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Abstract

Background and Aims: Nonstructural (NS1) protein is mainly involved in virulence

and replication of several viruses, including influenza virus A (H1N1); surveillance of

the latter started in India in 2009. The objective of this study was to identify the new

substitutions in NS1 protein from the influenza virus A (H1N1) pandemic 2009

(pdm09) strain isolated in India.

Methods: The sequences of NS1 proteins from influenza A(H1N1) pdm09 strains

isolated in India were obtained from publicly available databases. Multiple sequence

alignment and phylogeny analyses were performed to confirm the “consistent

substitutions” on NS1 protein from H1N1 (pdm09) Indian strains. Here, “consistent

substitutions” were defined as the substitutions observed in all the sequences

isolated in a year. Comparative analyses were performed among NS1 Indian

sequences from A(H1N1) pdm09, A (H1N1) seasonal and A(H3N2) strains, and from

A (H1N1) pdm09 global strains.

Results: Eight substitutions were identified in the NS1 Indian sequence from the

A(H1N1) pdm09 strain, two in RBD, five in ED, and one in the linker region. Three

new substitutions were reported in this study at NS1 sequence positions 2, 80, and

155, which evolved within 2015–2019 and became “consistent.” These new

substitutions were associated with conservative paired substitutions in the

alternative domains of the NS1 protein. Three paired substitutions were (i) D2E

and E125D, (ii) T80A and A155T, and (iii) E55K and K131E.

Conclusions: This study indicates the continuous evolution of NS1 protein from the

influenza A virus. The new substitutions at positions 2 and 80 occurred in the RNA

binding and eIF4GI binding domains. The D2E substitution evolved simultaneously

with the E125D substitution that involved viral replication. The third new

substitution at position 155 occurred in the PI3K binding domain. The possible
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consequences of these substitutions on host–pathogen interactions are subject to

further experimental and computational verification.

K E YWORD S

cellular binding partner, H1N1 virus, host–pathogen interactions, NS1 protein, viral
pathogenicity

1 | INTRODUCTION

Amidst the current worldwide threat by coronavirus disease 2019

(COVID‐19), also known as severe acute respiratory syndrome

coronavirus 2 (SARS‐COV2 virus) pandemic, the influenza virus

remains a threat, according to the report by the World Health

Organization (WHO) (WHO|Influenza update—385). Both influ-

enza and SARS‐COV2 viruses cause respiratory diseases. The

influenza A(H1N1) virus‐infected patients are often susceptible to

COVID‐19.1–5 Hence, proper characterization of host–pathogen

(influenza) interactions is crucial for better understanding of both

the diseases. Influenza virus A has caused four major pandemics

across the world—(i) Spanish flu caused by H1N1 (1918–1919),

(ii) Asian flu by H2N2 (1957–1958), (iii) Hong Kong flu by H3N2

(1968–1969), and (iv) swine flu by A(H1N1) pandemic 2009

(pdm09) strain (2009–2010).6 The A(H1N1) pdm09 strain has

shown increased virulence due to its swine transmutability to

human host.7,8 The segmented genome of the influenza A virus

helps the genetic reassortment of the virus with the possible

emergence of new subtypes.9 New subtypes often evade the host

immune system more efficiently, leading to increased viral spread

and pandemic outbreaks.

Virologic surveillance is crucial in controlling the influenza virus

in various nations. Surveillance tracks the genetic nature of the virus,

thus understanding the relatedness of the flu vaccine and the nature

of the circulating virus (Weekly US Influenza Surveillance Report|

CDC). Currently, the flu strain circulating in the United States is A

(H3N2). Similarly, the influenza virus is being tracked in India by the

National Center for Disease Control (https://ncdc.gov.in/index4.php?

lang=1%26level=0%26linkid=119%26lid=276). The pandemic out-

break of the influenza virus escalated in 2015 in India, in contrast to

the worldwide report by WHO. The pandemic outbreak in 2015 in

India was more severe than in 2009.10 Considering the recent

epidemic of the influenza virus in India, it is essential to understand

the possible genetic drift and shift of the virus to predict future

pandemics possibilities.

The protein of choice in this study was the NS1 nonstructural

protein, as it invades the host immune system and blocks different

host signaling pathways. NS1 protein modulates host antiviral

responses and promotes viral replication. Hence, it plays a pivotal role

in viral pathogenesis.11 The NS1 is a multifunctional protein12 involved

in posttranslational regulation of the influenza virus life cycle. It binds

virion RNA,12–15 poly(A)‐containing RNA,15 human U6 snRNA,16 and

many more viral and cellular proteins.

NS1 protein has two major domains, the N‐terminal RNA

binding domain (RBD) (residues 1–73) and the C‐terminal effector

domain (ED) (residues 84 to the end).17–19 The RBD protects the

virus against the antiviral state induced by interferon alpha/beta by

blocking the activation of the 2′−5′ oligo (A) synthetases/RNase L

pathway.11,12,20 Several host factors (RNA/protein) interact with

NS1 RBD and ED domains. Some of these host factors are protein

kinase R (PKR),11,12,21 retinoic‐acid inducible gene I,12,21,22 oligoa-

denylate synthetase,11,12,20 protein activator EIF2AK2, PACT21

tripartite motif‐containing 25,11,12,20–23 and NF90.21 The question

asked in this study was whether new mutations in NS1 protein from

Indian isolates have emerged recently. If such mutations have

evolved, what are the possible consequences of those mutations on

host–pathogen interactions? The first question was addressed using

multiple sequence alignment (MSA), and phylogenetic analyses of

NS1 proteins from H1N1 (pdm09) strains circulating in India. The

results were compared with those obtained from H1N1 seasonal

strains, H3N2 strains, and H1N1 (pdm09) strains circulating world-

wide. The answer to the second question was intuitive, based on the

sequence positions of NS1 mutations belonging to various cellular‐

binding partners. The hypothesis generated from the second

question is subject to further experimental and computational

verifications.

2 | METHODOLOGY

2.1 | Generation of data sets for NS1 protein
sequences obtained from different influenza virus
strains in India and worldwide

The data sets were generated from influenza A virus NS1 sequence

data, available on the public database NCBI (Influenza virus

database—NCBI; https://www.ncbi.nlm.nih.gov)24 and restricted

database, GISAID EpiFlu database (GISAID Initiative).25,26

2.1.1 | NS1 Indian data set for H1N1 seasonal and
pdm09 strains

NCBI Influenza Virus Resource was searched with the following

selection criteria, (i) H1N1 strains isolated from India, (ii) protein

name NS1, (iii) human host, (iv) laboratory strains excluded, and

(v) sequences deposited on or before December 30, 2020. The above
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search criteria resulted in 218 sequences (pdm09 and seasonal

strains). Selection criteria from the EpiFlu database were following:

(i) influenza virus type A, (ii) only H1N1 strains, (iii) from the human

host, (iv) location—India, Asia, (vi) lineage—pdm09, and (vii) collection

dates till December 30, 2020. The above search criteria resulted in

165 NS1 sequences from the EpiFlu database. Additionally, we

searched for the “seasonal” lineage in the EpiFlu database, with three

alterations in the search criteria, (i) lineage—“seasonal,” (ii) no specific

collection dates, and (iii) complete NS1 protein (in additional filters

for the search criteria, “only complete”), resulting into 0 NS1

sequences. Three hundred and eighty‐three NS1 sequences were

retrieved from the influenza A(H1N1) virus isolated in India from

2007 to 2020.

The redundancy removal tool CD‐HIT (CD‐HIT Suite

[weizhongli‐lab. org])27,28 removes redundant sequences based on

a given sequence identity cutoff following the heuristic approach.

The sequence identity cutoff used was 100%. The final Indian data

set consists of 95 NS1 sequences (79 H1N1 pdm09 and 16 seasonal

H1N1 strains).

2.1.2 | NS1 global data set for H1N1 seasonal and
pdm09 strains

Similar search criteria, as described above, were used to construct the

global data set from the NCBI database, with the only difference—

location “India” was being removed. Sixteen thousand and one

sequences were obtained from NCBI. Similarly, 25,594 and 918

sequences were obtained for H1N1 pdm09 and seasonal H1N1

strains, respectively, from the EpiFlu database. The total number of

NS1 sequences obtained worldwide was 42,513.

2.1.3 | NS1 Indian data set for A(H3N2) strain

A(H3N2) Indian strains were obtained from NCBI and EpiFlu

databases, using similar search criteria as A(H1N1); the only

difference was in the strain name, “H3N2,” instead of “H1N1.”

Ninety‐nine sequences were obtained, 26 from NCBI and 73 from

the EpiFlu database. After redundancy removal, there were 22

sequences in the final NS1 data set from A(H3N2) strain.

2.2 | Construction of phylogenetic trees and
evolution of amino acid substitutions

MEGAX software29,30 was used to construct the phylogenetic trees for

influenza A virus NS1 proteins from Indian isolates. As a prerequisite to

phylogenetic tree construction, multiple sequence alignment was

performed using CLUSTALW.31 Following pairwise alignment parame-

ters were used, (i) gap opening penalty value—10.00 and (ii) gap

extension penalty value—0.10. For multiple alignment parameters, the

gap opening penalty value was set to 10.00, and the gap extension

penalty value to 0.20. No negative matrix weight was used. Delay

divergence cutoff was 30%. Phylogenetic trees were constructed for (i)

the final Indian A(H1N1) data set (n = 95), (ii) the final Indian A(H1N1)

pdm09 subset (n = 79), and (iii) the final Indian A(H3N2) data set

(n = 22). The evolutionary history was inferred using the Maximum

Likelihood (ML) method based on the Jones–Taylor–Thornton (JTT)

matrix‐based model.32 ML is a statistical method to infer probability

distribution and assign probabilities to predicted phylogenetic trees.

JTT substitution model was used to assess the likelihood of particular

substitutions. No additional options were used to handle gaps and

missing data (i.e., all sites were used). Initial heuristic search tree(s)

were obtained automatically by applying Neighbor‐Join and BioNJ

algorithms to a matrix of pairwise distances estimated using a JTT

model.33 Five hundred steps of bootstrap replication were performed

to construct each phylogenetic tree. The final topology was selected

based on the superior log‐likelihood value. Visualization of the

phylogenetic tree was done using MEGAX.

2.3 | Host factor (protein/RNA)–pathogen (H1N1
NS1 protein) interaction study

NS1 interacting partners from human host proteins and their sites of

interactions were identified from Google Scholar and PubMed database

using the search criteria “Influenza A virus,” “NS1 protein,” and “protein

interaction.” Five such interacting partners were identified for NS1

protein, namely, (i) PI3K,12,21,34–39 (ii) poly(A)‐binding protein II

(PABII),12,17,40–43 (iii) double‐stranded RNA (dsRNA),17,18,22,43–47 (iv)

nuclear localization signal 1 (NLS1),11–13,19,45–47 and (v) eukaryotic

translation initiation factor 4 G 1 (eIF4GI).12,17,21,42

Solved crystal structures for NS1 protein from H1N1 strain were

available only for two complexes in global isolates, (i) NS1 RBD

domain complexed with dsRNA (PDB ID: 2ZKO) and (ii) NS1 ED

complexed with PI3K host protein (PDB ID: 3L4Q). All the interaction

sites were retrieved from the secondary database PDBSUM.48

3 | RESULTS

3.1 | Divergence of the NS1 protein from H1N1
virus across India, over the period 2009–2020, based
on phylogenetic trees

A phylogenetic tree was constructed for NS1 sequences from Indian

A(H1N1) final data set (n = 95). The seasonal strains appeared

separate from pdm09 strains (Figure S1). A second phylogenetic tree

was constructed for NS1 sequences from Indian A(H1N1) pdm09

subset (n = 79) (Figure 1). The sequences in this tree showed

chronological evolution based on the proximity of the branches. Five

groups were observed in this tree, (i) 2009–2010, (ii) intermediate,

(iii) 2011–2014, (iv) 2015, and (v) 2015–2020. The “intermediate”

group contained strains from 2009 to 2017. Although the sequences

from the intermediate group belong to pdm09 strains, they carry
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signatures similar to seasonal strains (Table 1). Moreover, the

“intermediate” group perpetually partitioned the pdm09 strains

before and after 2010.

3.2 | Recent substitutions deduced from multiple
sequence analyses, phylogeny, and evolutionary rate

We have identified 33 sequence positions that varied between

seasonal and pandemic strains (Table S1). These changes (e.g., XIY)

were denoted as substitution (Y) of the consensus amino acid (X) at

sequence position I. For example, in the “intermediate” group, the

consensus amino acid, glutamic acid (E), was substituted by glutamine

(Q) at sequence position 55 (E55Q). One more frequently used term,

“consistent substitution,” is defined here as substitution observed in

all the sequences isolated in a year. For example, the N205S

substitution was consistent from 2013 onwards (Table 2). This

substitution was also reported earlier in the strains from India.49

The L90I substitution was first observed in 2011 (in 10 out of

23 sequences) and became consistent in 2014; the substitution was

also reported earlier from India.49

Three conservative paired substitutions, namely (i) E55K

and K131E, (ii) D2E and E125D, and (iii) T80A and A155T, were

TABLE 1 Common amino acids at different residue positions of
NS1 protein among A(H1N1) seasonal strain and intermediate
subgroup of A(H1N1) pdm09 strain.

Residue
position

Seasonal
strain (16)

Intermediate
subgroup (24)

pdm09
strain (55)

4 H (13)/N (3) H (1)/N (23) N (55)

53 N (14)/D (2) N (1)/Y(1)/D (22) D (55)

108 K (16) K (3)/R (21) R (55)

123 I (16) I (6)/V (18) V (55)

129 I (16) I (4)/L(2)/A(3)/V (15) V (55)

143 N (12)/T (4) N (1)/T (23) T (55)

205 S (16) S(4)/N (20) N (30)/S (25)

Note: The number of NS1 sequences in each strain and the intermediate
subgroup are shown in parentheses. Amino acids are represented by one‐
letter code.

Abbreviations: NS1, nonstructural protein 1; pdm09, pandemic 2009.

F IGURE 1 Phylogenetic tree for A(H1N1) nonstructural (NS1)
protein sequences from the final Indian pandemic 2009 (pdm09)
sub‐data set (n = 79). The final trees are drawn to scale, with branch
lengths measured in terms of the number of substitutions per site,
after 500 steps of bootstrapping. Evolutionary analyses were
conducted using MEGA X software. The tree has the highest
log‐likelihood value of −1420.39.
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observed in Indian sequences. The presence of conservative

substitutions (paired substitutions) has not been reported earlier,

although conservative substitutions were frequently observed in

densely packed proteins where two interacting amino acids

exchange their positions.50 Here, paired substitutions are defined

by a pair of amino acids exchanging their positions among RBD

and EDs of NS1 protein, thus leaving the total number of amino

acid types unchanged. The first paired substitution (E55K and

K131E) was observed in 2013 and was consistent in 2015. The

single substitution at 55th position (G/Q/K) was first noted in

2009. The other substitution, K131E, was observed in 2012, and

finally, the substitution became consistent in 2015 (Table 2).

The second paired substitution, D2E, and E125D, was first

observed in 2015 and became consistent in 2017. The third

paired substitution, T80A and A155T, were observed in 2019 and

became consistent in 2019 only. The significance of these three

paired substitutions is yet to be explored. Five out of the eight

substitutions (E55K, L90I, E125D, K131E, and N205S) observed

in the current study from Indian isolates were reported earlier in

global strains.51 This study had three unique substitutions,

namely, D2E, T80A, and A155T (Table 2). The D2E substitution

on NS1 protein from A(H1N1) pdm09 was reported earlier, only

once from Russia.52 To further confirm our observation, we had

analyzed the global sequence, isolated from 2009 to 2020. The

analysis showed that these three unique substitutions in NS1

protein (Figure 2A) identified from India were simultaneously

detected in global NS1 sequences (Figure 2B).

Next, we asked whether these three new substitutions were

unique to A(H1N1) strains. Hence, we have analyzed the NS1

sequences available from the A(H3N2) strain circulating in India.

The average pairwise sequence similarity computed across the

strains of influenza viruses circulating in India was 87.5% (Table 3).

The similarities among the strains were higher than those across

the strains. Despite having high sequence similarity across the

strains, the residue positions 2, 80, and 155 varied in A(H1N1)

strain from 2009 to 2020, in contrast to A(H3N2) strain where

these three sequence positions (Asp2, Thr80, and Ala155) showed

no changes (Figure S2). However, the phylogenetic tree based on

the final A(H3N2) NS1 Indian data set showed significant variation

(Figure S3). The set of sequence positions substituted in the A

(H3N2) NS1 Indian data set was different from those in the A

(H1N1) NS1 Indian data set(Table S2). These results suggested that

the three new substitutions in NS1 protein were unique to A(H1N1)

pdm09 strains.

To ascertain the above substitutions in NS1 protein from Indian

A(H1N1) pdm09 strains, we have estimated position‐specific evolu-

tion rate. These rates were scaled so that the average evolutionary

rate across all the sites was one. Thus, the sites showing a rate less

than one evolved slower than the average evolutionary rate and vice

versa.

TABLE 2 Chronological evolution of
substitutions in NS1 protein sequence
positions, obtained from A(H1N1) pdm09
strains.

Sequence position 2 55 80 90 125 131 155 205

Consensus residues D E T L E K A N

Substitution E Q/G/K A I ‐ Q/E T S

2009 (82) ‐ Q (3), G (4) ‐ ‐ ‐ ‐ ‐ ‐

2010 (32) ‐ Q (20) ‐ ‐ ‐ ‐ ‐ ‐

2011 (23) ‐ Q (6) ‐ I (10) ‐ ‐ ‐ S (17)

2012 (41) ‐ ‐ ‐ I (33) ‐ Q (2) ‐ S (14)

2013 (21) ‐ Q (1), K (3) ‐ I (19) ‐ E (6) ‐ S (21)

2014 (5) ‐ K (4) ‐ I (5) ‐ E (4) ‐ S (5)

2015 (69) E (3) K (69) ‐ I (69) G (5), D (3) E (69) ‐ S (69)

2016 (10) E (8) K (10) ‐ I (10) D (8) E (10) ‐ S (10)

2017 (36) E (15) K (36) ‐ I (36) D (36) E (36) ‐ S (36)

2018 (6) E (6) K (6) ‐ I (6) D (6) E (6) ‐ S (6)

2019 (10) E (10) K (10) A (10) I (10) D (10) E (10) T (10) S (10)

2020 (12) E (12) K (12) A (12) I (12) D (12) E (12) T (12) S (12)

Note: Consensus residues are shown in the second row and the substitutions, in chronological order,
are shown in the following rows, if any. In case, there is no change from the consensus residues, it is
designated by “‐.” Amino acids are represented by one‐letter code. Number of sequences is shown in
parentheses. Consistent substitutions (substitutions observed in all the sequences isolated in a year)

are shown in bold.

Abbreviations: NS1, nonstructural protein 1; pdm09, pandemic 2009.
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Fifty‐seven positions were identified with an evolutionary rate

greater than one (Figure 3). All these positions showed a higher

evolutionary rate due to the difference in the type of substituted amino

acids, as per the substitution matrix in the JTT model. However, all the

eight consistent substitutions identified (Table 2) have an evolutionary

rate greater than two, except two of the new substitutions, T80A and

A155T, which emerged only in 2019 but their evolutionary rate is still

greater than one (Figure 3). The third new substitution, D2E (evolved in

2015), showed an evolutionary rate greater than two.

3.3 | Host factor (protein/RNA) interactions with
influenza A(H1N1) NS1 protein involving the new
substitutions identified in this study

As crystal structures are not available for complete NS1 protein from

the H1N1 strain, the interacting residues are depicted on the crystal

structure obtained from the NS1 protein of the H6N6 strain. The NS1

protein sequences from these two strains are mostly conserved

(Figure 4A). The dsRNA binding residues are buried within the

F IGURE 2 (A) Domain organization of nonstructural (NS1) protein from A(H1N1) influenza virus and its interacting partners (shown by black
horizontal lines), most recent substitutions (shown by red vertical arrows) and functional residues (shown by black vertical arrows) in different
domains. (B) Chronological progression of three recent substitutions in global sequences, along with those in Indian sequences. Percent (%)
occurrence = (the number of sequences showing a particular substitution/total number of sequences) × 100.
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protein, whereas those from nuclear localization signal binding are

mostly exposed on the protein surface (Figure 4B). Similarly, residues

123–127 from the ED domain of influenza virus NS1 proteins (those

that interact with the PKR domain) are buried within the protein core.

The residue positions, 81–113, identified on the eIF4GI subdomain

interact with the host elongation factor (eIF4GI). The residue

position, 81, was also involved in the interaction between the PABPI

domain of NS1 protein with the host protein.42

4 | DISCUSSION

4.1 | Domains and critical residues of NS1 proteins
involved in different viral replications and blocking of
host replications

Multifunctional NS1 proteins are involved in the replication of most of

the viral subtypes; for example, NS1 protein from parvovirus minute

virus of mice assists the viral genome to locate at the cellular sites of

DNA damage.53 The NSP1 protein of SARS‐COV2 interacts with

messenger RNA (mRNA) export receptor heterodimer NXF1‐NXT1 and

prevents binding of NXF1 to mRNA export adaptor and docking

of NXF1 at the nuclear pore complex.54 The NS1 homodimer is

responsible for zika virus replication that can be potentially prevented

by disrupting the dimer formation via disulfide reduction.55,56 These

observations indicate the direct involvement of NS1 proteins in the

prevention of host replication and promoting viral replication. However,

the structural organization of NS1 proteins vary across the viral

subtypes—(a) NSP1 from SARS‐COV2 contains a β‐barrel domain,54

(b) NS1 from zika virus contains a dominant homodimeric β ladder

segment,55,56 (c) NS1 from dengue virus, similar to zika virus, contains

three defined domains, namely wing domain, β‐barrel domain, and β roll

domain,57,58 and (d) NS1 from influenza (H1N1) has two defined

domains—RBD and ED (Figure 2A). The critical residues of influenza

virus NS1 protein—Arg35, Arg38, Ser42, Arg46, and Thr49—are

involved in host dsRNA binding (PDB ID: 2ZKO). Additional residues,

Thr5, Asp29, Asp34, Asp39, and Lys41, interact with host dsRNA via

water‐mediated interactions (fig. 1 and 2 of Cheng et al.59). Residues,

35–41, on NS1 protein from influenza virus binds to nuclear localization

signal (NLS1) subdomain that participates in nuclear import of NS1

protein via classical alpha/beta nuclear import pathway.19,45‐47 The key

residues and the interaction patterns with the partner molecules vary in

other viral subtypes. In the case of the zika virus NS1 protein,

membrane, and antibody binding regions are exposed on the protein

surface. The membrane‐binding residues are primarily hydrophobic,

and antibody binding residues are mostly polar.56

In this study, we identified three new substitutions (2015 onwards)

on NS1 protein from influenza virus A(H1N1) pdm09 circulating in India,

at positions 2, 80, and 155. Residue positions 2 and 80 are located in the

RNA‐binding and near‐eIF4GI binding domains, respectively. The NS1, a

multifunctional protein, binds to 5′‐UTR of viral mRNA and eIF4GI–host

translation initiation factor; thus, involved in the enhancement of viral

mRNA translation. The PABP1 protein binds to NS1 sequence positions

1–81. Collectively, NS1, eIF4GI, PABP1, and viral mRNA recruit 43S

ribosomal complexes to viral mRNA.42 Hence, substitutions at these two

positions (2 and 80), presumably, would alter the viral mRNA translation.

One notable observation was residue position 2 has a conserved paired

substitution with residue position 125 from 2016 onwards (Table 2).

Residue position 125 (along with residue positions 108 and 189) is also

involved in viral replication.48,49,60 Thus, both residues 2 and 125, part of

TABLE 3 Average pairwise NS1 sequence similarity (%)
computed among different strains of influenza virus from India using
CLUSTALW.

Influenza A virus strains N Similarity (%)

A(H1N1), A(H3N2) 117 87.5

A(H1N1) (pdm09 & seasonal) 95 91.6

A(H1N1) pdm09 79 97.0

A(H1N1) seasonal 16 95.0

A(H3N2) 22 97.1

Note: Number of sequences (N) in each final data set is shown in the table.

Abbreviations: NS1, nonstructural protein 1; pdm09, pandemic 2009.

F IGURE 3 Evolutionary rate analysis for nonstructural protein 1 (NS1) sequences, Indian A(H1N1) pdm09 subset (n = 79), using MEGAX
software. The evolutionary rate was highlighted for eight consistent substitutions identified in this study. The average evolutionary rate is
depicted by the trend line. pdm09, pandemic 2009.
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the conserved paired substitutions, are involved in viral replication.

Residue position 155 is located in the PI3K binding domain of NS1

protein. The NS1 protein binds to the multimeric PI3K protein in its

inactive form (regulatory [p85‐β] subunit attached to the catalytic

[p110] subunit) and releases p85‐β subunit leading to subsequent

activation of PI3K protein. The activated PI3K promotes PIP3 production,

which activates the Akt pathway.35,38,61 Hence, the substitution in the

PI3K binding domain is thought to affect a cascade of cellular pathways.

5 | CONCLUSION

Influenza virus is frequently mutated, leading to many genetic

drifts and shifts since its first outbreak in 1918, thus leading to

yearly vaccination against flu as per CDC (Influenza (Flu)|CDC).

Hence, virologic surveillance is essential to control influenza viral

infection. Due to the recent outbreak of the influenza A virus in

India, monitoring is required for amino acid substitutions on viral

proteins. This study aimed to identify the recent substitutions

(2015 onwards) on NS1 proteins from Indian A(H1N1) pdm09

strains. The methods applied were multiple sequence alignment,

phylogeny, and substitution analyses on different influenza virus

strains, Indian and global. Eight substitutions on NS1 protein from

the A(H1N1) pdm09 strain were identified. Three new substitu-

tions (2015 onwards)—D2E, T80A, and A155T (unique to H1N1

strain only)—were for the first time reported here. These three

new substitutions were in NS1 domains for cellular interactions

with various host factors: residue position 2 involves RNA binding

and position 80 involves eIF4G1 binding and recruitment of viral

mRNA to 43S ribosomal complexes. We, therefore, hypothesized

F IGURE 4 (A) Nonstructural (NS1) protein sequence alignment between A(H1N1) and A(H6N6) influenza virus strains. Residues involved in
host interactions are shown by black horizontal lines indicating start and end residue positions. Host interaction partners are named in red. The
three new substitutions identified on A(H1N1) pandemic 2009 (pdm09) strain in this study are shown by green vertical arrows. Secondary
structures, alpha helix, and beta strands are depicted by pink and blue colors, respectively. (B) Key residues of influenza virus depicted on the
crystal structure obtained from influenza virus H6N6 strain (PDB ID: 6NRL). The host dsRNA binding residues are depicted in blue, nuclear
localization signal (NLS) binding depicted in orange, EIF4G binding residues depicted in cyan, protein kinase R (PKR) binding residues depicted in
violet, and PI3K binding residues are depicted in red.
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that these substitutions on NS1 protein alter cellular binding.

However, this hypothesis is subject to validation by experimental

and computational studies, such as molecular dynamic studies on

host–pathogen protein complexes with different mutant models.

AUTHOR CONTRIBUTIONS

Suma Chinta: Data curation; formal analysis; methodology; valida-

tion; visualization; writing—original draft. Prakruthi Burra: Data

curation; formal analysis; methodology; validation; visualization;

writing—original draft. Kiranmayi Vedantham: Data curation; formal

analysis; methodology; validation; visualization. Sibnath Ray: Data

curation; formal analysis; methodology. Debashree Bandyopadhyay:

Conceptualization, formal analysis, investigation, methodology, proj-

ect administration, supervision, validation, writing—review & editing.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data analyzed here is publicly available at Influenza virus

database—NCBI (https://www.ncbi.nlm.nih.gov) and GISAID Initiative.

TRANSPARENCY STATEMENT

This manuscript is an honest, accurate, and transparent account of

the study being reported; that no important aspects of the study have

been omitted.

WEB RESOURCES

World Health Organization data of influenza cases and COVID‐19

cases where retrieved from: https://www.who.int/influenza/surveillance_

monitoring/updates/latest_update_GIP_surveillance/en/ Influenza virus

database of NCBI was used to get the influenza NS1 protein sequences,

retrieved from: https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/

nph-select.cgi GISAID EpiFlu database was used to retrieve influenza NS1

protein sequences from: https://platform.gisaid.org/epi3/cfrontend#

4feb29 CD‐HIT Suite: Biological Sequence Clustering and Comparison

was used as redundancy tool: http://weizhongli-lab.org/cdhit_suite/cgi-

bin/index.cgi.

ORCID

Debashree Bandyopadhyay http://orcid.org/0000-0003-

4131-907X

REFERENCES

1. Cuadrado‐Payán E, Montagud‐Marrahi E, Torres‐Elorza M, et al.
SARS‐CoV‐2 and influenza virus co‐infection. Lancet. 2020;
395(10236):e84.

2. Ding Q, Lu P, Fan Y, Xia Y, Liu M. The clinical characteristics of

pneumonia patients coinfected with 2019 novel coronavirus and
influenza virus in Wuhan, China. J Med Virol. 2020;92(9):
1549‐1555.

3. Khodamoradi Z, Moghadami M, Lotfi M. Co‐infection of coronavirus
disease 2019 and influenza A: a report from Iran. Arch Iran Med.

2020;23(4):239‐243.

4. Ozaras R, Cirpin R, Duran A, et al. Influenza and COVID‐19
coinfection: report of six cases and review of the literature. J Med

Virol. 2020;92(11):2657‐2665.

5. von der Thüsen J, van der Eerden M. Histopathology and genetic
susceptibility in COVID‐19 pneumonia. Eur J Clin Invest. 2020;50(7):
1‐7.

6. Kilbourne ED. Influenza pandemics of the 20th century. Emerg Infect

Dis. 2006;12(1):9‐14.
7. Smith GJD, Vijaykrishna D, Bahl J, et al. Origins and evolutionary

genomics of the 2009 swine‐origin H1N1 influenza a epidemic.
Nature. 2009;459(7250):1122‐1125.

8. Xu J, Zhong HA, Madrahimov A, Helikar T, Lu G. Molecular
phylogeny and evolutionary dynamics of influenza A nonstructural
(NS) gene. Infect Genet Evol. 2014;22:192‐200.

9. Salomon R, Webster RG. The influenza virus enigma. Cell. 2009;
136(3):402‐410.

10. Tharakaraman K, Sasisekharan R. Influenza surveillance: 2014–2015
H1N1 “swine”‐derived influenza viruses from India. Cell Host

Microbe. 2015;17(3):279‐282.
11. Krug RM. Functions of the influenza A virus NS1 protein in antiviral

defense. Curr Opin Virol. 2015;12:1‐6.
12. Hale BG, Randall RE, Ortı J, Jackson D, Jackson D. The multi-

functional NS1 protein of influenza A viruses. J. General virol. 2008;
89(pt 10):2359‐2376.

13. Marión RM, Aragón T, Beloso A, Nieto A, Ortín J. The N‐terminal

half of the influenza virus NS1 protein is sufficient for nuclear
retention of mRNA and enhancement of viral mRNA translation.
Nucleic Acids Res. 1997;25(21):4271‐4277.

14. Marión RM, Zürcher T, De La Luna S, Ortín J. Influenza virus NS1
protein interacts with viral transcription‐replication complexes in
vivo. J Gen Virol. 1997;78(10):2447‐2451.

15. Qiu Y, Krug RM. The influenza virus NS1 protein is a poly(A)‐binding
protein that inhibits nuclear export of mRNAs containing poly(A).
J Virol. 1994;68(4):2425‐2432.

16. Qiu Y, Nemeroff M, Krug RM. The influenza virus NS1 protein
binds to a specific region in human U6 snRNA and inhibits U6‐U2
and U6‐U4 snRNA interactions during splicing. RNA. 1995;1:
304‐316.

17. Lin D, Lan J, Zhang Z. Structure and function of the NS1 protein of
influenza A virus. Acta Biochim Biophys Sin. 2007;39(3):135‐162.

18. Carrillo B, Choi J, Bornholdt ZA, Sankaran B, Rice AP, Venkataram BV.
The influenza A virus protein NS1 displays structural polymorphism.
J Virol. 2014;88(8):4113‐4122.

19. Qian XY, Alonso‐Caplen F, Krug RM. Two functional domains of the
influenza virus NS1 protein are required for regulation of nuclear
export of mRNA. J Virol. 1994;68(4):2433‐2441.

20. Engel DA. The influenza virus NS1 protein as a therapeutic target.
Antiviral Res. 2013;99(3):409‐416.

21. Zhao M, Wang L, Li S. Influenza A virus‐host protein interactions
control viral pathogenesis. Int J Mol Sci. 2017;18(8):1‐15.

22. Rajsbaum R, Albrecht RA, Wang MK, et al. Species‐specific inhibition
of RIG‐I ubiquitination and IFN induction by the influenza A virus
NS1 protein. PLoS Pathog. 2012;8(11):e1003059.

23. Pereira CF, Wise HM, Kurian D, et al. Effects of mutations in the

effector domain of influenza A virus NS1 protein. BMC Res Notes.
2018;11(1):1‐7.

24. Bao Y, Bolotov P, Dernovoy D, et al. The influenza virus resource at
the National Center for Biotechnology Information. J Virol. 2008;
82(2):596‐601.

25. Elbe S, Buckland‐Merrett G. Data, disease and diplomacy: GISAID's

innovative contribution to global health. Glob Challenges. 2017;1(1):
33‐46.

26. Shu Y, McCauley J. GISAID: global initiative on sharing all influenza
data—from vision to reality. Euro Surveill. 2017;22(13):2‐4.

LUBNA ET AL. | 9 of 10

https://www.ncbi.nlm.nih.gov
https://www.who.int/influenza/surveillance_monitoring/updates/latest_update_GIP_surveillance/en/
https://www.who.int/influenza/surveillance_monitoring/updates/latest_update_GIP_surveillance/en/
https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi
https://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi
https://platform.gisaid.org/epi3/cfrontend#4feb29
https://platform.gisaid.org/epi3/cfrontend#4feb29
http://weizhongli-lab.org/cdhit_suite/cgi-bin/index.cgi
http://weizhongli-lab.org/cdhit_suite/cgi-bin/index.cgi
http://orcid.org/0000-0003-4131-907X
http://orcid.org/0000-0003-4131-907X


27. Fu L, Niu B, Zhu Z, Wu S, Li W. CD‐HIT: accelerated for clustering
the next‐generation sequencing data. Bioinformatics. 2012;28(23):
3150‐3152.

28. Li W, Godzik A. Cd‐hit: a fast program for clustering and comparing
large sets of protein or nucleotide sequences. Bioinformatics. 2006;
22(13):1658‐1659.

29. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular

evolutionary genetics analysis across computing platforms. Mol Biol

Evol. 2018;35(6):1547‐1549.
30. Tamura K, Dudley J, Nei M, Kumar S. MEGA4: Molecular

Evolutionary Genetics Analysis (MEGA) software version 4.0. Mol

Biol Evol. 2007;24(8):1596‐1599.
31. Larkin MA, Blackshields G, Brown NP, et al. Clustal W and Clustal X

version 2.0. Bioinformatics. 2007;23(21):2947‐2948.
32. Jones DT, Taylor WR, Thornton JM. The rapid generation of

mutation data matrices from protein sequences. Bioinformatics.
1992;8(3):275‐282.

33. Jia K, Jeringan RL. New amino acid substitution matrix brings
sequence alignments into agreement with structure matches.
Proteins. 2021;89(6):671‐682.

34. Kerry PS, Ayllon J, Taylor MA, et al. A transient homotypic
interaction model for the influenza A virus NS1 protein effector

domain. PLoS One. 2011;6(3):e17946.
35. Hale BG, Jackson D, Chen YH, Lamb RA, Randall RE. Influenza A virus

NS1 protein binds p85β and activates phosphatidylinositol‐3‐kinase
signaling. Proc Natl Acad Sci USA. 2006;103(38):14194‐14199.

36. Hale BG, Kerry PS, Jackson D, et al. Structural insights into
phosphoinositide 3‐kinase activation by the influenza A virus NS1
protein. Proc Natl Acad Sci USA. 2010;107(5):1954‐1959.

37. Heikkinen LS, Kazlauskas A, Melén K, et al. Avian and 1918 Spanish
influenza A virus NS1 proteins bind to Crk/CrkL Src homology 3

domains to activate host cell signaling. J Biol Chem. 2008;283(9):
5719‐5727.

38. Li Y, Anderson DH, Liu Q, Zhou Y. Mechanism of influenza A virus

NS1 protein interaction with the p85beta, but not the p85alpha,
subunit of phosphatidylinositol 3‐kinase (PI3K) and up‐regulation of
PI3K activity. J Biol Chem. 2008;283(34):23397‐23409.

39. Hale BG, Steel J, Manicassamy B, et al. Mutations in the NS1
C‐terminal tail do not enhance replication or virulence of the

2009 pandemic H1N1 influenza A virus. J Gen Virol. 2010;91(7):
1737‐1742.

40. Chen Z. Influenza A virus NS1 protein targets poly(A)‐binding
protein II of the cellular 3'‐end processing machinery. EMBO J. 1999;
18(8):2273‐2283.

41. Tu J, Guo J, Zhang A, et al. Effects of the C‐terminal truncation in
NS1 protein of the 2009 pandemic H1N1 influenza virus on host
gene expression. PLoS One. 2011;6(10):1‐8.

42. Burgui I, Aragón T, Ortín J, Nieto A. PABP1 and eIF4GI associate

with influenza virus NS1 protein in viral mRNA translation initiation
complexes. J Gen Virol. 2003;84(12):3263‐3274.

43. Kaewborisuth C, Zanin M, Häcker H, Webby RJ, Lekcharoensuk P.
G45R mutation in the nonstructural protein 1 of A/Puerto Rico/8/
1934 (H1N1) enhances viral replication independent of dsRNA‐
binding activity and type i interferon biology. Virol J. 2016;13(1):
1‐10.

44. Chen G, Ma LC, Wang S, et al. A double‐stranded RNA platform is

required for the interaction between a host restriction factor and the
NS1 protein of influenza A virus. Nucleic Acids Res. 2020;48(1):
304‐315.

45. Cheng A, Cheng A, Wong SM, Yuan YA. Structural basis for dsRNA
recognition by NS1 protein of influenza A virus. Cell Res. 2009;19(2):
187‐195.

46. Salahuddin P, Khan AU. Structural and functional analysis of NS1 and
NS2 proteins of H1N1 subtype. Genomics, Proteomics Bioinforma.
2010;8(3):190‐199.

47. Samji T. Influenza A: understanding the viral life cycle. Yale J Biol

Med. 2009;82(4):153‐159.
48. Laskowski RA, Hutchinson EG, Michie AD, Wallace AC, Jones ML,

Thornton JM. PDBsum: a web‐based database of summaries and

analyses of all PDB structures. Trends Biochem Sci. 1997;22(12):488‐490.

49. Kumar S, Khare S, Saidullah B, et al. Appearance of L90I and N205S

mutations in effector domain of NS1 gene of pdm (09) H1N1 virus
from India during 2009–2013. Adv Virol. 2014;2014:861709.

50. Ayllon J, Russell RJ, Garcia‐Sastre A, Hale BG. Contribution of NS1
effector domain dimerization to influenza A virus replication and
virulence. J Virol. 2012;86(23):13095‐13098.

51. Clark AM, Nogales A, Martinez‐Sobrido L, Topham DJ, DeDiego ML.
Functional evolution of influenza virus NS1 protein in currently

circulating human 2009 pandemic H1N1 viruses. J Virol. 2017;
91(17):1‐22.

52. Komissarov A, Fadeev A, Sergeeva M, et al. Rapid spread of

influenza A(H1N1)pdm09 viruses with a new set of specific
mutations in the internal genes in the beginning of 2015/2016
epidemic season in Moscow and Saint Petersburg (Russian Federa-
tion). Influenza Other Respir Viruses. 2016;10(4):247‐253.

53. Majumder K, Boftsi M, Whittle FB, et al. The NS1 protein of the
parvovirus MVM Aids in the localization of the viral genome to

cellular sites of DNA damage. PLoS Pathog. 2020;16(10):1‐21.
54. Zhang K, Miorin L, Makio T, et al. Nsp1 protein of SARS‐CoV‐2

disrupts the mRNA export machinery to inhibit host gene expres-
sion. Sci Adv. 2021;7(6):eabe7386.

55. Roy P, Roy S, Sengupta N. Disulfide reduction allosterically

destabilizes the β‐ladder subdomain assembly within the NS1 dimer
of ZIKV. Biophys J. 2020;119(8):1525‐1537.

56. Poveda‐Cuevas SA, Barroso Da Silva FL, Etchebest C. How the strain
origin of Zika Virus NS1 protein impacts its dynamics and
implications to their differential virulence. J Chem Inf Model. 2021;

61(3):1516‐1530.
57. Płaszczyca A, Scaturro P, Neufeldt CJ, et al. A novel interaction

between dengue virus nonstructural protein 1 and the NS4A‐2K‐4B
precursor is required for viral RNA replication but not for formation

of the membranous replication organelle. PLoS Pathog. 2019;15(5):
e1007736.

58. Fan J, Liu Y, Yuan Z. Critical role of DengueVirus NS1 protein in viral
replication. Virol Sin. 2014;29(3):162‐169.

59. Cheng A, Wong SM, Yuan YA. Structural basis for dsRNA
recognition by NS1 protein of influenza A virus. Cell Res. 2009;19:
187‐195.

60. Hale BG, Steel J, Medina RA, et al. Inefficient control of host gene
expression by the 2009 pandemic H1N1 influenza A virus NS1
protein. J Virol. 2010;84(14):6909‐6922.

61. Shin Y‐K, Li Y, Liu Q, Anderson DH, Babiuk LA, Zhou Y. SH3 binding
motif 1 in influenza A virus NS1 protein is essential for PI3K/Akt

signaling pathway activation. J Virol. 2007;81(23):12730‐12739.

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Lubna S, Chinta S, Burra P,

Vedantham K, Ray S, Bandyopadhyay D. New substitutions

on NS1 protein from influenza A (H1N1) virus: bioinformatics

analyses of Indian strains isolated from 2009 to 2020. Health

Sci Rep. 2022;5:e626. doi:10.1002/hsr2.626

10 of 10 | LUBNA ET AL.

https://doi.org/10.1002/hsr2.626



