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Abstract:
Background:
The routine influenza (H1N1) surveillance in India started almost a decade ago. The fluctuation in the number of deaths and cases in different Indian states over the last decade presumably indicated the possible changes in the viral sequence and in the immune response of the host. To track these changes, we have chosen NS1 protein that invades host antiviral immune response. Objective of this study was to identify the recent mutations on NS1 protein from Indian isolates.
Methods:
The sequences of NS1 proteins from H1N1 strains isolated in India over a decade were obtained from publicly available databases. Multiple sequence alignment, phylogeny and surface hydrophilicity analyses were performed to confirm the consistent mutations on NS1 protein, evolved chronologically in India.
Results:
Total eight mutations were identified, two in RNA-binding domain (RBD), five in effector domain (ED) and one in the linker region. Three mutations were reported first time in this study at the sequence positions, 2, 80 and 155; those evolved either in 2017 or in 2019. These recent mutations were associated with conservative substitutions in the alternative domains of NS1 protein, namely, i) D2E and E55D, ii) T80A and A155T and iii) E55K and K131E. A gradual shift of NS1 antigenic regions (surface hydrophilicity) was observed from ED to RBD domains along the time line.
Conclusions:
The possible consequences of these mutations on host-pathogen interactions were hypothesized based on the sequence positions of NS1 mutations belonging to various cellular-binding sub-domains. The hypothesis is subject to further experimental and computational verification.

Introduction:
[bookmark: _Hlk513113191]Amidst the current worldwide threat by COVID-19 (SARS-COV2 virus) pandemic, H1N1 influenza virus still remains as a threat, according to the report by world health organization (WHO) (WHO | Influenza update - 385). Both H1N1 and SARS-COV2 viruses cause respiratory diseases. The patients affected by H1N1 are often susceptible towards COVID-19 1–5. Hence, proper characterization of host-pathogen (H1N1) interactions would help the researchers and doctors to identify and discriminate both the viral diseases leading to proper treatment. 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)pdm09 strain (2009-2010) 6. A(H1N1) pdm09 strain has shown increased virulence owing to its transmutability from swine to human host 7,8. In India, pandemic outbreak of H1N1 resumed again at early 2015 that continued till date (with less severity in 2016).   A research group from Massachusetts Institute of Technology (MIT) has claimed that 2015 influenza pandemic outbreak in India was deadlier compared to the outbreak caused by A (H1N1) pdm09 pandemic strain in 2009 9. Significant alteration was noted in the genome of influenza viruses over time. Segmented genome of influenza A virus helps the genetic assortment of the virus with possible emergence of new subtypes. New subtypes often evade the host immune system more efficiently leading to increased viral spread and pandemic outbreaks. 
Protein of choice in this study was the non-structural one (NS1) 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 10. NS1 protein is a multi-functional protein 11 involved in post-translational regulation of the influenza virus life cycle; it binds virion RNA 12–14 , poly(A)-containing RNA 16, human U6 snRNA 17 and many more viral and cellular proteins. Strain-specific variations in the NS1 protein resulted into differences in virulence. For example, 1918 NS1 protein has mediated down-regulation of genes involved in innate antiviral immunity and lipid metabolism. Whereas, no such down-regulation was reported for the NS1 protein isolated from seasonal human H1N1 virus 18. 
NS1 protein has two major domains, the N-terminal RNA binding domain (RBD) (residues 1-73) and C-terminal effector domain (ED) (residues 84 to the end) 15,19. RNA binding domain protects the virus against the antiviral state induced by Interferon (IFN) alpha/beta by blocking the activation of 2’-5’ oilgo (A) synthetases/RNase L pathway. Both RBD and ED domains contain several sub-domains (Figure 1). Most of these NS1 subdomains are involved in various host factor (RNA/protein) interactions leading to inactivation of innate immune responses. Some of these host factors are protein kinase R (PKR) 16,20–28, retinoic-acid inducible gene I (RIG-I) 28–33, oligoadenylate synthetase 11,20, protein activator EIF2AK2, PRKRA (also known as PACT) 34, tripartite motif containing 25 (TRIM25) 20,23,29,31,34–36, and NF90 34. All these interactions indicate multifunctionality of NS1 protein. 
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), phylogenetic analyses, surface hydrophilicity measurement and crystal structure analyses. Answer to the second question was intuitive based on the sequence positions of NS1 mutations belonging to various cellular-binding sub-domains. Hypotheses generated from the second question is subject to further experimental and computational verifications. Eight distinct point mutations were identified within the “pdm09” strains. Seven out of these eight were consistent after 2012, where consistent mutation was defined as the mutation observed in all the sequences.  Three sets of conservative substitutions (paired mutations) were observed where paired amino acids switched their positions among RNA binding and effector domains, namely: (i) E55K and K131E, (ii) D2E and E125D and (iii) T80A and A155T. All these three paired mutations became consistent within the first two years. The above eight mutations occurred in the four subdomains of NS1 protein, namely PKR, E1F4G1, PI3K and CPSF4 binding domain. Hence, these mutations could potentially alter polyadenylation in host mRNA, host translation initiation and antiviral response by PKR. Similarly, following host-pathogen interactions could presumably be altered due to these mutations – dsRNA-RBD (NS1 sequence positions 31 to 49) interaction, nuclear localization signaling (NS1 sequence positions 35 to 41) and RNA-independent IFN antagonist (NS1 sequence position 42). Two independent analyses on surface hydrophilicity calculation indicated a gradual shift of the antigenic segments on NS1 protein from RBD to ED domain.

Methodology:
1. Generation of dataset for H1N1 viral NS1 protein sequences obtained from Indian isolates
The dataset was generated based on the public database NCBI (Influenza virus database - NCBI (nih.gov)) 37 and restricted database, GISAID EpiFlu database (GISAID Initiative) 38,39. NCBI Influenza Virus Resource was searched with 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 30/12/2019. Above search criteria resulted into 213 total number of sequences. Protein sequences were extracted from EpiFlu database in addition to NCBI database. Selection criteria from EpiFlu database were following: i) influenza virus type A, ii) only H1N1 strains iii) from human host, iv) location – India, Asia, vi lineage – pdm09 and vii) collection dates till 30/12/2019. Additionally, we searched for the “seasonal” lineage in EpiFlu database, with three alterations in the above search criteria, i) lineage – “seasonal”, ii) no specific collection dates and iii) NS1 protein of any length (in additional filters for the search criteria, “only complete” box was left unchecked), resulting into two NS1 sequences, one isolated in 1980 (A/India/6263/1980) and the other one in 2009 (A/Eastern India/107/2009). Above search criteria resulted in total 154 NS1 sequences from EpiFlu database. 
Two additional datasets were generated after applying  redundancy removal tool CD-HIT (CD-HIT Suite (weizhongli-lab.org)) 40,41 on total 367 NS1 sequences. CD-HIT algorithm removes redundant sequences based on a given sequence identity cutoff following heuristic approach. Sequence identity cutoff used here was 100%, that removes the identical sequences from the dataset. The first 100% non-redundant dataset consists of 88 NS1 sequences – 16 from seasonal strains and 72 from pandemic (pdm09) strains.  The second 100% non-redundant sequence dataset consists of 72 pdm09 strains only. 

2. Construction of Phylogenetic trees:
MEGAX software 42,43 was used to construct the phylogenetic trees for influenza A virus NS1 proteins from Indian isolates.  As a pre-requisite to phylogenetic tree construction, multiple sequence alignment was performed using CLUSTALW 44. [footnoteRef:1]Following pairwise alignment parameters were used, i) gap opening penalty value – 10.00 and ii) gap extension penalty value – 0.10.  For multiple alignment parameters, values were set to gap opening penalty value, 10.00 and gap extension penalty value, 0.20. No negative matrix weight was used. Delay divergence cutoff was 30%. Phylogenetic trees were constructed for i) all 367 sequences (redundant dataset), ii) 88 sequences, both seasonal and pandemic (100% non – redundant) and iii) 72 sequences, only pandemic strains (100% non – redundant). Each taxon in the phylogenetic tree represents sequence clusters (numbers of sequences varied from 1 to 51 in each cluster) those shared 100% sequence similarity. [1:  <sup>43</sup><sup>42</sup>[42]<sup>42</sup><sup>42</sup><sup>42</sup>(Tamura et al.)Tamura and others. ] 

The evolutionary history was inferred using the Maximum Likelihood (ML) method based on the Jones-Taylor-Thornton (JTT) matrix-based model 45. ML is a statistical method to infer probability distribution and assign probabilities to predicted phylogenetic trees. JTT substitution model was used to assess the probability of particular mutations. To handle gaps and missing data, no additional options were used (i.e., all sites were used). Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model. Five hundred steps of bootstrap replication were performed to construct each phylogenetic tree. Final topology was selected based on the superior log likelihood value. Visualization of the phylogenetic tree was done using MEGAX. 

3. Prediction of surface hydrophilicity of NS1 proteins based on sequences: 
Epitope prediction was performed using prediction server SVMTriP (SVMTriP: a tool to predict linear antigenic epitopes (unl.edu)), that is a tool to predict linear antigenic epitopes. This prediction was based on  sequence input from Immune Epitope Database and Analysis Resource (Immune Epitope Database and Analysis Resource), using support vector machines and exploiting tri-peptide similarity and propensity scores 46. Among the antigenic regions predicted we have selected only the regions with highest scores avoiding the chance prediction. These regions are most likely sites for antibody or vaccine development.
For epitope prediction, we have selected eleven sequences from six representative groups (Figure S2) namely, i) seasonal (before 2009), ii) 2009-2010 (pandemic), iii) 2011-2014 (pandemic), iv) Intermediate (2009-2013, pandemic), v) 2015 (pandemic) and iv) After 2015 (pandemic). The time interval “intermediate” contains sequences those are mostly similar to pandemic strains, although, contain some sequence-signatures similar to seasonal strains. 

4. Extraction of crystal structures for RNA-binding (N-terminal) and effector (C-terminal) domains of NS1 protein:
Influenza virus H1N1 protein crystal structures were extracted from Protein Data Bank (PDB) 47. The keyword search “H1N1 NS1 protein” in PDB, resulted into 5 crystal structures from influenza virus only. Three structures correspond to NS1 RNA-binding (N-terminal) domain and two correspond to effector (C-terminal) domain. Three PDB structures demonstrated N-terminal RNA binding domain of NS1 proteins (residues 1-73), isolated at three different time, 1918 (PDB ID: 2N74), 1934 (PDB ID: 2ZKO) and 2009 (PDB ID: 3M8A). Protein isolated from 1934, Purto Rico sequence, was a complex of protein and double stranded RNA. Other two structures were isolated in the free form. The free N-terminal domain of NS1 protein isolated from 1918 sequence was dimeric in nature and observed in solution structure (NMR data). C-terminal effector domain of NS1 proteins were crystallized from two different isolates in a) 1934 (PDB ID: 3L4Q) and b) 2009 (PDB ID: 3M5R). Fragments crystallized from 1934 and 2009 NS1 sequences have following resolved residue positions 78-203 and 83-202, respectively. One of the important sequence positions, 205, was not resolved in the crystal structure.

5. Calculation of protein microenvironments (surface hydrophilicity) based on crystal structures: 
Protein microenvironments of NS1 protein crystal structures were computed using a FORTRAN program, “MENV” 48.  “MENV’ calculation requires three-dimensional structure of protein as the input. Output of the program generates two parameters, i) buried fraction and ii) rHpy value. “Buried fraction” value of 1 indicates that an amino acid is completely buried inside the protein and the value 0 indicates that the amino acid is completely exposed to the solvent. “rHpy” value is the relative measure of hydrophobicity, contributed by the protein microenvironment and solvent microenvironment around an amino acid. The protein microenvironment is more diverse and heterogeneous in the protein core (rHpy ~ 0.0) rather than in solvent exposed region (rHpy ~1.0) 49,50.

6. 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 20,22,26,28,31,34,36,51,52, (ii) poly(A)-binding protein II (PABII) 11,18,25,34,53, (iii) dsRNA 8,21–23,25,26,29,30,35,36,54,55, (iv) nuclear localization signal 1 (NLS1) 18,21,23,28,56 and (v) eIF4GI 11,24,25,28.
Solved crystal structures were available only for two complexes from global isolates, (i) NS1 protein RNA binding domain complexed with double stranded RNA (PDB ID: 2ZKO) and (ii) effector domain of NS1 complexed with PI3K host protein (PDB ID: 3L4Q). All the interaction sites were retrieved from the secondary database  PDBSUM 57

Results and Discussion:
1. Divergence in NS1 protein of H1N1 virus across India, over the period 2007 to 2019, based on phylogenetic trees:
Three phylogenetic trees were constructed containing, i) all 367 NS1 sequences (Figure S1), ii) 88 NS1 sequences, from 100% non-redundant dataset comprised of seasonal and pdm09 strains (Figure S2) and iii)72 sequences from 100% non-redundant dataset comprised of pdm09 strains only (Figure 2). All the three phylogenetic trees were constructed twice and the results were reproducible. Analyses were mainly focused on 100% non-redundant datasets only. The first non-redundant dataset (comprised of both seasonal and pdm09 strains) were broadly categorized into two groups, namely, i) “pre-2015” and ii) “post-2015”. “Pre-2015” group was classified into three sub-groups, “Seasonal”, “2009-2010” and “2011-2014”. “Post-2015” group was classified into two sub-groups, “2015” and “2015-2019”. Closely related taxa were observed in the sub-groups, “2009 – 2010” and “2015”.  A time evolution of NS1 protein sequence was observed in these subgroups. In addition to these sub-groups an “intermediate” sub-group was observed containing strains from 2009-2013. This “intermediate” sub-group, although, belonged to pdm09 strains, have sequence-signatures similar to seasonal strains (Figure S2). When the seasonal strains were removed from the phylogenetic tree, the “intermediate” sub-group moved away from the pdm09 strains (Figure 2), indicating that the seasonal and pdm09 strains were distinctly different. 

2. Significant mutations deduced from multiple sequence analyses, phylogeny, evolutionary rate and sequence logo:
Based on multiple sequence analyses we have identified 33 sequence positions those varied between seasonal and pandemic strains (Table S1). These changes (e.g., XIY) were, henceforth, denoted as point mutation (Y), with respect to the consensus amino acid (X) at sequence position I. For example, in the “intermediate” sub-group the consensus amino acid, glutamine (Q), was mutated to glutamic acid (E) at sequence position 55 (E55Q). One more frequently used term, consistent mutation, was defined here as mutation observed in all the sequences. For example, the R108K mutation was consistent in the “seasonal” sub-group, moderate in the “intermediate” sub-group and totally absent in other pdm09 strains. The S205N mutation was consistent in the “2009-2010” sub-group (Table 1). This mutation was also reported earlier in the strains from India 28,55,58. The L90I mutation was first observed in 2011, (in nine out of twenty-one sequences) and became consistent in 2014; the mutation was also reported earlier from India 28. Three conservative paired mutations, namely i) E55K and K131E, ii) D2E and E125D and iii) T80A and A155T, were observed in Indian sequences. The presence of conservative substitutions (paired mutations) has not been reported earlier, although conservative substitutions were frequently observed in densely packed proteins where two interacting amino acids exchange their positions 59. The mutations were defined paired when a pair of amino acids exchanged their positions among RNA binding and effector domains of NS1 protein; leaving the total number of individual amino acid types unchanged. The first paired mutation (E55K and K131E) was observed in 2013 and became consistent in 2015. The single point mutation at 55th position (G/Q/K) was first noted in 2009 and then in 2012. The other point mutation, K131E, was observed in 2013 and finally the paired mutation became consistent in 2015 (Table 1). The second paired mutation, D2E and E125D, was first observed in 2015 and became consistent in 2017. The third paired mutation, T80A and A155T, were observed in 2019 and was consistent at the beginning only. Significance of these three paired mutations is yet to be explored. Five out of the eight point mutations (E55K, L90I, E125D, K131E, and N205S) observed in the current study from Indian isolates were observed earlier in global strains 55. Three point-mutations were unique in this study, namely, D2E, T80A and A155T as these three were very recent (Table 1).
To ascertain the above mutations, we have estimated position specific evolution rate with Maximum likelihood method for Indian NS1 sequences (Figure 3). The mean evolutionary rate of each site (219 amino acids) in 330 pdm09 sequences, was estimated using the Jones-Taylor-Thornton 45 model employed by MEGAX software. These rates were scaled in such a way, 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. A discrete Gamma distribution was used to model evolutionary rate differences. The maximum log likelihood value for this set of sequences was -1992.226 and the gamma parameter was 0.5031. 
Fifty-seven positions were identified with evolutionary rate greater than one. All these positions showed higher evolutionary rate due to the difference in the type of substituted amino acids, as per the substitution matrix in JTT model 45. However, all the eight consistent mutations identified (Table 1) have evolutionary rate greater than two, except the two recent point mutations, D2E and T80A (Figure 3).  The consistent mutations at 2nd and 80th positions emerged only in 2017 and 2019, that presumably accounted for low evolutionary rate. 
The eight consistent mutations were further verified based on their conservations (Sequence logo) computed by WEBLogo (WebLogo - Create Sequence Logos (berkeley.edu)) 60,61 (Figure 4). Six out of the eight consistent mutations have shown bits score less than 3.5, indicating that those positions were variable, namely positions, 2, 55, 90, 125, 131 and 205. The 80th and 155th positions exhibited less variation (indicated by high bits score, 3.8), as these two mutations were very recent (2019 only) and were identified only within ten sequences (Table 1).

3. [bookmark: _Hlk513124179]Changes in surface hydrophilicity of NS1 protein based on protein sequences: 
[bookmark: _Hlk491968123]We have investigated the possible changes of antigenicity on NS1 protein sequences isolated within the time interval, 2009 to 2019. Antigenicity depends on the surface hydrophilicity. The antigenic sites are solvent-exposed and those facilitate interaction with the host proteins, thus perturb normal host cellular functions and promote viral infection. Viral NS1 protein interacts with a cascade of host proteins (Figure 1). In this study, NS1 surface hydrophilicity were predicted for six subgroups of sequences identified from the phylogenetic tree (Figure S2), i) “seasonal”, ii) “2009-2010” (pandemic), iii) “2011-2014” (pandemic), iv) “intermediate” (2009-2013, pandemic), v) “2015” (pandemic) and vi) “post-2015” (2015-2019 pandemic) (Table 2). Sequences selected were representative of each year, except, those from 2014 and 2016. Sequences from these two years were 100% similar to the other sequences, hence, did not appear in the 100% non-redundant dataset. The “seasonal” sub-group has two antigenic segments as predicted by SVMTrip (http://sysbio.unl.edu/SVMTriP/prediction.php), i) one spanning the sequence positions 77 to 96 and ii) the other spanning the sequence positions 138 to 157.  For the “2009-2010” sub-group, two antigenic segments were predicted, i) the sequence positions 68 to 87 and ii) the sequence positions 187 to 206. For the remaining sub-groups, the antigenic segments predicted were, i) the sequence positions 21-40, and ii) the sequences position 68-87. A shift in the antigenic region of NS1 protein was observed from the effector domain to RNA binding domain as a consequence of time (Figure 5). The intermediate sub-group has antigenic regions assorted from both seasonal and post-seasonal sub-groups.

4. Changes in surface hydrophilicity of NS1 protein based on crystal structures:
[bookmark: _Hlk492990541]The surface hydrophilicity of the protein microenvironment was quantitatively measured in terms of protein microenvironments (rHpy values). The rHpy values were computed based on four crystal structures and one NMR structure of NS1 protein (H1N1 subtype) from global isolates available on Protein Data Bank (PDB) 47 (Table 3). No NS1 protein structure was available from Indian isolates. For RNA-binding domain, only free forms of NS1 protein structures were compared across the sequences isolated from 1918 (PDB ID: 2N74) and 2009 (PDB ID: 3M8A). Nine mutations (V6M, V18I, Q25N, E26G, R44K, S48N, R59L, A60V and R67W) were noted. The amino acid residue preceding the sequence position were identified from 1918 sequence and the other one from 2009 sequence. These nine mutations were observed among the broad groups of “seasonal” and “pdm09”, based on phylogenetic tree from Indian isolates (Fig S1 and S2). However, three mutations R44K, R59L and A60V appeared only in very few (less than six sequences) seasonal sequences. Hence, we have considered only the remaining six mutations, namely, V6M, Q25N, E26G, S48N, R58L and R67W (Figure 6). Earlier in vitro studies have indicated increased pathogenicity of the viral infection, caused by four unique mutations of NS1 protein, namely, N25Q, G26E, N48S and W67R 62. The changes in the hydrophilicity pattern were measured in terms of the variation in rHpy values among six residues from PDB ID: 2N74 and 3M8A (Figure 7). Mean and standard deviation of rHpy values were reported (as both the proteins contained more than one polypeptide chains) for the side chains of each of these six amino acids. The standard deviation in the 1918 structure (PDB ID: 2N74) for rHpy values in six amino acids were less (except for E26 and R58) compared to those in 2009 structure (PDB ID: 3M8A). This was because 1918 structure contains only two chains, whereas 2009 structure contains twelve chains. According to the definition of rHpy, higher the value of rHpy, more is the hydrophilicity of the local environment 48. Hence, larger ΔrHpy value denoted enhanced hydrophilicity of the protein environment around a specific functional group of an amino acid. The average (μ) and standard deviation (σ) in the ΔrHpy values were -0.142 and 0.252 respectively (figure 7c). Any value outside the range of μ ± σ was considered as significant changes in hydrophilicity. The significant changes in the protein hydrophilicity (ΔrHpy) were noted at the sequence positions, 6, 25 and 26. Thus, hydrophilicity was reduced at the positions, 25 and 26, in 2009 sequences compared to those in 1918 sequence. 
 The two important sequence positions at the C-terminal effector domain of NS1 protein, 90 and 131, has no changes in amino acids at the respective positions. Although, there was a significant change in the rHpy value around the L90 residue when the free (PDB ID: 3M5R) and the phosphoinositide 3-Kinase (PI3K) complexed (PDB ID: 3L4Q) forms were compared. The L90 residue in the free form has showed moderate hydrophilic microenvironment (rHpy=0.328) compared to very hydrophobic microenvironment (rHpy = -0.011) in the PI3K-complexed form. Insignificant change was observed in the rHpy value around K131 in its free and PI3K-complexed forms (rHpy=0.7; changes occurred at second decimal positions). K131E mutation was identified as a significant mutation when paired with E55K mutation in RNA binding domain (Table 1). The study on the effects of this paired mutation will be addressed elsewhere.

5. Host factor (protein/RNA) interactions with viral NS1 protein:
Above analyses of NS1 sequences have identified recent mutations at certain residue positions of NS1 protein from Indian isolates. Many of these residue positions interact with various host factors (RNA and proteins) (Figure 8). Some of these residue positions were less conserved (Figure 4). These residues were mostly present on the antigenic (hydrophilic) region of the protein. The hydrophilic region has shifted from ED domain to RBD domain during the time period 2009 to 2019 (Figure 5). The changes in the hydrophilicity pattern at the functionally important residue positions presumably relates to altered host-pathogen interactions, as discussed below, based on published literature.
The residues R35, R38, S42, R46, and T49, in RBD domain directly interact with the host dsRNA (PDB ID: 2ZKO). Additional residues, T5, D29, D34, D39 and K41, interact with host dsRNA via water-mediated interactions (Figure 1 and 2 of 21). The residues R35, R38, and K41 were also involved in interaction with nuclear localization signal proteins, like, six human importin alpha isoforms, host nucleolar proteins, like, nucleolin, B23, and fibrillin 63. Residues 35 to 41 on NS1 protein were also mapped as nuclear localization signal (NLS1) subdomain that participated in nuclear import of NS1 protein via classical importin alpha/beta nuclear import pathway 64.  Moreover, RNA-independent antiviral activity of NS1 protein involves residue position 42 that was known to control virulence 11 and inhibit IFN production 29. Majority of these residues were present on the NS1 antigenic region (residue positions 21 to 40), isolated from 2011 and afterwards (Figure 5). 

Conclusion:
This study aimed to identify the recent mutations on NS1 proteins isolated from India, within the time span of 2009 to 2019, based on multiple sequence alignment, phylogenetic tree construction and prediction of surface hydrophilicity based on sequences and crystal structures. Eight mutations were identified in this study. Three out of these eight were unique and those appeared only after 2017. Systematic analyses revealed a gradual shift of antigenic segments on NS1 protein from effector domain to RNA binding domain (Figure 9). Changes in antigenic segments reflected the changes in surface hydrophilicity of the protein. For the first time three conservative paired mutations were identified involving RNA binding and effector domain. Significant changes in protein microenvironments were observed at residue positions 6, 25, 26 and 90 on NS1 protein based on crystal structures. Residue positions 25 and 26 were part of the dsRNA binding subdomain, whereas residue position 90 was involved in PI3K and eIF4GI binding (Figure 9). This study hypothesized that the point mutations on NS1 protein in Indian population induced changes in surface hydrophilicity and subsequent alteration in cellular binding. 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. 
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Web References:

SVMTriP: A Tool to Predict Linear Antigenic Epitopes. Retrieved from http://sysbio.unl.edu/SVMTriP/prediction.php . 
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 

WebLogo is a web-based application designed to make the generation of sequence logos: https://weblogo.berkeley.edu/logo.cgi 

Table 1: Chronological evolution of consistent mutations in NS1 protein sequence positions, obtained from pdm09 strains. Consensus sequence is shown in the second row and the mutations, in chronological order, are shown in the following rows. Amino acids are shown in one letter code.
	Sequence position
	2
	55
	80
	90
	125
	131
	155
	205

	Consensus sequence
	D
	E
	T
	L
	E
	K
	A
	S

	Mutation
	E
	G/Q/K
	A
	I
	G/D
	E/Q
	T
	N

	2009 (84)
	0
	G(4)/q(3)
	0
	0
	0
	0
	0
	84 (all)

	2010 (31)
	0
	Q(20)
	0
	0
	0
	0
	0
	31(all)

	2011 (21)
	0
	Q(6)
	0
	9
	0
	0
	0
	6

	2012 (43)
	0
	0
	0
	34
	0
	Q(2)
	0
	1

	2013 (21)
	0
	K(3), Q(1)
	0
	19
	0
	E(6)
	0
	0

	2014 (5)
	0
	K(4)
	0
	5 (all)
	0
	E(4)
	0
	0

	2015 (69)
	3
	K(69)(all)
	0
	69(all)
	G(6),D(3)
	69(all)
	0
	0

	2016 (10)
	8
	K(10)(all)
	0
	10(all)
	D(8)
	E(10)(all)
	0
	0

	2017 (31)
	31(all)
	K(31)(all)
	0
	31(all)
	D(31)(all)
	E(31)(all)
	0
	0

	2018 (6)
	6(all)
	K(6)(all)
	0
	6(all)
	D(6)(all)
	E(6)(all)
	0
	0

	2019 (10)
	10(all)
	K(10)(all)
	10(all)
	10(all)
	D(10)(all)
	E(10)(all)
	10(all)
	0













Table 2: Predicted antigenic sites on NS1 proteins derived from Indian isolates within the time-period of 2009 to 2019. Eleven sequences from six representative groups (Figure S2) are shown. 
	Sequence
	Amino acid position
	Antigenic segment (score >0.9)

	Seasonal strain

	>ADV39821 A/KOL/2172/2009 2009/09/ NS1
	(i) 77-96
(ii) 138-157
	(i) LKMTMASALASRYLTDMTVE
(ii) FDRLENLTLLRAFTEEGAIV

	Pdm09 strain

	“2009-2010” 

	>ACZ97497 A/Blore/NIV236/2009 2009/06/ NS1
	(i) 68-87
(ii) 187-206
	(i) ILKEESSETLRMTIASVPTS
(ii) WNGNTVRVSENIQRFAWRNC

	>AHH25457 A/Delhi/036/2010 2010/08/20 NS1
	
	

	“Intermediate”

	>AHH25487 A/Delhi/051/2011 2011/02/24 NS1
	(i) 21-40
(ii) 68-87
	(i) RFADNGLGDAPFLDRLRRDQ
(ii) ILKEESSETLRMTIASVPTS

	>AHH25473 A/Jammu and Kashmir/044/2011 2011/01/20 NS1
	(i) 187-206
(ii) 68-87
	(i)  WNGNTVRVSENIQRFAWRNC
(ii) ILKEESSETLRMTIASVPTS

	“2011-2014” 

	>AHH25533 A/Chhattisgarh/074/2012 2012/05/10 NS1
	(i) 68-87
(ii) 21-40
	(i) ILKEESSETLRMTIASVPTS
(ii) RFADNGLGDAPFLDRLRRDQ

	>AHH25547 A/Haryana/081/2013 2013/01/22 NS1
	
	

	“2015” 

	>AMU04368 A/Kerala/RGCB145385/2015 2015/01/14 NS1
	(i) 68-87
(ii) 21-40
	(i) ILKEESSETLRMTIASVPTS
(ii) RFADNGLGDAPFLDRLRRDQ

	“After 2015”

	>EPI1241397 | A/India/0322/2017 | pdm09
	(i) 21-40
(ii) 68-87
	(i) RFADNGLGDAPFLDRLRRDQ
(ii) ILKEESSETLRMTIASVPTS

	>EPI1278093 | A/India/3196/2018 | pdm09
	
	

	>EPI1592563 | A/India/1163/2019 | pdm09
	
	




Table 3: Information on three-dimensional (crystal and NMR) structures of N-terminal and C-terminal domains of NS1 protein from different strains.
	PDB ID
	No. of chains (multimers)
	Residues resolved in crystal structure
	Function
	Strains (source)
	Resolution (Å)
	Date of release

	2N74
	2
	1-73
	N-terminal RNA binding domain; free
	A/BREVIG MISSION/1/1918 H1N1
	Not applicable; NMR structure
	Sep 2015

	2ZKO
	2
	1-70
	N-terminal RNA binding domain; complexed with double stranded RNA
	A/PUERTO RICO/8/1934 H1N1
	1.7
	Mar 2008

	3M8A
	12
	1-73
	N-terminal RNA binding domain; free
	A/California/07/2009 H1N1
	2.1
	Mar 2010

	3L4Q
	2
	83-202#
(73-230) 
	C-terminal
	A/Puerto Rico/8/1934 H1N1
	2.3
	Dec 2009

	3M5R
	6
	78-203# (79-208) 
	C-terminal effector domain
	A/California/07/2009 H1N1
	2.0
	Mar 2010


†Residues resolved in crystal structures
 


Figure 1: Domain structure of NS1 protein of H1N1 influenza virus. Full forms of the abbreviation: RBD – RNA binding domain; ED – Effector domain; NLS – Nuclear localization signal; CPSF – cleavage and polyadenylation specific factor; PABP – poly(A)-binding protein; NES – nuclear export signal; PI3K - phosphoinositide 3-Kinase; PKR - protein kinase receptor. Major domain numbers are written at the bottom and the subdomain numbers within the boxes. 
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Figure 2: Phylogenetic tree for NS1 protein sequences. The final trees are drawn to scale, with branch lengths measured in the number of substitutions per site, after 500 steps of bootstrapping. Evolutionary analyses were conducted using MEGA X software.  The analyses involved 72 pdm09 strains from Indian isolates, 100% non-redundant dataset, resulted into a tree with highest log-likelihood value of -1889.84
[image: C:\Users\Syed\Downloads\ccyr_pdm_88seq_NS1_16dec2019-converted (1)-1.jpg]

Figure 3: Evolutionary rate analysis for 330 NS1 pandemic sequences from Indian isolates using MEGAX software. The average evolutionary rate is shown using the trendline.


















Figure 4: Sequence logo for 330 NS1 pandemic sequences from Indian isolates were created by WebLoGo server. The positions of the eight consistent mutations were indicated by arrows.
 [image: D:\PhD\Influenza proteins\NS1\ns1logo\330seq 1-50.png][image: D:\PhD\Influenza proteins\NS1\ns1logo\330seq 51-100.png]
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Figure 5: Shift in the surface hydrophilicity on the antigenic region of NS1 protein sequences (divided into six sub-groups, indicated in the right-most column) from effector domain to RNA binding domain as a consequence of time
[image: ]

Figure 6: NS1 RNA binding domain from two different isolates, extracted in 1918 (PDB ID: 2N74) and in 2009 (PDB ID: 3M8A) used for a) sequence comparison and b) structure comparison (cartoon representation, dark salmon for PDB: 2N74 and pale green for PDB: 3M8A). Six significant amino acid variations represented by stick (red for PDB: 2N74 and blue for PDB:3M8A) in figure bA

. [image: ]
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Figure 7: Comparison of protein microenvironments (rHpy) around the functional groups from the side chains of the six residue positions for a) PDB: 2N74 b) PDB: 3M8A and c) ΔrHpy values; ΔrHpy = rHpy3M8A – rHpy2N74. The blue bars indicate the average microenvironment (rHpy) values for particular amino acid functional group, for all the chains in the protein, in figures a and b. The orange bar represents the standard deviation value of rHpy for each amino acid functional group, for all the chains in the protein, in figure a and b. In figure b, rHpy of G26 is reported “0” as it does not contain any side chain. The two components of W67 side chain were depicted by two functional groups, RS1(fused five-membered ring) and RS2 (fused six-membered ring), in figures a and b. In figure c, ΔrHpy was computed based on average rHpy value of RS1 and RS2. 
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Figure 8: Description of NS1 protein domains and sub-domains, interacting with different host proteins. The numbers denote the residue positions on NS1 protein.
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Figure 9: Model of chronological evolution of NS1 protein in India as a consequence of point mutations, changes in antigenicity and changes in surface hydrophilicity (ΔrHpy). 
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