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Abstract

Background: Natural selection such as mutations is known as a constant process for viral fitness and
selective adaptation. Understanding the effects of each mutation, especially on structural proteins in
the viral life cycle, is important in tracking the viruses behavior. Here, we evaluated the effects of
mutations in SARS-CoV-2 nucleoprotein (N) and spike (S) genes on the protein stability,
immunogenicity, and pathogenicity in Iranian COVID-19 patients from Golestan province.

Methods: In this study, 8 SARS-CoV-2 RNA samples were enrolled from referral hospitals in
Golestan province. These samples were confirmed using a real-time RT-PCR assay targeting the
SARS-CoV-2 nucleoprotein (N) and ORFlab genes (Pishtazteb, Iran). Next-generation sequencing
(NGS) was done on samples and subsequent sequences were retrieved from Global Initiative on
Sharing All Influenza Data (GISAID) EpiCoV database. Structural analysis was performed between
wild type (Wuhan accession number: NC_045512.2) and mutant N and S proteins to evaluate their
stability, immunogenicity, and pathogenicity via bioinformatics servers such as Dynamut, Prodigy,
IEDB, and software’s (Mega XI and Pymol I1.V.II visualizer).

Results: Amino acid codon changes in N and S proteins show that mutations could alter the
translation efficiency. Normal Mode Analysis (NMA) by Dynamut server shows that stability and
flexibility are changed by the mutations of these proteins. Immunogenicity analysis indicates the
potential effects of some mutations such as P681H, Q675R, L699l, and D3L on immune escape.
Interaction complex binding energy and affinity are higher in the mutant type compared to the Wuhan
wild type, indicating higher pathogenicity.

Conclusion: The results indicate that there are some important mutations in N and S genes that affect
the virus behavior in the infectivity. Regarding the sample size limitation and various mutations in
SARS-CoV-2 variants, other studies using whole-genome sequencing with larger sample sizes will be
required. Therefore, continuous monitoring of the SARS-CoV-2 genome seems important.
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Mutations in SARS-CoV-2 N and S genes

1- INTRODUCTION

Coronavirus disease 2019 (COVID-
19), is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).
The SARS-CoV-2 genome is
approximately 30 kb in size and encodes
12 structural proteins and 16 non-structural
proteins (1).

Mutations in structural proteins (spike,
nucleoprotein, envelope, and membrane)
enable the adaptation of the virus to the
host (2). Changes in viral protein structure
play a key role in functions, virulence,
infectivity, and transmissibility (3, 4).

Mutations in the spike gene can increase
angiotensin converting enzyme 2 (ACE-2)
receptor binding affinity, viral replication
or infectivity, disease severity, higher
transmissibility, resistance to neutralizing
antibodies or immune escape, and
reinfection risk (5-8), as well as mutations
on the N-protein that make alter virulence
and virus spread (9-11).

A study by Mohammad et al. showed that
mutations lead to the evolution of the viral
genome, allowing them to better adapt and
survive in the human host for their active
reproduction. Such mutations are achieved
by modifications in the epitopes of viral
genes, making them more infective; and
help in escaping the immune responses of
the host (12).

Mutation in structural proteins likely
changes the phenotype of proteins,
disrupting stability, structural folding,
macromolecular binding, and ablation of
posttranslational modification sites (13-
16).

Another study by Al-Zyoud and Haddad
showed that spike protein mutations could
increase its stability and flexibility and
unify the superimposition which might
impact the viruses ability to escape the
antibodies neutralization by changing the
antigenicity drift of the protein three-
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dimensional (3D) structure from the wild
type (17).

The receptor binding domain (RBD)
undergoes  hinge-like  conformational
movements that transiently hide or expose
determinants that facilitate engagement of
the host cell receptor (18). The
conformational state of the spike protein
was found more stable in up conformation
and the down conformational state reduces
the number of exposed (electrostatic)
epitopes (19, 20).

Intrinsically disordered regions (IDRs) are
abundant in the SARS-CoV-2 viral
proteins, including the S1 subunit of spike
and nucleoprotein (21). Mutations in the
mentioned regions are critical for immune
evasion and antibody escape, suggesting
potential additional implications for
vaccines and monoclonal therapeutic
strategies (22). The IDRs play a special
role in increasing binding affinity and
enhancing the binding allosteric that
enables the N protein to bind RNA with a
high cooperativity (23).

A study by Azad GK Azad showed that a
high rate of mutations are located in
intrinsically disordered regions (IDRs) of
N-protein and multiple mutations lead to
considerable alterations in the function of
this protein (24).

SARS-CoV-2 nucleoprotein can be
directly activated by Smad3 and enhance
TGF-p-mediated gene expression (25, 26).
SARS-CoV-2 is capable of suppressing the
type-l IFN innate immune pathway
possibly due to the role of N-protein in
signaling events (27, 28).

Studying the effect of mutations on
structural proteins can help us to
understand the viruses virulence, antibody
escape, and infectivity. We studied the
effects of each mutation in the N and S
structural proteins on stability,
immunogenicity, and pathogenicity. It can
be a new perspective on virus behavior and
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an effective step in the management and
treatment of COVID-19 disease.

2- METHODS
2-1. Sample collection

In this study, 8 SARS-CoV-2 RNA
samples, confirmed by real-time RT-PCR
assay  targeting the SARS-CoV-2
nucleoprotein (N) and ORFlab genes
(Pishtazteb, Iran), were enrolled from
referral hospitals in Golestan province
between March 2020 and September 2021.
The range of CT (Cycle of Threshold)
values in all COVID-9 patients was
between 12-15.

2-2. Whole genome sequencing and
genome assembly

The SARS-CoV-2 whole-genome
sequencing was done through the clean
plex® SARS-CoV-2 research  and
surveillance panel (Paragon genomics,
Inc.). The samples were paired-end
sequenced with Illumina MiSeq by 300-
cycle MiSeq v2 reagent kits (Illumina,
Inc.).

2-3. Multiple sequence alignment

The SARS-CoV-2 whole genome
sequences from Gorgan recorded in the
GISAID EpiCoV database were retrieved.
These sequences aligned and compared
with the first sequence, reported in Wuhan
China (NC_045512.2) with Mega XI
software and the Clustal W algorithm.
Nucleoprotein and spike nucleotide
sequences were translated into protein
sequences.

2-4. N and S PDB protein construction
(Homology modeling)

The Swiss-model server
(https://swissmodel.expasy.org/interactive)
was used for N and S PDB protein
construction.

2-5. N and S PDB protein structure
validation
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SAVES server (https://saves.mbi.ucla.edu)
a complete package including (ERRAT,
VERIFY3D, PROVE, PROCHECK, and
WHAT CHECK) was used to validate or
evaluate the overall quality of the structure
of the generated PDB protein.

2-6. N and S protein structure stability
and flexibility

The impact of mutations on the molecular
stability and flexibility of protein
structures was estimated using the
DynaMut web server (29). This server
utilized other servers such as Site-Directed
Mutator (SDM), mCSM,
or DUET (combine SDM and mCSM), for
stability prediction (30-33).

2-7. N and S proteins immunogenicity
analysis

The immunogenicity of the mutations was
compared with the native S and N proteins
using the immune epitope database
(IEDB).

This server is a comprehensive
immunoinformatics database for
examining T cells and B cells antigens. In
addition, linear and discontinuous B cells
epitopes were predicted by Antigen
Sequence Properties and Disco Tope tools,
respectively (34).

2-8. Molecular docking spike/ACE2 and
nucleoprotein/Smad3

Servers such as LZer Dock, Hawk Dock,
and Clus pro are used for binding
prediction (35-37).

YASARA server for all input structures
before docking is conducted to the
relaxation energy minimization, deletion
of water, adding the polar hydrogen atoms
of protein and ligands, along with the
repack process for backbone and side
chains clashes fixation, respectively (38).

2-9. Binding affinity of spike/ACE2 and
nucleoprotein/Smad3

A user-friendly online server such as
Prodigy is used for the prediction of
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binding  affinity in
complexes (39).
3- RESULTS

3-1. N and S protein mutations

protein-protein

Nucleotide sequences are translated to
an amino acid with MEGA software. N

and S mutations are listed in Table 1. In a
total of 8 samples, mutations are seen on 5
samples. Our findings also suggest that the
translation efficiency of these proteins may
be affected by altering the amino acid
codon, for example, Q675R, D3L, and
S194L.

Table-1: Effect of some mutations in spike and nucleoprotein on translation efficiency

Sample ID | Amino acid change | Translation alteration (%) | Position
Spike

Gorgan 80 G142S 10.8:11.9 N-terminal domain

Gorgan 25 V483A 10.9: 18.6 Receptor binding motif
Gorgan 115 Q675R 11.9:34.6 Near cleavage site
Gorgan 117 L6991 12.8:15.7 Cleavage site-Fusion peptide
Gorgan E312 D614N 16.7: 22.3 Outer receptor binding domain

Nucleoprotein

Gorgan 80 N192K 19.5: 32.9 Linker

Gorgan 25 S194L 7.2:147 Linker

Gorgan 115 M2341 15.7:22.3 Linker
Gorganll7 D3L 6.9: 22.3 N-terminal domain
Gorgan E312 R185C 4.7:9.9 Linker

3-2. N and S protein PDB validation

We selected the best structure of N and S
PDB constructed by swiss model criteria
such as Molprobity indexes,
Ramachandran plot, QMEAN (Qualitative
Model Energy Analysis) Z-score, GMQE,
as well as QMEANDiIsCo Local model
evaluation for wild and mutant spike
proteins. ERRAT validation revealed the
overall quality factor of these model
proteins to be above 97. Ramachandran
plot analysis for all structure S and N
models by PROCHECK revealed that
92.3% of its residues were in the most
favored regions, 7.4% were in additional
allowed regions, 0.3% in generously
allowed regions, and 0% in disallowed
regions (Fig 1). A model would be
considered as good quality and high-
reliability if it has over 90% of its residues
in the most favored regions. All of these
validation scores suggested that this model
was highly reliable to use for further
analysis.
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3-3. Molecular docking of spike/ACE2
and nucleoprotein/Smad3

To understand the strength of the binding,
specificity (affinity), and the possible role
of mutations in facilitating the binding and
entry of the virus into the cell, molecular
docking was performed with the servers
mentioned in the method section. Gorgan
25, Gorganl17, Gorgan E312, Gorgan 115,
and Gorgan 80 higher binding interaction
with the receptor rather than Wuhan ref.
(NC_045512.2) (Table 2).

3-4. Effect of N and S protein mutations
on affinity by prodigy server

RBD/ACE2 and N/Smad3 complex:
Gorgan 25, Gorganll7, Gorgan E312,
Gorgan 115, and Gorgan 80 have a higher
binding affinity, respectively according to
the prodigy server (Table 3). The increase
in binding affinities is correlated with
interfacial interactions, such as hydrogen
bonding, salt bridges, and hydrophobic
contacts.
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Fig. 1: An example of Ramachandran plot for N and S; proteinsRamachandran plot analysis
revealed that 92.3% of its residues were in the most favored regions, 7.4% were in additional

Table-2: RBD-ACE2 and Nucleoprotein-Smad3 complex docking scores (Binding energy)

allowed regions, 0.3 % in generously allowed regions, and 0% in disallowed regions

Variable ggmglri Wuhan Gozrgan G(;r197an G?;gsan GoYrgan Go7rgan Gé)?[gazln GoBrgan Gosrgan
RBD- LZer Dock 189 372 280 215 189 189 225 201 189
ACE2 Clus pro Dock | -676.2 -699.8 -684.8 -679.5 -676.2 -676.2 -681.5 -678.2 -676.2

complex | Hawk Dock | -6190.5 | -6589.2 | -6470.6 | -6245.4 | -6190.5 | -6190.5 | -6255.4 | -6210.5 | -6190.5

LZer Dock 233 433 375 360 233 233 366 341 233

'Elofnrg?éjf Clus pro Dock | -872.8 -919.6 -914.9 -905.3 -872.8 -872.8 -908.5 -901.8 -872.8

Hawk Dock | -4850.2 | -5671.8 | -5400.7 | -5260.9 | -4850.2 | -4850.2 | -5292.4 | -4901.2 | -4850.2

3-5. N and S protein stability and
flexibility

Mutations in N and S proteins had
different behaviors on stability and
flexibility. Four manners are conceivable:
1- decreased stability and flexibility
(L6991 and G204R) 2- increased stability
and flexibility (S982A and M234l) 3-
increased stability but decreased flexibility
(T7321 and N192K) 4- decreased stability
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but increased flexibility (1100 and D3L)
(Table 4).

Stability and flexibility are affected by the
number of interacting amino acids, number
of interactions, and distance between atom
residue interactions on the secondary
structure.  Prediction of interatomic
interactions in the N and S protein is
shown in Fig. 2.
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Table-3: Prediction affinity of RBD-ACE2 and N-Smad3 complex by prodigy server

(Binding affinity)

. Gorgan | Gorgan | Gorgan Gorgan Gorgan Gorgan Gorgan Gorgan
VEILEED E312 | 117 25 115 75 76 80 g3 | \Wuhan
RBD-ACE2 complex
Binding energy (kcal/mol) -14.1 -14.3 -14.8 -13.9 -13.4 -13.4 -13.6 -13.4 -13.4
Kd (M) 15E-10 | 14E-10 | 3.6E-11 | 2.3E-10 | 3.8E-10 | 3.8E-10 | 3.8E-10 | 3.8E-10 | 3.8E-10
Charged-charged 5 7 8 4 3 3 3 3 3
Charged-polar 5 5 5 5 6 6 6 6 6
Charged-apolar 20 20 20 20 18 18 21 18 18
Polar-polar 6 6 6 6 6 6 6 6 6
Polar-apolar 23 22 24 22 22 22 21 22 22
Apolar-apolar 11 12 12 11 10 10 10 10 10
Total number of ICs 70 72 75 68 65 65 67 65 65
N-Smad3 complex
Binding energy (kcal/mol) -11.8 -12.5 -12.8 -115 -10.5 -10.5 -11 -10.5 -10.5
Kd (M) 2.5E-09 3.8-09 5.2E-09 | 15E-09 | 7.7E-08 | 7.7E-08 | 1.3E-09 | 7.7E-08 | 7.7E-08
Charged-charged 12 13 13 10 8 8 8 8 8
Charged-polar 25 28 30 23 18 18 21 18 18
Charged-apolar 32 19 22 38 22 22 41 22 22
Polar-polar 13 22 21 11 13 13 5 13 13
Polar-apolar 18 28 35 12 21 21 16 21 21
Apolar-apolar 10 9 13 12 17 17 9 17 17
Total number of ICs 110 119 134 106 97 97 100 97 97
ICs—number of interfacial contacts
Table-4: Prediction effect of some mutations in spike and nucleoprotein on stability and flexibility with
Dynamut server
Mutations | , 240 AAG AAG AAG- | AAG  AABSVID i | flexibilit
(kcal/mol) | ENCoM | mCSM | SDM DUET ENCoM y y
Spike
D614N -0.179 -0.07 -0.47 -0.83 -0.69 0.088 D |
L6991 -0.135 0.086 -0.463 -0.06 -0.161 -0.107 D D
V483A -0.009 -0.163 -0.358 -0.750 -0.344 -0.203 D D
G142S -0/505 -0/559 -1/656 -2/330 -1/747 0/699 D |
Q675R -0.321 -0.158 -0.112 0.562 -0.248 0.123 D |
Nucleoprotein
S194L -0.647 -0.035 -0.446 -2.270 -0.313 0.044 D |
N192K 0.652 0.194 0.093 -0.860 0.336 -0.242 | D
M2341 0.237 -0.045 0.053 0.440 0.692 0.057 | |
D3L -0.548 -0.035 0.194 -0.190 -0.380 0.044 D |
R185C 1.292 0.834 2.110 0.330 1.721 1.042 | |

I: Increase, D: Decrease
AAG: Negative sign related to destabilizing and reverse manner on the stability and flexibility, AAE
SVib ENCoM (A vibrational entropy energy), mCSM (Mutation cutoff scanning matrix), SDM (Site-
directed mutator), and DUET (SDM + mCSM).
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Fig. 2: DynaMut prediction of interatomic interactions for L6991 spike (A) and D3L
nucleoprotein (B) mutation; Wild-type and mutant residues are colored in light green and are
also represented as sticks alongside the surrounding residues which are involved in any type

of interaction. (W.t: wild type, M.t: Mutant).

3-6. N and S protein immunogenicity
analysis

The effect of N and S protein mutations on
acquired immunity and the possibility of
the virus escaping antibody-mediated
detection, as well as its ability to detect
and deliver to T cells, especially helper
and cytotoxic T cells, is shown in Table 5.
Higher scores indicate greater
immunogenicity (Q675R and D3L).

4- DISCUSSION

The formation of a stable binding interface
between the receptor binding domain of
SARS-CoV-2 spike protein and the ACE2
is essential for viral entry. The SARS-
CoV-2 nucleoprotein is one hotspot for
coding mutations, particularly at amino
acid residues 203-205 within its serine-rich
(SR) domain (40, 41).

SARS-COV-2 needs to hijack the
translational machinery of the host to

Int J Pediatr, Vol.10, N.8, Serial No.104, Aug. 2022

efficiently replicate and produce new
virions. In this context, the codon usage of
viral proteins should potentially resemble
the host cell in order to adapt to the tRNA
pools that drive an optimal translation
(42). Our findings identified mutations in
structural protein's tendency to increase
translation efficiency, replication, and
transcription. For example, translation
efficiency rates for S194L, N192K, D3L,
T3621, Q675R, and R203K mutations were
doubled.

Point mutations affect the 3D structure,
folding, stability of spike protein, and
thermodynamic  activity (43). Some
mutations decrease or increase the binding
affinity of spike protein with the receptor.
For example, P681H, Q675R, V483A,
R203K, and T362I mutations increased the
affinity of RBD-ACE2 and N-Smad3
complexes. This finding is consistent with
those of the other studies (44-46).
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Table-5: Prediction effect of each spike and nucleoprotein mutation on immunogenicity

Sample ID | Mutation | Discotope | ASP | MHC-| | MHC-II
Spike

W: -9.34 W: 0.65 W: 1.10 W: 66
Gorgan 115 Q675R M: -11.77 M: 0.61 M: 0.53 M: 65
Corcaniir g0 W: -7.95 W: 0.63 W: 1.10 W:49
g M:-9.19 M:0.44 M:0.51 M:21
W: -5.16 W: 0.52 W: 1.10 W:3.70
Gorgan 25 VA483A M: -7.74 M:0.34 M:0.37 M:3.10
W: -17.62 W: 0.41 W: 1.10 W:85
Gorgan E312 D614N M: -19.57 M: -0.47 M:0.34 M:70
Gorgan 80 61425 W: -14.37 W: 0.58 W: 1.10 W:70
M: -17.81 M:0.15 M:0.18 M:60

Nucleoprotein
W: 3.703 W: 0.77 W: -6.05 W:70
Gorgan 115 M234l M: -2.15 M: 0.70 M:-8.75 M: 43
W: -0.465 W:1.84 W:-6.05 W21
Gorganl17 D3L M: -2.495 M: 0.72 M:-3.25 M:1.7
Gorgan 25 $194L W: 10.95 W:1.61 W:-6.05 W:90
M: 9.338 M: 0.89 M:-8.90 M:88
W: 6.293 W:1.40 W:-6.05 W:79
Gorgan E312 R185C M: 2.134 M:1.04 M:-7.06 M:70
W: 11.16 W:1.36 W:-6.05 W:85
Gorgan75 N192K M: 10.12 M:1.22 M:-6.18 M:76

Disco tope: Predicting discontinuous epitopes from 3D structures of proteins; ASP (Antigen sequence
properties): Predicting Linear B cell epitopes using antigen sequence properties; MHC-1 (Major
histocompatibility complex 1): Presenting antigens for TCD8 cells; MHC-II (Major
histocompatibility complex-1): Presenting antigens for TCD4 and TCD8 cells. Higher scores indicate
greater immunogenicity.

Protein stability is a basic property that
influences protein function, activity, and
regulation. Free energy related to protein
unfolding is a key index of protein
stability. Therefore, by analyzing the effect
of a mutation on free energy, it is possible
to determine precisely its effect on the
stability of the protein. Our findings show
that the mutations have different behaviors
in stability and flexibility. For instance,
P681 increases stability and decreases the
flexibility of the spike protein, but A570D
mutation has a reverse manner, and also
NP mutations have a different behavior,
which was consistent with the findings of
Socher et al. (47).

The presence of interfacial residue,
intermolecular contacts such as hydrogen
bonding, salt bridge, and non-hydrogen
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bonded interactions might be the reason
for its higher binding affinity. The four
mutations in NP that exhibited the highest
values for AAG and AASVibENCoM
identified in our study are S194L, D3L,
R203K, and R185C. C-terminal domain
(CTD) mutation T3621 is essential for
RNA binding.

Mutations in the furin cleavage site (FCS)
such as P681H mutation are important in
the fusion. In this mutation, proline was
replaced with histidine, and distance
interaction between wild type and mutant
differed. Additionally, this mutation could
potentially ~ confer  the  replication
advantage through increased cleavage
efficacy by furin and adaptation to resist
the acquired immunity. Our findings are
consistent with other studies (48, 49). The
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IEDB server predicted T3621 (Threonine
replaced with Isoleucine) in N protein to
be a probable virus evading from the
immune system. These mutations in the C-
terminal domain could probably affect its
interaction with RNA, which might be
translated into viral RNA packaging and
stability.

5- CONCLUSION

Mutations in S and N genes revealed
in this study can interfere with various
aspects of protein functions, including
their  stability, immunogenicity, and
pathogenicity. Our identified mutations
suggest that the virus is attempting to
optimize its replication inside the host cells
by tuning both flexibility, binding, and
also escaping from the immune system. In
addition, our findings could be useful for
future works on monoclonal antibodies,
miRNA design, or vaccines targeting S
and N protein of SARS-CoV-2, as well as
the diagnostic tools. Due to the sample size
limitation in this study and various
mutations in different variants, other
studies using whole-genome sequencing
and larger sample sizes for tracking the
virus's behavior are needed. We hope that,
with more effort and cooperation, support
from the scientific community, and
information sharing, the overcoming of
COVID-19 will come soon.
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