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Coronavirus disease- 2019 (COVID-19) has rapidly become a major threat to humans due to its high infection rate
and deaths caused worldwide. This disease is caused by an RNA virus, Severe Acquired Respiratory Syndrome
—Corona Virus-2 (SARS-CoV-2). This class of viruses have a high rate of mutation than DNA viruses that enables
them to adapt and also evade host immune system. Here, we compared the first known Nucleocapsid Phospho-
protein (N protein) sequence of SARS-CoV-2 from China with the sequences from Indian COVID-19 patients to
understand, if this virus is also mutating, as it is spreading to new locations. Our data revealed twenty mutations

present among Indian isolates. Out of these, mutation at six positions led to changes in the secondary structure of
N protein. Further, we also show that these mutations are primarily destabilising the protein structure. The
candidate mutations identified in this study may help to speed up the understanding of variations occurring in

SARS-CoV-2.

1. Introduction

In the Wuhan City of China (Hubei province), multiple cases of severe
pneumonia like symptoms were reported for the first time in December
2019 [1]. Initially, it was thought to be a viral disease and after the
complete genome sequencing, it was revealed that it belongs to a novel
coronavirus and later renamed as SARS-CoV-2 because of its similarity
with SARS-CoV [2]. The disease caused by SARS-CoV-2 has been termed
Coronavirus disease-2019 (COVID-19). The COVID-19 has been declared
by the World Health Organization (WHO) as a global pandemic in March
2020. As of 6™ June 2020, there were more than 7 million confirmed
cases of COVID-19 with 0.4 million confirmed deaths worldwide.

The SARS-CoV-2 is rapidly spreading to new locations across the
globe and infecting human populations. The viruses have the tendency to
mutate which helps them to survive better in the host. Most of the RNA
viruses including coronaviruses have been reported to possess an
inherent high rate of mutation [3]. Reports suggest that the Spike protein
and RNA dependent RNA polymerase (RdRp) are two mutational hotspot
proteins of SARS-CoV-2 that is frequently mutated as revealed by the
sequencing data from different countries [4, 5, 6, 7].

One of the important proteins that protect RNA genome of SARS-CoV-
2 is N protein [8]. The N protein comprises of three distinct conserved
regions; the N-terminal domain (NTD), C-terminal domain (CTD) and
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intrinsically disordered regions (IDRs). There are three IDRs, namely at
N-terminal end, C-terminal end and between the NTD and CTD [8]. All of
these regions make contact with the viral genomic RNA. Further, evi-
dences suggest that the NTD have various residues that are critical for its
interactions with the RNA genome of SARS-CoV-2. The CTD is also
known as dimerization domain because two molecules of N protein
dimerise with the interactions of their CTD. The NTD and CTD are
separated by serine and arginine rich, IDR also known as the linker region
(LKR). The main function of N protein is to protect viral RNA genome of
SARS-CoV-2 by proper packaging. It binds with the viral genomic RNA
and generates long, relatively flexible and somewhat helical ribonu-
cleoprotein complex also known as viral capsid [9].

In this study, we analysed the N protein sequences of SARS-CoV-2
from Indian COVID-19 patients and compared with the Wuhan virus
sequence. Our study identified twenty mutations in N protein among
Indian isolates, and discussed their possible consequences.

2. Material and methods
2.1. N protein sequence retrieval

As of 7™ June 2020, there were 175 protein sequences of SARS-CoV-2
deposited in NCBI- virus database from India. We downloaded these
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Figure 1. Mutational analysis of SARS-CoV-2
sequences reported from India. The sequence of
SARS-CoV-2 N protein obtained from Indian

COVID-19 patients was aligned with the sequence
from Wuhan (wet seafood market) SARS-CoV-2.
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sequences and their protein identification accession number are
mentioned in supplementary table 1. The N protein sequence from the
earliest sequenced virus from Wuhan wet seafood market area was used
as a reference (accession number: YP_009724397).

2.2. Multiple sequence alignments

We used Clustal Omega online tool to perform multiple sequence
alignment (MSA) to identify mutations present among Indian isolates as
described earlier [10]. The Indian sequences were compared with the
Wuhan N protein (accession number: YP_009724397). The mutant resi-
dues were carefully identified and marked. Clustal Omega tool offers fast
and reliable algorithm to perform sequence alignments to efficiently
compare thousands of input sequences [11].

2.3. Secondary structure prediction

For secondary structure prediction, we used Chou and Fasman sec-
ondary structure prediction (CFSSP) online tool [12]. This tool provides

Table 1. Mutations across N proteins of SARS-CoV-2 among Indian isolates and
their frequencies. The frequency of each mutation was calculated by counting the
number of samples that exhibited the variation among 175 samples analysed in
this study. Similarly, the percentage frequency was also calculated.

Mutation Frequency % Frequency
P6T 2 1.142857
P13L 16 9.142857
S33I 2 1.142857
R92S 1 0.571429
G120R 1 0.571429
L139F 1 0.571429
A152S 1 0.571429
A156S 1 0.571429
R191L 1 0.571429
S194L 49 28.0
S202N 5 2.857143
R203K 5 2.857143
G204R 5 2.857143
M2341 1 0.571429
G236C 1 0.571429
P302S 1 0.571429
P344S 1 0.571429
D348Y 1 0.571429
T362I 1 0.571429
T393I 1 0.571429

mutant residues positions and mutations are
highlighted in the schematic of N protein. The N
protein sequence of Wuhan SARS-CoV-2 was used
as reference for this analysis. ii) The schematic of
N protein showing different domains. N-terminal
domain (NTD), C-terminal domain (CTD),
intrinsically disordered regions 1, 2, 3 (IDR1,
IDR2 and IDR3), IRD2 also known as linker re-
gion (LKR) because it connects NTD and CTD.
NTD have RNA binding motif while CTD helps in
protein dimerization.

the secondary structure pattern from the input primary amino acid
sequence.

2.4. Calculations of difference in free energy (AAG) between wild-type and
mutant

The AAG was calculated using online mCSM webserver [13]. It uses
an algorithm to calculate the differences in free energy between the
wild-type and mutant protein. The positive AAG indicates stabilising
mutation while negative AAG represents destabilisation. mCSM tool also
shows the impact of a mutation on the atomic-distance patterns sur-
rounding an amino acid residue. For this analysis RCSB protein ID: 6VYO
[14] was used for NTD molecular modelling and RCSB protein ID: 6WJI
(Centre for Structural Genomics of Infectious Diseases-CSGID, unpub-
lished) was used for CTD molecular modelling of N protein.

2.5. Analysis of protein dynamicity

We analysed the impact of mutation on dynamicity and structural
variations using DynaMut webserver [15]. This webserver provides the
location of a selected amino acid in the 3D-structure of the protein and
also show the kind of interactions made by the residues with surrounding
amino acids. For this analysis, the crystal structure of N protein was first
uploaded on DynaMut webserver. The RCSB protein ID: 6VYO [14] and
6WJI were used for NTD and CTD molecular modelling of N protein
respectively. It also provides the differences in the vibrational entropy
between wild-type and mutant protein and predicts the impact of mu-
tation on structural stability and dynamicity.

3. Results
3.1. N protein of SARS-CoV-2 is rapidly mutating in India

We downloaded all N protein sequences from India deposited in NCBI
virus database till 7 June 2020. The accession numbers of the N protein
used in this study are mentioned in supplementary table 1. The multiple
sequence alignments were performed using Clustal Omega tool and the
Wuhan virus N protein sequences was used as a reference (accession
number: YP_009724397). Our data revealed twenty mutations present in
the SARS-CoV-2 N protein from Indian COVID-19 patients (Figure 1). The
complete details of mutations identified in this study are listed in sup-
plementary table 2. Further, these mutations are spreading all over the N
protein; however, a cluster is observed in the intrinsically disordered
region 2 (IDR2) or linker region (LKR) present between NTD and CTD
(Figure 1). There are seven mutations present at this location suggesting
that this might be a mutational hotspot area of this protein. The N-ter-
minal unstructured region harbours three mutations at 6, 13 and 33
positions. The NTD and CTD have various mutations as shown in
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Figure 2. Prediction of the secondary structure of N protein. The panels A, B, C, D, E, F, G, H and I indicate nine mutations observed among Indian isolates that are
localised in NTD and CTD of N protein. Panel A (R92S), B (G120R), C (L139F), D (A152S), E (A156S) and F (P302S) represent NTD mutations while, G (P344S), H
(D348Y) and I (T362I) represent mutations in the CTD of N protein. In each panel, (i) represents the sequence of Wuhan isolate and (ii) represents sequence of Indian
isolates. Both part (i) and (ii) shows the contribution of individual amino acid to the secondary structure of N protein (H- helix, T-turn, E-beta sheet). The location of
mutant residue is highlighted in red box for better comparisons. We observed change in the secondary structure between Wuhan, and Indian isolate at six mutation
sites (Panel A, D, E, G, H and I). The figure of each panel (A-I) was obtained from CFSSP webserver.

Figure 1. Subsequently, we also analysed the frequency of twenty mu-
tations among Indian isolates (Table 1). Our data revealed S194L and
P13L are most frequently mutated while rest of the mutants have low
frequency (Table 1). Altogether, we have identified twenty mutations in
N protein present among Indian isolates.

3.2. Mutations residing in NTD and CTD of N protein are leading to change
in the secondary structure

Subsequently, to understand the possible implication of the identified
mutations on N protein structure, we evaluated the secondary structure
of mutant residues and compared with the wild-type sequence. Since,
NTD and CTD only have defined secondary structure; therefore, we
analysed only those mutations which reside in these two domains of N
protein. Out of the 20 mutations identified in this study, nine mutations

are present in NTD and CTD. Our data revealed that mutation at six
positions alter the secondary structure as shown in Figure 2. We have
used CFSSP webserver to computationally analyse the probable effect of
mutation on secondary structure. Each panel of Figure 2 comprises of two
parts (i and ii), part i represents Wuhan isolate (wild type sequence) and
part ii represents Indian Isolate (mutant sequence). Both part i and ii
shows the contribution of individual amino acid to the secondary struc-
ture of N protein (H- helix, T-turn, E-beta sheet). The location of mutant
residue is highlighted in red box for better comparisons. Overall, Figure 2
suggests the effect of identified mutation on the secondary structure of
the N protein where the mutant residue resides. Our data suggest that
mutation at 92, 152 and 156 (Figure 2A, D and E; compare panel i with ii)
positions in NTD led to alteration in the secondary structure. Similarly,
mutation at position 344, 348 and 362 (Figure 2G, H and [; compare
panel i with ii) alters the secondary structure in CTD. Among these, there
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Table 2. Calculations of AAG between wild-type and mutant Nucleocapsid Phosphoprotein. mCSM webserver was used to calculate the predicted AAG. The negative
values indicate the destabilization of protein upon mutation.

S. No. PDB File Wild-type Residue Residue Position Mutant Residue Predicted AAG (kcal.mol ™) Outcome
1 6vyo.pdb R 92 S -1.146 Destabilizing
2 6vyo.pdb G 120 R -0.432 Destabilizing
3 6vyo.pdb L 139 F -0.94 Destabilizing
4 6vyo.pdb A 152 S -0.3 Destabilizing
5 6vyo.pdb A 156 S -1.422 Destabilizing
6 6wji.pdb P 302 S -1.475 Destabilizing
7 6wji.pdb P 344 S -0.346 Destabilizing
8 6wji.pdb D 348 Y -0.006 Destabilizing
9 6wji.pdb T 362 I -0.1 Destabilizing
R92S A156S Figure 3. Prediction of the impact of mutations on
structural integrity of N protein. Panel A, B, C and D
A B represent the site of respective mutations. The panel A
(R92S), B (A156S) and C (L139F) shows the mutations
' Sl that are localised in the NTD while panel D (P302S)
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» L signifies a rigidification in the protein structure, and
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is a major shift in the secondary structure at 92 position which harbours
arginine to serine mutation. Due to this mutation the beta-sheet structure
is completely replaced by coiled-coil secondary structure (Figure 2A,
compare panel i with ii). Altogether, our data strongly suggest that the
mutations identified in this study led to alteration in secondary structure
that might affect the functioning of N protein.

3.3. Mutant N proteins have altered protein stability and dynamicity

Since the secondary structures were changed due to the mutations;
therefore, we decided to study the effect of these mutations on the sta-
bility of the N protein. We used mCSM tool that provide the impact of
mutation on the dynamic structure by calculating the difference in free
energy (AAG) between wild-type and mutant protein. The values more
than zero indicates stabilising mutation and values below zero represents
destabilising mutation. The analyses were done with those mutations
that are present in the NTD and CTD of N protein. As shown in Table 2,
the mutations are leading to the destabilisation of protein structure, and

the effect was considerably higher at four positions namely, R92S, L139F,
A156S and P302S. The AAG for these four positions are negative in the
range of 1.0-2.0 kcal.mol ™! (Table 2). Subsequently, we used DynaMut
webserver to perform protein modelling to analyse the overall protein
structural flexibility upon mutation at four positions that exhibited the
maximum change in AAG. Our data revealed that R92S led to gain in
flexibility (Figure 3A) and A156S increased the rigidification (Figure 3B).
However, L39F and P320S mutations caused both rigidity and flexibility
in some areas of the protein structure (Figure 3C and D).

Since, our data show that mutations are altering AAG as well as the
protein dynamicity (rigidity and flexibility). To substantiate these data,
we sought to analyse the impact of the mutations on intramolecular in-
teractions made by mutant amino acids in the N protein. Our analysis
revealed that the mutations were notably affecting the intramolecular
bonds in the pockets where these amino acids reside (Figure 4). Specif-
ically, the R92S mutant lost almost all interactions with its neighbouring
amino acids (Figure 4). Minor changes in intramolecular interactions
were also visible at other mutant positions (Figure 4). Altogether, our
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Figure 4. Visual representation of close range intra-
molecular interactions contributed by the highlighted

R92S

residues in their respective three-dimensional posi-
tions. The molecular structures of wild-type and
mutant amino acids of N protein are highlighted in the
light-green color. The surrounding residues which are
making close contacts with the wild-type and mutant
residues are also depicted. The localisation of four
mutants is shown from top to bottom that includes
R92S, A156S, L139F and P302S respectively. Panel in
the left side represents wild-type while the right side
represents mutant version. The structures were
downloaded from DynaMut webserver. The dashed
circle highlights the variation in intramolecular bonds

L139F

between the wild-type and mutant structure.

A1565

P302S

data strongly suggest that N protein mutations led to alteration in its
structure and dynamicity.

4. Discussions

The SARS-CoV-2 is an RNA virus and its genome is replicated by RARp
that have weak proofreading activity. Therefore, the RNA viruses have
relatively higher level of mutations than DNA viruses as they replicate
[3]. These mutations enable them to survive in the host cells and also
adapt them to new locations and environmental conditions. The
SARS-CoV-2 pandemic rapidly spread after the first reported case from
Wuhan, China and within 3 months it reached to almost all countries
worldwide. As the virus migrated to new locations they also attained
mutations. In order to understand the mutations occurring in India, we
compared the N protein sequences of SARS-CoV-2 from Indian patients
with the earliest known sequence from China. Our data revealed twenty
mutations among Indian isolates that are distributed all over the protein.

However, we found a distinct cluster in the LKR which is an IDR between
the NTD and CTD (Figure 1). IDRs do not have a well-defined tertiary
structure in the native form; however, IDRs of coronavirus N proteins
play important role in binding with the viral genomic RNA [16]. LKR also
plays primary role in the intracellular signalling [17, 18, 19]. Further, we
report multiple mutations that reside in the NTD which are known to
make contact with the RNA genome of this virus. Previous study shows
that the Arg-76 in the infectious bronchitis virus (IBV) N protein is a well
conserved across the coronavirus family and required for efficient RNA
binding, and may structurally resemble the Arg-94 in the SARS-CoV N
protein [20], and possibly Arg-92 of SARS-CoV-2 N protein. Our study
revealed that Arg-92 is mutated to Serine and therefore, it might affect N
protein and RNA interactions.

We also observed mutations in CTD that could possibly affect its
dimerization potential. Earlier report shows that 302, 347, 352, 358 and
other residues are involved in dimerization in SARS-CoV N protein [21].
This study identified mutations at 302, 344, 348 and 362 residues which
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are in the close vicinity of these critical residues. Overall, our data pre-
dicts the effect of mutation on the stability of the N protein. Although, we
lack ‘experimental validation’ of our computational data; however, based
on the computational methods, we have identified twenty mutations and
concluded that among those twenty, four mutations (R92S, L139F,
A156S and P302S) are most likely to affect the structure and stability of
the N protein. The secondary structure prediction tool shows that mu-
tation at several locations (92, 152 and 156) will either favour helix/beta
sheet or turn structure. This means that these mutations might cause shift
in the secondary structure that can affect the stability of the mutant
protein. Subsequently, the stability of protein was computationally ana-
lysed by DynaMut protein stability prediction tool.

Reports suggest that coronavirus N proteins also acts as an RNA
chaperones [22, 23] and helps in the maintenance and proper folding of
the RNA genome. Therefore, drugs that can interfere with N protein
function are of great pharmacological interests. The drugs that inhibit
oligomerisation of N protein via its CTD are promising candidates to
inhibit virus assembly [24]. A recent study with SARS-CoV-2 N protein
identified ten promising drugs that can inhibit its function including
Conivaptan, Ergotamine, Venetoclax, Rifapentine and others [25].
Alanine at 156 position is among the critical residues that interacts with
these promising drug candidates [25]. Our study shows mutation at 1560
position; thereby, it could possibly cause alteration in drug binding
pocket of N protein. Therefore, we predict that few of these mutants
might have differential interaction with the drugs, and that can possibly
contribute to the drug resistance.
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