and to contribute to development of novel therapeutics 
against COVID-19. 
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Supplementary information is available in the online 
version of the paper.
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mutation
Gene

freQuenCy
loCation

R203K G28881A, G28882A 1158

G204R G28883C 1117

S235F C28977T 387

D3L A28281T, T28282A 382

S194L C28854T 164

T205I C28887T 118

T198I C28866T 42

T362I C29358T 41

D3Y G28280T 33

M234I G28975T 28

P13S C28310T 26

G204L G28883C, G28884T 23

S202N G28878A 22

D377Y G29402T 22

A220V C28932T 21

D401Y G29474T 21

A211V C28905T 19

A35V C28377T 17

E378Q G29405C 17

P199S C28868T 16

G238V G28986T 15

mutation
Gene

freQuenCy
loCation

P383S C29420T 14

N196Y A28859T 13

D128N G28655A 11

T334I C29274T 9

P67L C28473T 8

S188P T28835C 8

S193T G28851C 8

Q7K C28292A 7

R195I G28857T 7

M322I G29239A 7

G25C G28346T 6

D128Y G28655T 6

Q9H G28300T 5

P199L C28869T 5

A376T G29399A 5

P383L C29421T 5

T379I C29409T 5

D22N G28337A 4

G34W G28373T 4

S2Y C28278A 4

L139F G28690T 4

Supplementary table 1. all missense mutations detected in turkish population of  nucleocapsid protein

about:blank
about:blank
about:blank


2 AKCESME, B. et al.: IN sIlIco ANALYSIS oF MUTATIoNS oN SARS-CoV-2 N PRoTEIN

mutation
Gene

freQuenCy
loCation

G212V G28908T 4

G238C G28985T 4

P365S C29366T 4

N8T A28296C 3

P13L C28311T 3

R40C C28391T 3

A119S G28628T 3

A90S G28541T 3

T135I C28677T 3

T166I C28770T 3

G214C G289113T 3

R191L G28845T 3

I320F A29231T 3

A414S G29513T 3

E378A A29406C 3

G25V G28347T 2

G44C G28403T 2

S23L C28341T 2

S33I G28371T 2

D144H G28703C 2

E136Q G28679C 2

H145Y C28706T 2

L167F G28774T 2

N126S C28473T 2

P80R C28512G 2

M210I G28903T 2

P207H C28893A 2

P207S C28892T 2

G215S G28916A 2

A308S G29195T 2

H300Y C29171T 2

M317T T29223C 2

P364S A29147C 2

T271I C29085T 2

T334A A1000G 2

V324I G29243A 2

V350G T29322G 2

D377A A29403C 2

Q380L C29411T, C29412T 2

Q389H G1167C 2

S413T G29511C 2

S416L C29520T 2

T417I C29523T, T29524C 2

mutation
Gene

freQuenCy
loCation

A12G G28308G 1

A12S G28307T 1

D22Y G28337T 1

D3N G28280A 1

D3Q G28280C, T28282A 1

E31G A28365G 1

G19A G28329C 1

N29S A28359G 1

N8Y A28295T 1

Q28K C82A 1

Q7L A28293T 1

Q9R A28299G 1

R10L G28302T 1

R14C C28313T 1

R32H G28368A 1

S21P T28334C 1

S2F C28278T 1

S33G A28370G 1

S37P T28382C 1

S37T T28382A 1

T16M C28320T 1

T24A A28343G 1

A152S G28727T 1

A173V C28791T 1

D128E C28657A 1

D63Y G28460T 1

E118Q G28625C 1

M101I G28576T 1

N140S A28692G 1

P142S C28697T 1

P151A C28724G 1

P151S C28724T 1

P67S C28472T 1

Q163K C28760A 1

T141I C28695T 1

T49I C28419T 1

V72L G28487C 1

A208S G28895T 1

A211G 28906 1

A218V C28926T 1

G204P G28883C, G28884C 1

G204Q G28883C, G28884A 1

M210N 28906 1

Supplementary table 1. (continued)
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mutation
Gene

freQuenCy
loCation

N213S A28911G 1

Q229R A28959G 1

Q241L A28995T 1

R185C C28826T 1

R185G C28826G 1

R209S A28900C 1

S180C A28811T 1

S201C A28874T 1

S202C A28877T 1

S206F C28890T 1

S232N G28968A 1

V246A T29010C 1

I292L A29147C 1

I337V A29282G 1

K299N A29170C 1

L339F G29290T 1

P326S C29249T 1

mutation
Gene

freQuenCy
loCation

P364Q C29364A 1

Q289H G29140C 1

S327L C29253T 1

T296I C29160T 1

V350A T29322C 1

V350L G29321C 1

K375E A29396G 1

P365L C29367T 1

P365Q C29367A 1

Q389L A29439T 1

Q390H A29443C 1

Q418H G29527T 1

S413I G29511T 1

T366I C29370T 1

T379A A29408G 1

T391I C29445T 1

Supplementary table 1. (continued)
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Supplementary table 3. Structure based analysis (Dynamut, mCSm, SDm and Duet results (continued) of all mutations of n protein 
abtained with Dynamut server to predict stability

  ΔΔG Dynamut ΔΔG mCSm ΔΔG SDm ΔΔG Duet

mutation (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

D3L -0,548 0,194 -0,19 0,38

D3Y -0,382 -0,065 -0,43 -0,153

P13S -0,272 -0,745 -0,84 -0,562

A35V 1,13 -0,27 1,15 0,296

Q7K -0,411 -0,316 0,04 -0,083

G25C -0,092 -0,966 -0,42 -0,842

Q9H 0,062 -0,5 0,74 -0,199

D22N 0,605 0,564 0,39 0,826

G34W -1,112 -1,143 -2,14 -1,531

S2Y 1,318 -0,682 0,16 -0,56

N8T -0,344 -0,207 -0,4 0,032

P13L 1,523 -0,306 -0,04 0,008

R40C 0,137 0,043 -0,4 -0,005

G25V 0,063 -0,494 0,15 -0,146

G44C -0,843 -1,079 -0,32 -0,938

S23L -0,459 -0,426 0,94 0,033

S33I 0,216 -0,226 1,37 0,356

A12G -0,88 -1,353 -0,39 -1,199

A12S 0,413 -1,411 -1,62 -1,419

D22Y 1,464 0,094 0,54 0,267

D3N -0,217 0,321 -0,07 0,532

D3Q -0,463 0,311 -0,74 0,465

E31G -0,094 -0,635 -0,94 -0,683

G19A 0,441 -0,454 0,16 -0,101

N29S -0,043 0,023 -0,53 0,258

N8Y 0,219 -0,28 -0,18 -0,337

Q7L 0,477 0,017 1,28 0,436

Q9R 0,411 -0,045 0,54 0,303

R10L 0,025 -0,188 0,45 0,052

R14C -0,223 0,023 -0,24 0,003

R32H 0,233 -0,624 0,12 -0,529

S21P -0,14 -0,187 -0,05 0,024

S2F 1,005 -0,92 0,36 -0,74

S33G 1,158 -0,142 1,45 0,455

S37P 0,448 -0,162 -0,23 0,024

S37T 0,333 -0,275 0,57 0,189

T16M -0,316 -0,187 0,62 0,045

T24A 0,195 -0,265 0,61 0,114

Q28K 0,413 -0,053 0,52 0,413

D128N -0,402 0,004 -0,2 0,082

P67L 0,244 -0,385 -0,04 -0,201

D128Y -0,036 0,237 0,12 0,196
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  ΔΔG Dynamut ΔΔG mCSm ΔΔG SDm ΔΔG Duet

mutation (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

L139F -0,137 -0,938 -0,41 -0,942

A119S 0,64 -0,995 -0,85 -0,971

A90S 0,03 -1,159 1,04 0,938

T135I 1,482 -0,39 1,47 0,255

T166I 0,88 -0,174 1,07 0,316

D144H 0,21 -0,377 -0,04 -0,385

E136Q 0,034 0,347 -0,87 0,367

H145Y 0,809 1,127 -0,4 1,035

L167F 1,096 -0,989 -0,46 -1,006

N126S -0,08 -0,026 -0,44 0,209

P80R 1,025 0,419 1,85 0,783

A152S -0,09 -0,202 -0,85 -0,131

A173V 0,848 -0,546 1,74 0,26

D128E -0,003 -0,357 0,25 -0,08

D63Y 2,299 1,688 0,33 1,484

E118Q -0,743 -0,109 -0,36 0,001

M101I 0,093 -0,321 0,68 0,396

N140S -0,279 -0,244 -1,15 -0,199

P142S -0,546 -0,548 -0,84 -0,394

P151A -0,129 -0,525 0,51 -0,198

P151S -0,323 -0,999 -1,05 -1,016

P67S 0,078 -1,091 -0,84 -1,055

Q163K -0,309 -0,459 -0,43 -0,329

T141I 1,026 -0,036 1,28 0,521

T49I 0,45 0,416 0,65 0,798

V72L 0,348 -0,362 -1,21 -0,325

R203K 0,749 -0,179 0,1 0,007

G204R 1,064 -0,139 -1,91 -0,155

S235F 0,312 -0,968 0,58 -0,82

S194L 0,647 -0,446 2,27 0,313

T205I 0,867 -0,141 1,07 0,371

T198I 0,398 -0,275 1,37 0,169

M234I 0,237 0,053 0,44 0,692

G204L 0,013 -0,441 -1,86 -0,565

S202N 0,681 0,013 0,78 0,348

A220V 0,104 -0,278 -1,03 -0,124

A211V -0,165 -0,134 0,01 0,13

P199S 0,263 -0,454 -0,58 -0,342

G238V 0,108 -0,408 0,09 -0,069

N196Y -1,169 -0,641 1,109 -0,542

S188P 0,335 0,492 -1,62 0,375

S193T 0,052 -0,336 0,69 0,07

R195I 0,481 0,002 0,28 0,199

Supplementary table 3.  (continued)  
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  ΔΔG Dynamut ΔΔG mCSm ΔΔG SDm ΔΔG Duet

mutation (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

P199L 0,287 -0,336 0,7 0,043

G212V 0,014 -0,274 0,12 0,106

G238C 0,088 -0,96 -0,23 -0,792

G214C 1,523 -0,765 0,53 -0,343

R191L -0,358 -0,854 0,71 -0,38

G215S 0,187 -0,43 -0,64 -0,136

M210I 0,051 0,198 0,55 0,782

P207H 0,053 -0,015 0,91 0,198

P207S -0,708 -0,336 -0,26 -0,157

A208S -0,221 -0,499 -0,85 -0,442

A211G 0,271 -0,051 -0,15 0,18

A218V 0,267 -0,631 -1,46 -0,617

G204P 0,684 -0,327 -3,61 -0,844

G204Q 0,324 -0,444 -2,78 -0,623

M210N 0,814 0,8 0,42 1,168

N213S 0,18 0,148 -0,48 0,463

Q229R 1,086 -0,009 0,34 0,386

Q241L 0,346 0,166 1,17 0,693

R185C -1,292 -2,11 0,33 -1,721

R185G 0,109 -1,437 0,31 -1,059

R209S 0,307 -0,144 -1,48 0,475

S180C 0,265 -0,076 0,83 0,239

S201C 0,321 -0,212 1,18 0,174

S202C -0,377 -0,206 0,62 0,048

S206F 0,39 -0,864 0,94 -0,621

S232N 0,153 -0,125 0,59 0,367

V246A -0,099 -0,963 -0,47 -0,781

T362I 0,994 -0,146 1,95 0,606

T334I -0,065 -0,267 0,64 0,2

M322I -0,546 -0,498 0,51 0,177

I320F 0,092 -0,872 -0,59 -0,849

A308S 0,159 -0,891 -1,14 -0,774

H300Y 0,502 0,845 -0,39 0,862

M317T 0,316 0,444 -1,39 0,66

P364S -0,537 -0,588 -0,84 -0,392

T271I 0,569 -0,219 0,89 0,336

T334A -0,653 -0,311 -0,45 -0,152

V324I -0,26 -0,684 -0,28 -0,356

V350G -0,544 -1,871 -0,96 -1,855

I292L 0,144 -1,208 0,2 -0,814

I337V -0,318 -0,249 -0,12 0,049

K299N -0,446 -0,288 0,28 -0,112

L339F -0,134 -1,047 0,12 -0,874

Supplementary table 3.  (continued)  
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  ΔΔG Dynamut ΔΔG mCSm ΔΔG SDm ΔΔG Duet

mutation (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

P326S -0,487 -0,582 -0,26 -0,413

P364Q -0,247 -0,4 0,64 0,072

Q289H -0,157 -1,039 0,06 -0,842

S327L 0,753 -0,317 1,03 0,098

T296I 1,195 -0,405 1,93 0,355

V350A -0,25 -1,43 0,98 -0,843

V350L 0,74 -0,27 0,61 0,28

D377Y 0,953 -0,389 0,77 -0,046

D401Y 1,253 -417 0,78 -0,068

E378Q -0,247 0,027 -1,19 0,017

P383S 0,194 -0,887 0,01 -0,478

A376T 0,088 -0,757 -1,33 -0,623

P383L 0,612 -0,503 1,57 0,248

T379I -0,278 -0,141 0,9 0,332

P365S 0,211 -0,416 -0,84 -0,214

A414S -0,115 -0,159 -2,04 -0,148

E378A -0,256 -0,511 -0,68 -0,558

D377A -0,062 -0,175 1,85 0,555

Q380L 0,154 0,188 1,4 0,094

Q389H 0,584 -0,41 0,7 -0,239

S413T 0,333 -0,003 0,27 0,477

S416L -0,308 -0,347 0,98 0,054

T417I 0,043 -0,268 0,9 0,116

K375E 0,351 0,012 0,99 0,621

P365L 0,055 -0,359 -0,04 -0,032

P365Q 0,177 -0,386 -0,81 -0,177

Q389L 0,705 0,227 1,11 0,602

Q390H -0,322 -0,055 0,85 0,235

Q418H 0,35 -0,212 0,91 -0,001

S413I 0,175 -0,417 1,02 0,168

T366I 0,34 -0,031 0,46 0,314

T379A -0,33 -0,348 0,68 0,069

T391I 0,245 -0,17 1,03 0,311

Supplementary table 3.  (continued)  
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MUTATIoN ΔΔS ENCoM
(kcal-1/mol-1)

ΔΔSVibENCoM  
(kcal-1/mol-1)

D3L 0,044 0,044

D3Y -0,03 -0,03

P13S 0,472 0,472

A35V -0,174 -0,174

Q7K 0,509 0,509

G25C -0,022 -0,022

Q9H -0,365 -0,365

D22N 0,162 0,162

G34W 0,073 0,073

S2Y -0,692 -0,692

N8T -0,051 -0,051

P13L -0,693 -0,693

R40C 0,883 0,883

G25V 0,01 0,01

G44C 0,186 0,186

S23L -0,034 -0,034

S33I -0,055 -0,055

A12G 0,42 0,42

A12S -0,029 -0,029

D22Y -1,928 -1,928

D3N 0,059 0,059

D3Q 0,042 0,042

E31G 0,616 0,616

G19A -0,015 -0,015

N29S 0,454 0,454

N8Y -0,191 -0,191

Q7L 0,843 0,843

Q9R -0,397 -0,397

R10L 0,838 0,838

R14C 0,852 0,852

R32H -0,055 -0,055

S21P -0,358 -0,358

S2F -0,712 -0,712

S33G -0,134 -0,134

S37P -0,565 -0,565

S37T -0,242 -0,242

T16M -0,034 -0,034

T24A 0,04 0,04

Q28K -0,15 -0,15

V72L -0,626 -0,626

D128N 0,209 0,209

P67L -0,169 -0,169

MUTATIoN ΔΔS ENCoM
(kcal-1/mol-1)

ΔΔSVibENCoM  
(kcal-1/mol-1)

D128Y 0,244 0,244

L139F -0,197 -0,197

A119S -0,222 -0,222

A90S 0,008 0,008

T135I -0,422 -0,422

T166I -0,226 -0,226

D144H -0,322 -0,322

E136Q -0,015 -0,015

H145Y 0,144 0,144

L167F -0,543 -0,543

N126S -0,024 -0,024

P80R -0,54 -0,54

A152S -0,137 -0,137

A173V -0,511 -0,511

D128E 0,17 0,17

D63Y -0,43 -0,943

E118Q 0,39 0,39

M101I 0,419 0,419

N140S 0,03 0,03

P142S -0,06 -0,06

P151A 0,297 0,297

P151S -0,055 -0,055

P67S -0,009 -0,009

Q163K 0,296 0,296

T141I -0,315 -0,315

T49I 0,152 0,152

R203K -0,107 -0,107

G204R -2,522 -2,522

S235F -0,135 -0,135

S194L 0,044 0,044

T205I -0,289 -0,289

T198I -0,07 -0,07

M234I 0,057 0,057

G204L -0,901 -0,901

S202N -0,215 -0,215

A220V -0,018 -0,018

A211V -0,074 -0,074

P199S -0,44 -0,44

G238V -0,041 -0,041

N196Y 0,334 0,334

S188P 0,141 0,141

S193T 0,01 0,01

Supplementary table 4. Structure based analysis (Dynamut, mCSm, SDm and Duet results) of all mutations of n protein obtained 
with Dynamut server to predict stability
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MUTATIoN ΔΔS ENCoM
(kcal-1/mol-1)

ΔΔSVibENCoM  
(kcal-1/mol-1)

R195I 0,349 0,349

P199L -0,021 -0,021

G212V 0,003 0,003

G238C -0,004 -0,004

G214C -1,357 -1,357

G215S -0,259 -0,259

R191L 0,134 0,134

M210I 0,469 0,469

P207H -0,051 -0,051

P207S -0,01 -0,01

A208S 0,023 0,023

A211G 0,088 0,088

A218V -0,388 0,388

G204P -0,572 -0,572

G204Q -0,938 -0,938

M210N 0,81 0,81

N213S -0,162 -0,162

Q229R -0,36 -0,36

Q241L 0,089 0,089

R185C 1,042 1,042

R185G 1,753 1,753

R209S 1,731 1,731

S180C -0,059 -0,059

S201C 0,176 0,176

S202C 0,315 0,315

S206F 0,016 0,016

S232N 0,046 0,046

V246A 0,311 0,311

T334A 0,149 0,149

T362I -0,23 -0,23

T334I 0,267 0,267

M322I 0,175 0,175

I320F -0,68 -0,68

A308S -0,104 -0,104

H300Y -0,175 -0,175

M317T 0,342 0,342

P364S 0,003 0,003

T271I -0,398 -0,398

V324I -0,114 -0,114

MUTATIoN ΔΔS ENCoM
(kcal-1/mol-1)

ΔΔSVibENCoM  
(kcal-1/mol-1)

V350G 0,296 0,296

I292L 0,079 0,079

I337V 0,464 0,464

K299N 0,383 0,383

L339F 0,13 0,13

P326S 0,012 0,012

P364Q -0,024 -0,024

Q289H -0,05 -0,05

S327L -0,122 -0,122

T296I -0,422 -0,422

V350A 0,265 0,265

V350L -0,181 -0,181

D377Y -0,545 -0,545

D401Y -0,487 -0,487

E378Q 0,072 0,072

P383S -0,006 -0,006

A376T -0,041 -0,041

P383L -0,058 -0,058

T379I -0,043 -0,043

P365S 0,115 0,115

A414S -0,031 -0,031

E378A 0,217 0,217

D377A 0,249 0,249

Q380L 0,094 0,094

Q389H -0,119 -0,119

S413T 0,143 0,143

S416L 0,086 0,086

T417I 0,073 0,073

K375E 0,127 0,127

P365L 0,131 0,131

P365Q 0,141 0,141

Q389L 0,01 0,01

Q390H 0,019 0,019

Q418H -0,222 -0,222

S413I 0,077 0,077

T366I -0,238 -0,238

T379A 0,143 0,143

T391I 0,052 0,052

ΔΔS ENCoM and ΔΔSVib ENCoM analysis of all mutations of N 
protein obtained with DynaMut server to predict flexibility

Supplementary table 4.  (continued)  


