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Abstract

Influenza A virus infection induces type I interferons (IFNs o/p) which activate host antiviral responses through a cascade
of IFN signaling events. Herein, we compared highly pathogenic HSN1 and low pathogenic H11N1 avian influenza viruses
isolated from India, for their replication kinetics and ability to induce IFN-f and interferon-stimulating genes (ISGs). The
HS5NI1 virus showed a higher replication rate and induced less IFN-f and ISGs compared to the HI 1N1 virus when grown
in the human lung epithelial A549 cells, reflecting the generation of differential innate immune responses during infec-
tion by these viruses. The non-structural 1 (NS1) protein, a major IFN-antagonist, known to help the virus in evading host
innate immune response was compared from both the strains using bioinformatics tools. Analyses revealed differences in
the composition of the NS1 proteins from the two strains that may have an impact on the modulation of the innate immune
response. Intriguingly, HSN1 virus attenuated IFN-f response in a non-NS1 manner, suggesting the possible involvement
of other viral proteins (PB2, PA, PB1/PB1-F2) of H5N1 in synergy with NS1. Preliminary analyses of the above proteins of
the two strains by sequence comparison show differences in charged residues. The insight gained will be useful in designing
experimental studies to elucidate a probable role of the polymerase protein(s) in association with NS1 in inhibiting the IFN
signaling and understanding the molecular mechanism governing the difference.
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Introduction

Influenza A viruses (IAV) of the family Orthomyxoviri-
dae are zoonotic pathogens which pose a serious threat to
human health globally. Because of their ability to reassort,
Edited by William Dundon. they adapt to new hosts ensuring the generation of newer
strains with varied degrees of pathogenicity and transmis-
sibility [1, 2]. Avian influenza (AI) viruses cause infections
in poultry, and wild and migratory birds with sporadic bird-
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[10-12], which has prompted Al surveillance studies at the
animal-human interface to understand the role of birds in
the transmission of Al viruses.

The host innate immune responses serve as the first line
of defense during viral infection restricting viral replication
and spread. Type I interferons (IFNs) represented by IFN-
o/f are secreted as host antiviral responses during IAV infec-
tion sensed by Retinoic acid-like receptor (RLR) genes and
expression of the [FN-stimulated genes (ISGs) through the
JAK-STAT signaling pathway [13—15]. Non-structural pro-
tein-1 (NS1) acts as a principal IFN-p antagonist by interfer-
ing with IFN production [14, 16] and IAVs lacking the NS1
gene can replicate in an IFN-deficient system [17], suggest-
ing that HPAI strains may express NS1 that suppresses the
host IFN-mediated antiviral effects. This premise set a plat-
form to study differences in the host IFN-mediated responses
elicited towards HPAI and LPAI viruses.

In the present study, we selected two unique Al strains,
HPAI-H5N1 and LPAI-H11N1, that differ in their genetic
organization and pathogenicity [11, 18, 19], to study the
host-mediated IFN responses and their modulation in human
lung epithelial A549 cells. The HPAI-H5N1 virus isolated
from the Manipur outbreak in 2007 was unrelated to the ear-
lier HSN1 viruses in India [11]. The chosen LPAI-H11N1
virus was a reassortant isolated for the first time in India
from a wild aquatic bird, with internal genes (NP, M) having
100% amino acid identity with the HSN1 virus [18]. Moreo-
ver, a microarray-based study reported that the HI IN1-NS1
has the potential to modulate host—cellular environment [20].
Thus, we compared the replication kinetics of these viruses,
gene-expression profile of IFN-f and ISGs, and the ability
of the respective NS1 to inhibit the IFN-f responses. Using
bioinformatics tools (sequence alignment and 3D structure
prediction), we also compared the NS1 proteins.

Materials and methods
Viruses and cells

The viruses used in this study were isolated from India,
namely A/Ck/India/NIV9743/07 (HSN1) [11] and A/Aquat-
icbird/India/NIV-17095/2007 (H11N1) [18]. The prepara-
tion of the virus stocks, hemagglutination (HA) assay was
essentially as described earlier [21]. The HA titer for both
the viruses was 512 HA units. The human lung epithelial
AS549 cell line used for all infection studies was maintained
in Dulbecco’s modified Eagle medium (DMEM; Invitro-
gen Life Technologies, USA) with 10% fetal bovine serum
(FBS, Invitrogen), 100 U/ml penicillin, and 100 pg/ml
streptomycin. Madin—Darby Canine Kidney (MDCK) cells
were obtained from the American Type Culture Collection

(ATCC), USA, and used for determining the plaque-forming
unit (pfu) by the standard plaque assays as a measure of the
infectious virus titer of the stock as well as the infected cells
for growth kinetic studies. MDCK cells were maintained in
DMEM supplemented with 10% FBS, 100 U/ml penicillin,
and 100 pg/ml streptomycin in tissue culture flasks at 37 °C
in 5% CO,.

Plaque assay

Madin-Darby Canine Kidney (MDCK) cells were seeded at
a cell density of 0.7 x 10° cells per well in a six-well tissue
culture plate (Nunc, Denmark) and grown at 37 °C in a CO,
incubator. After the cells attained confluency, the confluent
monolayers were washed with DMEM medium without FBS
and infected with serial virus dilutions (107! till 107>) and
incubated for 1 h at 37 °C. After the incubation period, the
cells were overlaid with overlay media containing 0.18%
SeaKem LE Agarose (Lonza, Switzerland) and allowed to
solidify. After 48 h of incubation at 37 °C, the plaques were
stained with 0.1% crystal violet and counted. The virus titer
was calculated as plaque-forming unit per milliliter (PFU/
ml).

Viral replication experiments

Growth kinetics of both the viruses (H5N1 and H11N1) was
monitored in A549 cells and the titers determined by plaque
assay in MDCK cells. In brief, A549 cells (1.5 x 10° cells)
were infected at a multiplicity of infection (MOI) of 0.01
with the viruses independently and incubated for the desired
time. The medium for H11N1 virus contained 2 pg/ml Tosyl
phenylalanyl chloromethyl ketone (TPCK) trypsin. Super-
natants were collected at various time points of incubation
such as 2, 12, 24, 48, and 72 h. The viral titer of the infected
supernatants of all the above time points was measured by
determining the pfus by the standard plaque assay in MDCK
cells. The experiment was conducted thrice independently.
Infection experiments with HPAI-H5N1 virus were con-
ducted in a Biosafety level 3 (BSL3) laboratory.

Real-time PCR experiments

Innate immune response to these viruses and the M gene
content was studied by quantitative gene-expression pro-
filing using Real-time RT-PCR. In brief, A549 cells were
infected with the respective viruses at MOI 4. RNA was iso-
lated from the infected cells at 12 h post-infection (hpi) using
the RNeasy mini kit (Qiagen, Germany). DNA traces were
removed by DNase I (Promega, USA) treatment. The respec-
tive RNAs along with controls (636 ng) were subjected to

@ Springer



416 Virus Genes (2018) 54:414-423

Table.1 List of primers used for S. no. Primer name Primer sequence References

real-time RT-PCR
1 Isg15 forward 5-TCCTggTgAggAATAACAAggg-3' [15]
2 Isgl5 reverse 5'-CTCAgCCAgAACAggTCgTC-3' [15]
3 IFITM forward 5'-CAAggAggAgCACgAgg-3' [35]
4 IFITM reverse 5-TTgAACAgggACCAgACg-3’ [35]
5 RIG I forward 5'-gCAgAggCCggCATgAC-3' [34]
6 RIG I reverse 5'-TgTAggTAgggTCCAggeTCTTC-3' [34]
7 MDAS forward 5'-TggTCgAgCCAgAgCTgAT-3’ [34]
8 MDAS reverse 5'-ACTCCTgAACCACTgTgAgCAA-3' [34]
9 MX1 forward 5-TCCAgCCACCATTCCAAggAg-3' [15]
10 MX1 reverse 5'-CTTggAATggTggCTeggATg-3' [15]
11 IFN-p forward 5'-ATgACCAACAAgTgTCTCCTCC-3' [36]
12 IFN-p reverse 5'-gCTCATggAAAgAgCTgTAgTg-3' [36]
13 PKR forward 5'-gCCTTTTCATCCAAATggAATTC-3' [15]
14 PKR reverse 5-gAAATCTgTTCTgggCTCATg-3' [15]
15 18S rRNA forward 5'-gCTTAATTTgACTCAACACgggA-3’ [15]
16 18S rRNA reverse 5'-AgCTATCAATCTgTCAATCCTgTC-3’ [15]
17 M gene forward 5'-GACCRATCCTGTCACCTCTGAC-3’ [37]
18 M gene reverse 5'-AGGGCATTYTGGACAAAKCGTCTA-3' [37]

cDNA preparation using High-Capacity cDNA Reverse
Transcription Kit (ABI, USA). Innate immune response
genes and the M gene content were quantitated by SYBR
green real-time RT-PCR (ABI) in ABI 7500 fast real-time
PCR system and normalized to the levels of 18S mRNA. The
PCR conditions were as follows: 95 °C for 10 min followed
by 40 cycles of 94 °C for 15 s, 55 °C for 60 s, and 72 °C
for 60 s. Primer sequences of the target genes are listed in
Table 1. The data are presented as relative mRNA expression
fold induction and are representative of two experiments of
three independent replicates. The relative expression levels
of the target genes were analyzed by the comparative AAC,
method [22].

Luciferase assays

NS1 genes from the HI IN1 and H5N1 viruses were ampli-
fied by RT-PCR and cloned into the mammalian expres-
sion vector pPCDNA3.1 (Invitrogen). The reporter plasmid
expressing the firefly luciferase under the control of IFN-f
promoter (pGL4-IFN-Luc) was generated by cloning the
human IFN-$ promoter amplified from human lymphocyte
RNA by RT-PCR into pGL4 (Promega) vector upstream of
the luciferase gene. Transient transfection was performed
in subconfluent A549 cells in 12-well cell culture plates.
In brief, 500 ng of pGL4-IFN-B-Luc reporter plasmid, 2 or
3 ug of either pPCDNA-H11N1-NS1 or pCDNA-H5N1-NS1
expression plasmid, and 5 ng of Renilla luciferase plasmid
as an internal control for normalization of transfection
efficiency were mixed with Lipofectamine 2000 transfec-
tion reagent (Invitrogen) and incubated for 20 min at room
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temperature (RT) before adding to the cells. Sixteen hours
post-transfection, cells were induced by adding 500 ng of
PolyI:C (InvivoGen, USA) as extracellular stimulation. Cells
were analyzed for reporter activation 40 h post-transfection
by measuring the firefly luciferase activity and the Renilla
luciferase activity using the Dual-Glo Luciferase Assay Sys-
tem (Promega), according to the manufacturer’s protocol.
The luminescence was read by a VICTOR X3 Multilabel
Plate Reader (Perkin Elmer). Respective controls such as
mock (lacking NS1 plasmid and Polyl:C) and a positive con-
trol (PC; lacking only NS1 expression plasmid) were used
for comparison.

Quantitation of IFN-f by ELISA

A549 cells were infected with the HSN1 and H1 1N1 viruses
at MOI 4 in a 6-well cell culture plate. Mock-infected cells
received an equal amount of phosphate-buffered saline
(PBS), pH 7.4. Cells were incubated at 37 °C for 24 hin a
CO, incubator. After 24 hpi, 100 pl of supernatant from the
mock-infected as well as the virus-infected cells were added
to a 96-well plate for determination of IFN-f concentration.
ELISA was performed along with the standards according to
the manufacturer’s protocol (PBL Assay Science, USA). The
absorbance was measured at 450 nm. The amount of IFN-3
was estimated from the standard curve. Statistical signifi-
cance was determined by the Student’s ¢ test.
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Western blot and quantitation

A549 cells were infected with the HI 1N1 and H5N1 viruses
at MOI 4. Total cellular protein from the infected cells
was extracted using cell lysis buffer (1% NP40) 24 h post-
infection. Protein content of the cell lysates was determined
using the Bradford reagent (Biorad, USA). Equal amount
of protein (25 pg) was separated on 12% SDS-PAGE and
transferred to PVDF membrane (Amersham Bioscience,
USA) at 100 V for 1 h. After blocking, the membrane was
probed with a monoclonal anti-NS1 antibody (Santa Cruz
Biotechnology, USA). For Western blots, the proteins were
visualized by chemiluminescence using the ECL detection
system (Amersham Bioscience). The blot was stripped and
re-probed with anti f-actin antibody (Santa Cruz Biotechnol-
ogy) as the loading control. For quantification of the protein
content, scanned images of the Western blot were analyzed
by densitometry using ImageJ (Image Processing and Analy-
sis in Java, National Institute of Health, USA) software.

Bioinformatics analyses

In order to understand the differences between the NS1 pro-
teins from the two strains at the molecular level, sequence
analyses and structural comparison were carried out using
bioinformatics tools. The amino acid sequences of NS1
protein from the HSN1 and H11N1 viruses were aligned
using FASTA software (https://fasta.bioch.virginia.edu/).
The 3D structures for these sequences were predicted by an
homology-based modeling protocol as implemented in the
SWISS-MODEL online server (https://swissmodel.expas
y.org/) with the automated mode. The predicted structures
were evaluated using PROCHECK analysis (http://www.
ebi.ac.uk/thorntonsrv/software/PROCHECK). Minimized
energy for the structures was calculated using GROMOS96
force-field in SwissPDBViewer (SPDBV) [23]. Visualization
of the structures was carried out using Discovery Studio
Viewer 4.1. Surface electrostatic analysis for the structures
was carried out in NOC software v3.01 [24].

Statistical analysis
The Student’s ¢ test was applied for the replication kinetics,

comparison of the M gene content and the innate immune
response genes, luciferase assays, and IFN-f content.

Results and discussion

Growth kinetics of HPAI-H5N1 and LPAI-H11N1
strains

To ascertain viable virus production, first we compared
the growth kinetics of the HPAI and LPAI viruses-A/Ck/
India/NIV9743/07 (HS5N1) [11] and A/Aquaticbird/India/
NIV-17095/2007 (H11N1) [18] in the human lung A549
cells. Virus stock preparation and hemagglutination (HA)
assay were performed as described earlier [21]. The infec-
tious virus titer of both the viruses was estimated by deter-
mining the pfu by the standard plaque assay. A549 cells
were infected with the LPAI and HPAI viruses at equal
multiplicity of infection (MOI) 0.01 and the infectious
virus titers (pfu) were analyzed as a function of time by the
standard plaque assay. Both the isolates replicated well in
A549 cells. The virus titers between the two isolates dif-
fered significantly (P <0.01) over time after 12 h until 24 h,
and remained as a plateau until 72 h (Fig. 1a). It is also
clear from the figure that the difference in the infectious
virus titer between these isolates remained the same until
48 hpi. These data suggest that there is no difference in the
early stages of infection between the viruses; however after
12 hpi, the higher replication rate of HSN1 compared to
HI11NI1 virus results in higher titers. Further insight regard-
ing the replication potential of the viruses was confirmed by
an immunofluorescence assay using the anti-NP antibody
(Fig. S1). The figure clearly shows an increased number of
NP-expressed cells in both the HPAI and LPAI viruses at
the two time points.

Gene-expression profile of innate immune response
genes

Next, we sought to determine whether the above difference
in the replication rate is due to the viruses’ ability to initi-
ate type I IFN responses in A549-infected cells (MOI 4),
by studying gene-expression profiling of the innate immune
response and pattern-recognition receptor genes, and the M
gene content (Table 1) using quantitative SYBR green real-
time RT-PCR. The M gene content (Fig. 1b) was found to
be consistent with the replication pattern of the respective
viruses (Fig. 1a). We observed that the expression of IFN-f3
and RLR genes (RIG-1 and MDA-5) was significantly higher
(P<0.05) in the HI 1N virus-infected cells compared to the
HS5N1 virus (Fig. 1c—e). There was a marginal increase in
RIG-1 expression and significantly higher (P <0.01) expres-
sion of MDA-5 in the H11N1 virus-infected cells. Among
the ISG’s analyzed in this study, expression of ISG-15 was
marginally increased, whereas the expression of IFITM,
MX1, and PKR genes was significantly (P <0.05) higher in
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Fig. 1 Replication kinetics of the HI1N1 and H5N1 viruses in A549
cells and differential expression of innate immune response genes. a
The viral titer of the infected supernatants of A549 cells at timepoints
(2, 12, 24, 48, and 72 h) was determined by plaque assay in MDCK
cells. The graphs represent mean +SEM of three independent experi-
ments. Asterisks indicate the statistical significance between H11N1
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Fig.2 Quantitation of IFN-p from H5N1 virus- and HIIN1 virus-
infected cells by ELISA. A549 cells were either infected with the
H5NI1 and H11N1 viruses at MOI 4 or mock-infected and incubated
at 37 °C for 24 h. IFN-B concentration in the cell supernatants was
determined by ELISA after 24 h. Asterisk indicates statistical signifi-
cance by the Student’s ¢ test (*P <0.05)

the H11N1 virus-infected cells than the HSN1 virus-infected
cells (Fig. 1f—i). These results clearly indicate an increased
amount of the intracellular RNA sensors in the LPAI virus-
infected cells that probably enhance the expression of host
IFN-B and ISG’s. Consistent with the elevated level of the
IFN-B gene, higher amounts of IFN-f§ was expressed by the
LPAI-H11IN1 compared to the HPAI-H5N1 virus as deter-
mined by ELISA (Fig. 2). Similar studies with HPAI-H5N1
and the prototypic seasonal H3N2 strain suggest that dif-
ferential IFN activation depends on the RIG-1 gene [25].

Effect of NS1 on IFN-B expression

Subsequently, we asked whether the lower expression of
IFN-f during H5N1-virus infection compared to H11N1-
virus infection was due to the inhibitory action of NS1 on
the production of IFN-f, by comparing the capacity of tran-
siently expressed NS1 of the respective strains for inhibit-
ing the IFN-P promoter in A549 cells using the Luciferase
reporter assay system. Normalization of the transfection
efficiency was achieved by cotransfecting the Renilla lucif-
erase plasmid as an internal control. Results displayed in
Fig. 3a show that the positive control which has Polyl:C
but lacks the NS1 plasmid strongly drives the IFN-f pro-
moter activation of the luciferase gene. Though the trans-
fected cells showed equal expression of both NS1 proteins
(Fig. 3b), importantly, the HI IN1-NS1 influenced a greater
level of inhibition (P <0.05) of the IFN- promoter acti-
vation compared to that of the HSN1-NS1 (Figs. 3a, S2).
These results were further corroborated by immunoblot-
ting the infected cell extracts with the anti-NS1 antibody
which showed higher NS1 expression in H11N1-infected
cells (Fig. 3¢). The fact that the H1 1N1 virus-infected A549

cells produce greater amounts of NS1 protein relative to the
HS5NI1 virus appears to contradict the replication kinetics
shown in Fig. 1a. While it is acknowledged that greater
protein expression levels do not necessarily result in higher
infectious titers, differential regulation of translation of viral
proteins for the LPAI and HPAI viruses might be a plau-
sible explanation for the differences. It, however, is likely
that the increased inhibition of IFN- mRNA expression by
HS5NI1 in comparison to HI11N1 may be driven by an entity
in synergy with NS1. The role of other gene segments is
supported by an earlier study [4] and recent studies wherein
viral polymerase proteins PB2, PA, and PB1-F2 affect viru-
lence by inhibiting IFN-f expression [25-29]. A prelimi-
nary sequence comparison analysis of the above proteins of
H5N1 and H11N1 showed differences in charged residues
(Fig. 4a—c), suggestive of a possible role of HSN1 polymer-
ases along with NS1 in modulating IFN signaling that needs
to be addressed separately.

Sequence and structure comparison of H5N1-
and H11N1-NS1 proteins

Studies on the effect of different NS genes and single amino
acid mutations from LPAI viruses on viral pathogenicity led
to the identification of new residues in the NS gene impor-
tant for mammalian pathogenicity [30]. Thus, in our study
the significant differences observed in the ability of NS1
of the LPAI and HPAI viruses to inhibit IFN-B-prompted
analysis of amino acid variations in NS1 and its structural
comparison using bioinformatics tools. Results of pairwise
alignment of HSN1 and H11N1 showed 13 amino acid varia-
tions and a 5 amino acid (80-84) deletion in HSN1 (Fig. 3d).
The NS1 protein binds to the 30-kDa subunit of the cleav-
age and polyadenylation-specificity factor (CPSF30) to
regulate cellular mRNA processing leading to general
inhibition of the host antiviral response [16]. Notably, we
found N171D (H5N1 vs H11N1) within the CPSF30 binding
site (144—188) while M111V and T112A in close vicinity
of another CPSF30 binding site (103-106), thus we pro-
pose that these changes might affect the binding of NS1
to CPSF30 in the H11N1 virus, thus modulating the host
antiviral response. The role of the 5 amino acid residues
(80—-84) in IFN signaling is less plausible, as a study showed
that deletion of these residues enhanced the virulence of
HS5NI1 viruses [31], and these residues are not present in
LPAI viruses, including the H11N1 virus in this study. In
addition, the residues are not located within the CPSF30
binding sites of H1IN1-NS1.

A 3D structure prediction of the NSI proteins
was obtained using the crystallographic structure of
Influenza/A H6N6 NS1 (4OPH.PDB) as template using
methods described earlier [23, 24]. The target template
sequence identity was 93.33% for H5N1 and 98.70% for
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Fig.3 Ability of NS1 to inhibit IFN-f, expression of NS1 in infected
cells, and pairwise alignment of NS1 proteins of HSN1 and H11N1
viruses. a Luciferase activities of A549 cells cotransfected with a
luciferase reporter plasmid under the control of IFN-f promoter
pGL4-IFN-B-luc and internal control (Renilla plasmid) followed
by induction with Polyl:C. Data are presented as relative luciferase
units + SEM of three independent experiments. Asterisks indicate
statistical significance by the Student’s ¢ test (*P <0.05; **P <0.01).
b Total cellular protein (25 pg) from the HIIN1 and HSNI-NSI-
transfected A549 cells and c cell lysate (equal protein) from A549
cells infected with HIIN1 and H5N1 virus, were separated by SDS-
PAGE and immunoblotted with anti-NS1 antibody. The graph in

H11IN1. The minimized energy of NS1 from H5N1 and
H1IN1 was — 9967.9 and — 10,103 kJ/mol, respectively.

@ Springer

b represents fold expression of the transfected NS1 as quantified by
densitometry analysis. The blot in ¢ was stripped and re-probed with
anti-P-actin antibody. The NS1 protein band signal intensity was nor-
malized to the signal intensity of the respective B-actin and plotted as
a graph. d NS1 protein sequences of HSN1 and H11N1 viruses were
aligned and the different domains identified. Residues from 1-73 and
74-230 represent the RNA binding domain and the effector domain
of the NS1 proteins, respectively. Residues highlighted in bold font
and indicated with asterisk represent differences between H5N1 and
H1INI-NSI1. The 5 amino acid deletion in HSN1 NSI is from resi-
dues 80-84. The CPSF30 binding sites at residues 103—106 and 144—
188 have been shown by black horizontal lines

Superimposition of the 3D structures indicated a root-mean-
squared deviation of 0.22 A involving 760 backbone atom:s,
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*
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MEDFVRQCFNPHIVELAEKAMKEYGEDFKIETNKFAATICTHLEVCFMY SDFHFIDERGESIIVESGDPNALLKHRFEITE

GRDRTMARTVVNS ICNTTGVEKPKFLPDLYDYKENRFIE IGVTRREVHATY YLEKANKIKSEKTHIHI FSFTGEEMATKAD
GRDRTMANT IVNS ICNTTGVDKPKFLEPDLYDYKENRFIE IGVTRREVHI Y YLEKANKTKSEKTHIHI FSFTGEEMATKAD

* *
YTLDEESRARIKTRLFTIRQEMASRGLWDSFRQOSERGEET IEEKFEITGTMRILADQSLPENFSSLENFRAYVDGFEPNG
YTLDEESRARIKTRLFTIRQEMASRGLWDSFRQOSERGEET IEERFEITGTHRELADQSLPENFSSLENFRAYVDGFE PNG

CIEGKLSQMSKEVNARIEPFLKTTPRPLRLPDGPPCSQRSKFLINDALKLS IEDPSHEGEGI PLYDATKCMKT FFGWKEP
CIEGKLSQMSKEVNARIEPFLKTTPRPLKLPDGPPCSQRSKFLINDALKLS IEDPSHEGEGI PLYDATKCMKT FFGWKE P

* * *
NIVKPHEKGINLNYLLTWKQVLAELODIENGEKI FKTKNMKKT SQLKWALGENMAPEKVDFEDCKIVSDLRQYDSEEFES
NIIKPHEKGINPNYLLAWKQVLAELODIENFEEKI PKTKNMKKT SQLEWALGENMA PEKVDFEDCKINSDLROYDSDEPES

RSLASWIQSEFNKACELTDSSWIELDEIGEDVAPTEHIASMRRNY FTAEVSHCRATEY IMKGVY INTALLNASCAANDDF
RSLASWIQSEFNKACELTDSSWIELDEIGEDVAPIEHIASMRRNY FTAEVSHCRATEY IMKGVY INTALLNASCAANDDE

*
QLIPMISECRTKEGRRETNLYGF I IKGRSHLENDTDVVNEVSME FSLTDPRLE PHEWEKYCVLE IGDMLLRTAVGOVSRP
QLI PMISKCRTKEGRRKTNLYGF I IKGRSHLRNDT DVVNEFVSME FSLTDPRLE PHKWEKYCVLE IGDMLLRTA 1 GQVSRP

*
MFLYVRTNGT SKIKMKWGNEMRRCLLOSLOQIESNIESE SSVKEKDMTKE FFENKSEAWPIGE S PKGVEEGS IGKVCRTL
MFLYVRTHGT SKIKMKWGNEMRRCLLOSLOQIE SHNIEAESSVKEKDMTKDFFENKSETWPIGE SPRGVEEGS IGKVCRTL

* * *
LAKSVFNSLYASSQLEGFSAESRKLLLIAQALRDNLE PGTFDLGGLYEATEECLINDPWVLLNASWFNS FLAHALEK
LAKSVFNSLYASPQLEGFSAESRKLLLIVQALRDNLE PGTFDLGGLYEATEECLINDPRVLLNASWFNSFLTHALK

*
MDVNPTLLFLEVEVONATSTTFPYTGDPPY SHGTGTGYTMDT VNRTHQY SEKGEWT TNTVIGAPQLNPIDGPLPEDNEPS
MDVNPTLLFLKVPAQNALSTTEPYTGDPPYSHGTGTGYTMDTVNRTHQY SEKGEKWT TNTE TGAPQLNPIDGFLPEDNEPS

GYAQTDCVLEAMAFLEESHPGI FENSCLETME IVOOTRVDEKLTQGROTYDWT LNRNQPAATSLANTIEI FRSNGLTANES
GYAQTDCVLEAMAFLEESHPGI FENSCLETMEVVOOTRVDELTQGROTYDWT LNRNQPAATALANT IEVFRSNGLTANES

GRLIDFLKDVME SMDKEEME I TTHFQRKRRVRDNMTREMVTORT IGKKKQRLNKKSYLTRALTLNTMTKDAERGKLKRRA
GRLIDFLEDVME SMDKEEME I TTHFQRKRRVRDHMTKENMVTORT IGKKKQRLNKR S YLIRALTLNTHNTKDAERGKIKRRA

IATPGMQIRGEVY FVETLARS ICEKLEQSGLPVGGNEKKAKLANVVRKMMTNSQDTELSFT ITGDNTKWNENQNPRI FLA
IATPGHOIRGFVYFVETLARSICEKLEQSGLPVGGNEKKAKLANVVRKMNTNSQDTELSFT ITGDNTEKWNENQNPRMELA

*
MITYITRNQPEWFRNVLSIAPIMFSNKMARLGRGYMFESKSHMKLRTQI PAEMLANIDLKY FNELTEKKIEKIRPLLIDGT
MITYITRNQPEWFRNVLS IAPTMFSNKMARLGKGYMFESKSMKLRTQI PAEMLANIDLKY FNESTRKKIEKIRPLLIDGT

ASLSPGMNNGNFNMLSTVLGVS ILNLGOKRYTKTT YWRDGLQS SDDFALIVNAFNHEG IQAGVDRFYRTCKLVG THNSKE
ASLSPGMNMGHNFNMLSTVLGVS ILNLGOKRYTET T YWRDGLQS SDDFALIVNAFPNHEG IQAGVDREYRTCKLVG INMSKK

KSYINRTGTFEFTSEFFYRYGFVANFSMELPSFGVSGINE SADMS IGVTVIKNNMTHNDLGPATAQMALOLFIKDYRYTYR
KSYINRTGTFEFTSFFYRYGFVANFSNELPSFGVSGINE SADMS IGVTVIKNNM INNDLGPATAQMALOLFIKDYRYTYR

CHRGDTQIQTRRS FELKKLWEQTRSKAGLLVSDGGPNLYNIRNLEI PEVCLKWE LMDEDYQGRLCNPLNPEVSHKEIESV
CHRGDTQIQTRRS FELKKLWEQTRSKAGLLVSDGGPNLYNIRNLAT PEVCLEWELMDEDYQGRICNPLNPFVSHKETESV

NHAVVMPAHGPAKSME YDAVATTHSWI PKRNRSTLNTSQRGILEDEQMYQOKCCNLFEKFFPSSSYRRPVGISSMVERAMVS
NNAVVMPAHGPAKSME YDAVATTHSWI PKRNRSILNT SQRGILE DEQMYQKCCSLFEKFFPSSSYRRPVGISSMVERMVS

* *
RARIDARIDFESGRIKEEEFAEIIRICSTIEELRRPK-
RARIDARIDFESGRIKREEFAEIMKICSTIEELRRQK

Fig.4 Pairwise alignment of PA, PB1, and PB2 proteins of HSN1 and H11N1 viruses. PA (a), PB1 (b), and PB2 (c) protein sequences of HSN1
and H11N1 viruses were aligned. Differences in charged residues between HSN1 and H11N1 are indicated by asterisk
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Fig.4 (continued)

implying that the proteins have high structural similarity
in terms of backbone fold. However, the above amino acid
differences created local modifications in the surface con-
tour and surface electrostatics (Fig. S3). The most promi-
nent was N171D (H5N1 vs H11N1) which altered the local
electrostatics around the CPSF30 binding site, wherein the
HI1NI1-NS1 becomes more positively charged. The posi-
tion of residue 171 in the backbone of the NS1 proteins
is indicated in the ribbon mode display (Fig. S3). Since
the specificity of protein—protein interaction depends on
shape, complementarity of surface-contours of the partici-
pating proteins, surface electrostatics, and capacity to form
H-bonds or chemical interaction, any change and resulting
alteration of local surface contour and/or surface electrostat-
ics affects protein—protein binding. Scrutiny of HI IN1-NS1
sequences from GenBank and H5N1 strains (2006-2011)
revealed N171 in the majority of HSN1 viruses and D171
in all H11N1 viruses. The presence of charged aspartic acid
residue in HI1N1 may modulate the binding affinity for
CPSF30 to NS1. The inability of the NS1 protein of the
2009 pandemic influenza HIN1 virus to block host gene
expression in human and swine cells has been attributed to
reduced binding efficiency of NS1 to CPSF30 [32]. Hence,
in our study, N171D and other differences between H5N1
and H11N1-NS1 and polymerase proteins may be responsi-
ble for the altered functional efficiency reflected by the dif-
ferential response in inhibition of IFN-3 promoter activation.

In conclusion, our study suggests that between the LPAI
and HPALI viruses, the HPAI-H5N1 effectively attenuates
IFN responses as a possible strategy to evade the host innate
immune assault by a viral entity in synergy with NS1. How-
ever, which one among the IFN-antagonists (PB2, PA, or
PB1) is responsible needs to be investigated. Though there

@ Springer

* *
SSFSFGGEFTFKRTSGSSVIKEEEVLTGNLOTLKIRVAEGYEEFTMIGORATATLRKATRRLIQLIVSGRDEQSTAEATIV
SSFSFGGEFTFKRTSGSSVKREEEVLTGNLOTLKIRVHEGYEEFTMVGHRRATATLRKATRRLIQLIVSGRDEQSTAEATIV

ANVFSQEDCMNKAVRGDLNFVNRANQRLNFNHQLLRHFQOKDAKVLEFQNWG IEFIDNVMGHN IGILFDNT PSTEMSLRGVRV
AMVESQEDCMIKAVRGDLN EVNRANQRLN FMHQLLRHFQKDAKVLEQNWG IEP LDNVMGH IGILPDMT PSTEMSLRGVRV

SKTGVDEYSSTERIVVSIDRFLRVRDORGNVLLS PEEVSETQGTEKLT ITYSSSMMWE INGPESVLVNTYOWI IRNWETV
SEMGVDEYSSTERVVVSIDRFLRVRDQRGNVLLS PEEVSETQGTEELT ITYSS SMMWE INGEPE SVLVNTYOWI IRNWETV

*
KIQWSQDEFTMLYNEME FE FFQSLVEPKAARGQY SGEVRTLFQONRDVLGT FDTVQI IKLLPFARAFPEQSRMQFSSLTVNV
EIQWSQDPTILYNKME FEPFQSLVPEAARGQY SGEVRTLFQONRDVLGT FDTVQIIKLLPFARAPPRQSRMQFSSLTVNV

RGSGMRILIRGNS PVENYNKATERLTVLGKDAGALTEDPDEGTAGVE SAVLRGFLILGKEDKRYGPALS INELSNLAKGE
RGSGMRILVRGNS FVFNYNKATKRLTVLGKDAGALTEDFDEGTAGVE SAVLRGFLILGKEDKRYGPALS INELSNLAKGE

EKANVLIGQGDVVLVNEKRKRDSSILTDSQTATKRIRMATH
KANVLIGOGDVVLVHERKRDSSILTDSQTATERIRMATH

are comparative studies between HSN1 and the human sea-
sonal viruses HIN1 and H3N?2 [25, 33], this study on LPAI
and HPAI viruses adds significant data for mammalian path-
ogenicity studies on Al viruses. In the wake of emerging Al
viruses and differential interferon responses to HPAI and
LPATI viruses, the insight gained will be useful in designing
further structural and protein interaction studies targeted at
NS1 and polymerases for understanding host—virus interac-
tions and molecular mechanisms governing differences in
IFN responses.
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