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Abstract Molecular characterization of neuraminidase
(NA) gene of 25 influenza A(H3N2) virus isolates (2009-
2013) archived at the Manipal Centre for Virus Research
was carried out. The annual rate of amino acid substi-
tutions in the N2 gene of influenza A(H3N2) virus iso-
lates was 0.2-0.6%. Out of the 25 NA sequences
analyzed, catalytic site mutations were observed in three
isolates. Two of the mutations (D151G and E276G) were
detected in functional catalytic residues, and an E227V
mutation was detected in the framework residues. To the
best of our knowledge, NA inhibitor resistance associated
with the mutations E276G and E227V has not been
reported. However, the mutation D151G, which is com-
monly associated with culturing of influenza A(H3N2)
virus in Madin-Darby canine kidney (MDCK) cells, has
been reported to result in a reduction in virus suscepti-
bility to NA inhibitor drugs. Our study also detected
mutations in antigenic residues. Some of the mutations
(except D197G, K249E, A250T, S334C, and H347R/N)
remained conserved in isolates of succeeding seasons.
Antigenic residue mutations (D197G and S334C) have
not been reported globally to date. The effect of these
catalytic and antigenic mutant residues on drug and
antibody binding was analyzed using three-dimensional
structural analysis and biochemical assays. Antigenic
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variability of influenza A(H3N2) viruses is a major
concern, and vaccine failures are mainly due to genetic
variations in the HA gene. Our study documents that
genetic changes in N2 occur at a slower rate, and this
information is useful for the consideration and standard-
ization of NA in influenza vaccines.

Introduction

Antigenically variable pathogens cause much of the burden
of infectious diseases today because these pathogens can
escape from the immunity induced by either vaccination or
previous infection. Influenza virus is a classic example of
an antigenically variable pathogen [1]. Influenza viruses
are enveloped RNA viruses with a single-stranded, nega-
tive-sense, segmented genome. The virus harbors two
surface glycoproteins: hemagglutinin (HA) and neu-
raminidase (NA) [2]. The segmented nature of the virus
facilitates exchange of entire genes between different
influenza viruses during co-infection in a host, resulting in
new strains with pandemic potential. These pandemic
viruses later establish themselves as seasonal influenza
viruses and cause annual epidemics [3]. In 1968, a new
influenza A(H3N2) virus emerged and caused the Hong
Kong influenza pandemic [4]. Even after four decades, this
virus still remains a major cause of epidemics worldwide.

The World Health Organization (WHO) conducts
meetings twice annually to review the global epidemio-
logical situation of influenza and recommend new vaccine
strains based on available data. Influenza vaccines are
generally trivalent, consisting of a mixture of the influenza
A and B virus strains most likely to circulate in the
upcoming season (http://www.who.int/biologicals/vac
cines/influenza/en/). The Centers for Disease Control and
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Prevention (CDC) conducts studies throughout each influ-
enza season to determine vaccine effectiveness (http:/
www.cdc.gov/flu/news/flu-activity-expands.htm). Several
studies have reported a reduction in vaccine effectiveness
due to circulation of genetically drifted influenza A(H3N2)
virus  (http://www.cdc.gov/flu/news/flu-activity-expands.
htm; emergency.cdc.gov/han/han00374.asp). Vaccine fail-
ures are mainly due to genetic variations in the HA gene,
and therefore, current vaccines standardized primarily on
the basis of HA protein content have reduced effectiveness
[5]. Hence, studies on the genetic variability of the NA
gene are important. In a previous study, we conducted a
detailed genetic analysis of the NA gene of influenza
A(HIN1)pdmO9 virus isolates (2009-2012) [6]. The aim of
this study was to investigate the genetic variation within
the NA gene of influenza A(H3N2) virus isolates (2009-
2013) archived at the Manipal Centre for Virus Research
(MCVR), Manipal University. NA sequences were ana-
lyzed in comparison to reference vaccine strains to detect
mutations in catalytic and antigenic-site residues. The
effect of the mutations on drug and antibody binding was
determined by performing structural and biochemical
studies.

Materials and methods

The methodology followed was as described in our study
on the genetic analysis of the NA gene of influenza
A(HIN1)pdmO9 isolates [6]. A brief description of the
methodology is given below.

Virus isolates

The clinical samples used were received as part of the
Influenza Surveillance Network Program from Southwest
Indian states and were tested by real-time reverse tran-
scription polymerase chain reaction (RT-PCR) using the
WHO protocol  (http://www.who.int/cst/.../WHO_Diag
nostic_RecommendationsHIN1_2009). Virus from posi-
tive samples with Ct values below 30 were propagated and
isolated in MDCK cells. A hemagglutination assay was
performed on positive cultures, and the viruses were har-
vested and stored at -80 °C. A total of 25 archived isolates
(passage no. 0) were selected randomly from the
2009-2013 seasons (a minimum of two isolates per year)
and used in the present study.

The CDC neuraminidase inhibitor susceptibility refer-
ence virus panel used for the NAI assay was obtained from
the Influenza Reagent Resource, Manassas, VA (http://
www.influenzareagentresource.org/).
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RT-PCR for amplification of the full-length NA gene
of influenza A(H3N2) viruses

Primers that amplify the NA gene of influenza A(H3N2)
viruses were selected from published literature [7].
A QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Ger-
many) was used for extraction of RNA from the positive
culture supernatants. cDNA synthesis and PCR amplifica-
tion were performed using a OneStep RT-PCR Kit (QIA-
GEN, Hilden, Germany). Amplification products were
analyzed in a 0.8% agarose gel and were further purified
using a PCR Purification Kit (QIAGEN, Hilden, Germany).

DNA sequencing

Purified PCR products were cloned using an InsTAclone™
PCR Cloning Kit (Thermo Scientific, Vilnius, Lithuania).
Plasmid DNA was isolated using a QIAprep Spin Miniprep
Kit (QIAGEN, Hilden, Germany) and sequenced using a
BigDye Terminator (version 3.1) Cycle Sequencing Kit
(Applied Biosystems, Foster, CA, USA). A 3500xL
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA) was used for analyzing purified sequences. In order
to eliminate sequencing errors, each isolate was sequenced
in triplicate using both M13 forward and M13 reverse
sequencing primers.

Sequence analysis

For sequence analysis, NA sequences of WHO influenza
A(H3N2) vaccine strains (2003-2015) from the Influenza
Research Database (http://www.fludb.org/) were used as
reference strains. The NA nucleotide sequences from this
study have been deposited in the GenBank database
(Table 1). The MUSCLE (http://www.ebi.ac.uk/Tools/
msa/muscle/) program was used for multiple sequence
alignment, and a phylogenetic tree was constructed by the
neighbor-joining method with bootstrap analysis (n =
1000), using Molecular Evolutionary Genetic Analysis
(MEGA 5.2) software.

Structural modeling

Swiss-Model (http://swissmodel.expasy.org/), an auto-
mated protein structure homology modeling program [8]
was used for building homology models. Protein Data
Bank (PDB) files from modeling results were visualized
using PyMOL software (http://www.pymol.org). Inter-
chain contacts between the antibody/drug and the NA
protein were analyzed using contact software available in
the CCP4i suite [9].
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Table 1 Influenza A(H3N2) virus isolates used in this study

Isolate Accession number
A/Alappey/MCVR449/2009(H3N2) KX697010
A/Malappuram/MCVR678/2009(H3N2) KX697031
A/Malappuram/MCVR821/2009(H3N2) KX697015
A/Calicut/MCVR1621/2009(H3N2) KX697013
A/Calicut/MCVR2506/2009(H3N2) KX697032
A/Calicut/MCVR4536/2010(H3N2) KX697016
A/Trivandrum/MCVR2977/2010(H3N2) KX697017
A/Kannur/MCVR4388/2010(H3N2) KX697018
A/Kannur/MCVR5404/2010(H3N2) KX697019
A/Calicut/MCVR5938/2010(H3N2) KX697020
A/Thrissur/MCVR4244/2010(H3N2) KX697008
A/Malappuram/MCVR5719/2010(H3N2) KX697009
A/Calicut/MCVR6154/2010(H3N2) KX697010
A/Calicut/MCVR7303/2011(H3N2) KX697021
A/Malappuram/MCVR7610/2011(H3N2) KX697022
A/Thrissur/MCVR7602/2011(H3N2) KX697023
A/Thrissur/MCVR7580/2011(H3N2) KX697024
A/Thrissur/MCVR7382/2011(H3N2) KX697012
A/Calicut/MCVR7104/2011(H3N2) KX697014
A/Manipal/ MCVR23854/2012(H3N2) KX697025
A/Manipal/ MCVR23921/2012(H3N2) KX697026
A/Calicut/MCVRAA2095/2013(H3N2) KX697027
A/Calicut/MCVRAA2090/2013(H3N2) KX697028
A/Calicut/MCVRAA2025/2013(H3N2) KX697029
A/Calicut/MCVRAA2028/2013(H3N2) KX697030

Neuraminidase assay (NA) and neuraminidase
inhibition (NAI) assay

The NA activity of all of the mutant isolates was deter-
mined, followed by an NAI assay in the presence of a drug
for catalytic residue mutant isolates or an NAI antibody
assay for antigenic residue mutant isolates. The NA and
NAI assays were both performed in duplicate.

Oseltamivir carboxylate (RO0640802-002) was supplied
by F. Hoffmann-LA Roche Ltd, Basel, Switzerland. The
isolates with mutated residues were passaged until the HA
titre reached 16 or greater. To determine the NA activity, a
twofold dilution of the virus was incubated with substrate
20-(4-methylumbelliferyl)-a-D-N-acetylneuraminic  acid
(MUNANA; Sigma, MO, USA), and results were recorded
using a fluorescent reader (FLx800, Biotek, Winooski, VT,
USA). The standard virus dose for the NAI assay was
calculated according to the virus dilution at which NA
activity was equivalent to the fluorescence of 10 puM
4-methyllumbelliferon sodium salt (Sigma, MO, US).

In the NAI assay, the concentration of drug required to
inhibit the NA activity at the standard virus dose by 50%
(ICsp) was determined using oseltamivir (1000, 100, 10, 1,0.1,

and 0.01 nM). Results were analyzed according to the standard
operating procedure (SOP) provided by the Health Protection
Agency (HPA), London (http://www.isirv.org/site/index.php/
special-interest-groups/antiviral-group-home). The mean and
standard deviation were calculated for duplicate tests, and
the results were analysed using the Welch z-test.

Neuraminidase inhibition antibody assay

An NALI antibody assay was performed using pooled con-
valescent serum samples from patients who tested positive
for influenza A(H3N2) virus. The standard concentration of
virus was mixed with a twofold dilution of serum, and the
experiment was performed according to the SOP provided
by HPA, London (http://www.isirv.org/site/index.php/spe
cial-interest-groups/antiviral-group-home).

An enzyme-linked lectin assay to measure NAI antibody
titres was performed according to the protocol standardised
by Couzens et al. [10] Twofold dilutions of pooled serum
sample (heat treated) were added to a fetuin-coated plate.
An equal volume of the standardised mutant virus isolate
was then added and incubated at 37 °C for 16-18 h. After
incubation, peanut agglutinin conjugated to horseradish
peroxidase (Sigma, MO, USA) was added, and the plates
were incubated at room temperature for 2 h. o-
phenylenediamine dihydrochloride was then added as a
substrate to all wells, and the plate was incubated in the
dark for 10 min. The reaction was stopped by adding 1 N
H,S0O,, and the plates were read at 490 nm. The highest
dilution that resulted in at least 50% inhibition of the
maximum signal was determined.

Results
Molecular evolution of the NA gene

The nucleotide sequence of the NA gene was determined
for 25 influenza A(H3N2) virus isolates, including five
isolates from 2009, eight isolates from 2010, six isolates
from 2011, two isolates from 2012, and three isolates from
2013. The annual rate of amino acid substitution in isolates
from the 2009-2010, 2010-2011, 2011-2012, and
2012-2013 seasons was 0.5%, 0.4%, 0.2%, and 0.6%,
respectively. Phylogenetic analysis of NA protein sequen-
ces of influenza A(H3N2) virus isolates showed that iso-
lates from the 2009 season formed two subclades
consisting of two and three isolates each (Fig. 1). All of the
isolates from the 2010 season clustered in a single subclade
except isolate A/Calicut/MCVR6154/2010(H3N2). Out of
the five isolates from the 2011 season, four isolates clus-
tered in a phylogenetic subclade, and isolate A/Malappu-
ram/MCVR7610/2011(H3N2) clustered with vaccine strain
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Fig. 1 Phylogenetic analysis of
NA gene sequences of influenza
A(H3N2) virus isolates. The
phylogenetic tree was generated
using the neighbour-joining
method (bootstrap values =
1000) with a distance scale of
0.005. Reference vaccine strains
from the 2003-2015 influenza
seasons are indicated by blue
colored square boxes
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A/Victoria/361/2011(H3N2) in a separate subclade. The
two isolates from the 2012 season formed a subclade in the
phylogenetic tree. Out of the four isolates from the 2013
season, three isolates clustered together, and isolate
A/Calicut/MCVRAA2095/2013(H3N2) formed a subclade
with  vaccine strains A/Texas/50/2012(H3N2) and
A/Switzerland/9715293/2013(H3N2). The amino acid
sequence similarity between NA sequences from the 2009,
2010 and 2011 seasons and A/Perth/16/2009(H3N?2), vac-
cine strain for 2010-2011 and 2011-2012 seasons, was
99.06%, 98.6%, and 98.2%, respectively. The amino acid
sequence similarity between sequences from 2012, 2013
and A/Victoria/361/2011(H3N2), the vaccine strain for
2012-2013 and 2013-2014, was 98.82% and 98.6%,
respectively. The NA sequences of all 25 influenza
A(H3N?2) virus isolates were analyzed in comparison to the
reference vaccine strain A/Perth/16/2009(H3N2) and the
results are summarized in Table 2. The non-synonymous
mutations S367N+4K369T+1464L were found to appear
towards the end of the 2009 season and were later con-
served in all of the isolates of the succeeding seasons. The
two isolates from the 2009 season lacking S367N+K369T
+1464L substitutions possessed 126T+Y40C substitutions.
The L81P substitution was found in all 2011-2013 isolates.
All isolates from the 2010 season possessed the R400K
substitution. The N402D substitution was observed in all
isolates from 2011-2013 and one isolate from the 2010
season. The amino acid substitutions D93G+Y155F+
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D251V+4-S315G were detected in three isolates, and only
the D93G substitution was detected in one isolate from the
2013 season. The Y155F substitution was also detected in
some of the 2012 isolates.

Variations in NA catalytic site residues

The catalytic site of the NA protein consists of eight functional
residues (Argl 18, Asp151, Arg152, Arg224, Glu276, Arg292,
Arg371 and Tyr406) and 11 framework residues (Glull9,
Argl56, Trpl78, Serl79, Asp/Asn 198, Ile222, Glu227,
His274, Glu277, Asn 294, and Glu425), which are conserved
among all influenza A and B isolates [11]. Out of the 25 NA
sequences analyzed, catalytic site mutations were observed in
three isolates (Table 3). Two of the mutant residues (D151G
and E276G) are functional residues, whereas the mutant
residue E227V is one of the framework residues. NA inhibitor
drug resistance associated with the mutation D151G has been
documented [12]. However, the mutations E276G and E227V
have not been reported to be associated with reduction in virus
susceptibility to NA inhibitor drugs.

Structural and biochemical analysis of the
NA-D151G mutant isolate

Amino acid residue D151 has been suggested to be
involved in the protonation of the sialic acid substrate
during the binding of the NA [13]. Crystal structure studies



1891

SOOI <9
© 00O

O I K
A A A A A A A A A A A

A - - (TNEH)E10T/8T0TY VIADNAMIED/Y
- - - (TNEH)E10T/STOTY VIADINAMIED/Y
- - - (TNEH)E102/060TY VIADNAIED/Y
- - - (TINEH)ET10T/S60TV VIADINAMIIED/Y
- - - (TNEH)TTOT/TT6ETIADN/TedIue Ay Y
- - - (TNEH)TTOT/HSSETIADIN/TedIue N/ Y
- - - (INEH)TTOT/H0TLIADNANIIED/Y
- - - (INEH)TT0T/T8ELIADIN/INSSLY L/
- - - (INEH)TT0T/08SLIADIN/NSSLIY L/
- - Vv (TNEH)T10T/09LIADIN/NSSIYL/Y
- - - (INEHT10T/019LIADW/wemddeeN/y
- - - (TNEH)T10T/€0ELIADINANIED/Y
- - - (TNEH)OTOT/HS TOIADINAMDIED/Y
— - - (INEH)O10T/61LSYADW/wenddeeN/y
- - - (INEH)OTOT/ YTy IADIN/INSSLY L/
- - - (TNEH)OT0T/SE6SAADIINMIED/Y
- - - (TNEH)OT0T/H0YSIADIN/INUUE S /Y
- - - (TNEH)OT0T/88EFIADIN/INUUE /Y
— - - (INEH)OI0T/LLETIADIN/WNIPURALLL/Y
- - - (TNEH)OT0T/9ESTIADNADIED/Y
- - - (TNEH)600T/90STIADINNIED/Y
- - - (TNEH)600T/TTOTIADNANIIED/Y
- - - (INEH)600Z/ T8I ADN/wemdderen/y

L - (INEH)6007/8L9IADN/wemddereN/y
- L - (TNEH)600T/6v 7 IADN/Aoddery /v

I L (90ua10§9) 600T/91/UMd/V
0s 9z 6l Qwieu ureng

—

S9Je[O0SI SNIIA (ZNEH)V BZUSnpul ur suonninsqns proe ourury

Neuraminidase gene sequences of influenza A(H3N2) viruses

douonbas oua3 YN oyl Ul suonmusqns proe ourwe YIrm se[ost snila (ZNEH)Y BZuongu] g d[qel],

pringer

A



A. Jagadesh et al.

(TNEH)600T
- - - - - - - - - - A /6vIADN/Addery /v
I o) bl N d I bl S I L H  (90ua19§31) 6007/91/UMed/V
Yor  Lby  I€F 0P 00F  08€  69€  L9E  99€  S9€  LvE swreu ureng

SOJB[OSI SNIIA (ZNEH)V BZUSnpul Ul suonnjnsqns proe ourury

- - - - - - - - (INEH)ET0T/8TOTYVIADINAMIERD/Y
(TNEH)ET0T/STOTY VIADINAMTED/Y
L q - - - - - - (INEH)ET0T/060TVVIADINAMIED/Y
(INEH)ET10T/S60TVVIADINAMIED /Y
- - - - - - - - (TNEH)TI0T/1T6ETIADN/BdIUBIN/ Y
- - - - - - - - (TNEH)TI0T/HSSETIADN/IBIUBIN/ Y
- - - - - - - - o) - - - - - - - - - - - - - (ENEHTT10Z/F01 LAADINANIERD/Y
(TNEH)TT10T/T8ELIADIN/INSSLIYL /Y
- - - - - a - - - - - - - - - - - - - - - - (TNEH)T10T/08S LIADN/ANSSTIY L/
- - - - - - - - - - - - - - - - - - - - - - (TNEH)TT10T/C09LIADIN/INSSIYL/Y

(TNEHDTIOT
T T < S /0T9LIADW/wreanddere Ny

. - ; - - - - - - - - - - - - - - - - - - q (TNEH)TT10T/S0ELIADINANNED/Y
- . - - - - - - . - - - - - - - Is) - - - - - (TNEH)OTOT/FSTOIADINANIED/Y

(TNEH)O10T
- - - - - - - - - - - - - - - - - - - - - - 161 LSIADN/wemdderen/ v

B - - - - - - - - - - - - - - - - - - - - - (TNEHO10T/ YTy IADIN/NSSHY L/
. y - - W - - - S | - - - - - - - - - D - - (INEH)OTOT/8E6SIADNAMIED/Y
N . . - - - . . - - - - - - - - - - - - - - (TNEHO10T/H0YSTIADN/MUURY /Y
- - . - - - - - - - - - - - - - - 1 - - - (ZNEH)O10T/88EVIADIN/NUURY /Y

(TNEH)O10T
e . U JLL6TIADIN/WNIPUBALLL /Y

B . ) } B, . - - - . - - - - - - - - - - - - (TNEH)OT0T/IESFAADIINANIED/Y
- - i - . - - . . - - - - - - - - - - - d - (TNEH)6002/90STIADINANDIED/Y
B - - - - - - - - - I - - - - - - - - - - - (INEHI600T/1Z9 TIADINAMIEBD/Y
B B} ) } B . - - - - - - - - - - - - - - - - (ENEH)600T/ 128 ADN/wenddeeN/ v
B 3 3 } } . - - - - - - - - - - - - - - - - (INEH)600T/8L9M ADN/wenddee /v
B B} ) B B} - - - - - - - - - - - - - - - - - (INEH)600T/67 I ADN/A2ddery /v

O 00
! <
> > >

o) S S A I N I X 4 H A 4 a v a Gl S a S D (90ua103y) 600T/91/UHd/V
LEE tEE SIE €I TIE 90¢ <TOE +8C 9LC $9T €9T 8ST €ST 1ST 0ST 6¥C €¥C LTT LIT L6 IST OLI sweu ureng

SOJB[OSI SNIIA (ZNEH)V BZUSnpul ur suonnjnsqns proe ourury

1892

ponunuod g Jqel,

pringer

A's



1893

(ZNEH)Z10T

1 - - a - - L N - - - I7SSETIADN/IedIUBIN/Y
(TNEH)110T

1 - - a - - L N - - - IPOT LIADINADDIED/Y
(ZNEH)T10T

1 - - a - - L N - - - [T8ELIADIN/ISSLY L/
(TNEH)TT0T

1 - - a - - L N - - - /08SLIADIN/ANSSLIYL/V
(TNEH)110T

1 - - a - - L N A - - /T09LIADIN/INSSIYL/V
(ZNEH)TT0T

1 - - a - - L N - - - /019LIADW/wenddereN/y
(TNEHT10T

1 - q a - - L N - - - /E0ELIADINAMIED/Y
(TNEH)010T

1 - - a )| - L N - - - IPSTOIADINAMIED/Y
(ZNEH)OT0T

1 - - - bl - L N - - - 161 LSIADN/wemddeen/v
(TNEH)O10T

1 - - - bl - L N - v - YT IADIN/ANSSIY L/
(ZNEH)OT0T

T - - - )| - L N - - - /8E6SAADNAMIED/Y
(ZNEH)OT0T

1 - - - bl - L N - - - HOrSIADN/ANUUES/Y
(TNEH)O10T

1 - - - | - L N - - - /88¢FIADIN/ANUUE S/
(ZNEH)OT0T

1 - - - bl - L N - - - /LL6TIADIN/WNIPURALLL /Y
(ZNEH)OT0T

1 - - - | - L N - - - 19€STIADNADOIED/Y
(TNEH)600T

1 - - - - - L N - - - /90STIADINAMIED/Y
(ZNEH)600T

1 A - - - - L N - - - /TT9TIADNADOIED/Y
(ZNEH)600T

1 - - - - - L N - - - /18I ADN/wenddee /v
(TNEH)600T

- - - - - - - - - - N /8LYIADN/wemdderen/v

I o) b N d I | S I L H (90ud1R)a1) 600T/91/UHRd/V

Yor  Lby  I€F  TOV  00F 08¢  69€  L9E€  99€  S9€  L¥E swieu ureng

S9Je[O0SI SNIIA (ZNEH)V BZUSnpul ur suonninsqns proe ourury

Neuraminidase gene sequences of influenza A(H3N2) viruses

ponunuod g Jqel,

pringer

A



1894

A. Jagadesh et al.

365 366 367 369 380 400 402 431 447 464

347

H

Amino acid substitutions in influenza A(H3N2) virus isolates

Table 2 continued

Strain name

@ Springer

A/Perth/16/2009 (reference)

A/Manipal/MCVR23921/

2012(H3N2)

A/Calicut/MCVRAA2095/

2013(H3N2)

A/Calicut/MCVRAA2090/

2013(H3N2)

A/Calicut/MCVRAA2025/

2013(H3N2)

A/Calicut/ MCVRAA2028/

2013(H3N2)

of an NA-D151G mutant in complex with oseltamivir
carboxylate have documented that the mutation results in
lack of interaction with the drug due to the loss of a
hydrogen bond (H-bond) [14]. D151 makes an H-bond
(2.81& and 3.7/0%) with the drug (oseltamivir), and the
mutation D151G results in the loss of the H-bond, desta-
bilizing the drug binding. In our study, isolate A/Thrissur/
MCVR4244/2010(H3N2) was found to contain the D151G
mutation. For analysis, the three-dimensional (3D) model
of the NA-D151G mutant isolate (template PDB: 4GZT)
was superimposed onto the 3D homology model of vaccine
strain A/Perth/16/2009(H3N2) built by Swiss-Model in the
automated mode using the template PDB: 4GZP. The
results of the structural analysis were in agreement with the
published crystallography results [14], and the mutant
residue was lacking the side chain that forms the contact
(H-bond) with oseltamivir (Fig. 2a). The NA activity of the
isolate A/Thrissur/MCVR4244/2010(H3N2) determined in
the presence of substrate 20-(4-methylumbelliferyl)-a-D-
N-acetylneuraminic acid (MUNANA; Sigma, MO, US)
was unaffected by the mutation D151G, and the isolate was
also sensitive to oseltamivir (Table 4 and Fig. 3b).

Structural and biochemical analysis of the
NA-E276G mutant isolate

Residues E276 and R224 of the NA protein re-orient to
form a salt bridge that is essential to accommodate the
bulky hydrophobic pentyl ether side chain of oseltamivir
[15]. In our study, the E276G mutation was detected in
isolate A/Calicut/MCVR7104/2011(H3N2). Although no
structural model for E276G was available, a study on
recombinant viruses expressing NA protein with substitu-
tions at position 276 has been published [16]. A 3D
homology model of the mutant with the E276G substitu-
tion was built using the Swiss-Model automated modeling
tool (template PDB: 4GZP). Analysis of superimposed 3D
models of the NA-E276G mutant isolate and the vaccine
strain A/Perth/16/2009(H3N2) built by Swiss-Model in the
automated mode using the template PDB: 4GZP revealed
that the mutation of E276 to G276 resulted in the loss of a
salt-bridge with residue R224 that is essential for accom-
modating oseltamivir (Fig. 2b). Biochemical analysis
demonstrated that the NA activity and sensitivity of the
isolate to oseltamivir were unaffected by this mutation
(Table 4 and Fig. 3b).

Structural and biochemical analysis of the
NA-E227V mutant isolate

Residue E227 plays an important role in stabilizing the NA
active site by interacting with other residues as well with the
sialic acid substrate [16]. To the best of our knowledge, this
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Table 3 Amino acid substitutions in catalytic site residues of NA
gene sequences

Amino acid substitutions in influenza A(H3N2) virus isolates

Strain name 151 227 276
A/Perth/16/2009(Reference) D E E
A/Thrissur/MCVR4244/2010(H3N2) G - -
A/Trivandrum/MCVR2977/2010(H3N2) - \" -
A/Calicut/MCVR7104/2011(H3N2) - - G

mutation had not been detected earlier, and therefore crys-
tallography studies on an NA-E227V mutant protein have not
been done. However, studies on recombinant virus expressing
an NA protein with a substitution at position 227 have been
reported [16]. The 3D NA protein model of isolate A/Tri-
vandrum/MCVR2977/2010(H3N2) was built using the
Swiss-Model automated modeling tool (template PDB:
4GZP). The 3D model of NA-E227V mutant was superim-
posed onto the 3D model of vaccine strain A/Perth/16/
2009(H3N2), which was built using the template PDB: 4GZP.
Structural analysis revealed that residue E227 interacts with
oseltamivir (4.9 A) and residue E277 (5 A) through a weak
H-bond. Mutant residue V227 lost contact with oseltamivir as
well as residue E277, and the distance between V227 to E277
increased to 6.8 A (Fig. 2c). Biochemical assays showed that
the NA activity of the isolate was unaffected, but the ICs5o was
increased by approximately fourfold in comparison to the
standard wild-type strain A/Washington/01/2007(H3N2)
(Table 4 and Fig. 3b).

Variations in NA gene antigenic site residues

The crystal structure of the NA protein of influenza virus
A/Memphis/31/98(H3N2) in complex with the Fab region
of monoclonal antibody Mem5 (PDB: 2AEP) has been
determined at 2.1 A resolution [17]. For analysis of NA
antigenic site residues, experimentally determined B-cell
epitopes from previously reported studies as well as from
the Immune Epitope Database and Analysis Resource
(IEDB) were used (Table 5).

Analysis of NA sequences in comparison with vaccine
strain A/Perth/16/2009(H3N2) showed that antigenic resi-
due mutations were present in all isolates (Table 6).
However, some of the antigenic changes, except mutations
D197G, K249E, A250T, S334C, and H347R/N, were found
in all of the strains isolated in a particular year, and also,
some changes were conserved in isolates of succeeding
seasons. The NA sequence of vaccine strain A/Perth/16/
2009 (H3N2) was also compared with the NA sequence of
isolate A/Memphis/31/98(H3N2), as some of the epitopes
listed in Table 5 were determined by studies of the crystal
structure of the 1998 strain in complex with antibody.

Sequence analysis showed mutations D147N, HIS0R,
H197D, E199K, K221E, R249K, F370S and Q431E in the
vaccine strain.

Structural analysis of NA gene antigenic residue
mutations

For analysis, the 3D structure of vaccine strain A/Perth/16/
2009(H3N2) was superimposed onto the crystal structure
of the 1998 strain and visualized using PyMOL. Inter-chain
contact analysis using the CCP4i suite showed that anti-
body heavy chain residues 31, 33, 52, 53, 56, 96, 97, 98,
99, 100 and light chain residues 31, 32, 49, 50, 52, 53, 92,
94 interact with the NA protein. Structural analysis showed
that the mutations H150R, H197D, E199K, K221E and
R249K in 2009 vaccine strain altered the interactions
between the NA protein and antibody. The mutation
H150R resulted in the loss of an H-bond (3.3 10\) with heavy
chain residue Asp31 of the Mem5 antibody. The H197D
mutation resulted in a loss of interaction with the heavy-
chain residue Thr56 and also increased the distance of
H-bonding with residue Arg52 (4.8 A and 4.4 A). Simi-
larly, the mutations E199K, K221E and R249K altered
interactions with antibody residues Tyr33 (7.1 A), Thr99
(5.3 A) and Ser52 (6.9 A), respectively (Fig. 4a, b).

Three-dimensional structures of mutant NA proteins
were superimposed onto the 3D structure of vaccine strain
A/Perth/16/2009 (H3N2) in order to determine whether the
antigenic residue mutations in isolates from the 2009-2013
seasons further affected the binding of the Mem5 antibody.
Out of the five antigenic residue mutants detected in our
study, two residues (S334 and H347) do not interact with
the antibody against A/Memphis/31/98(H3N2), and thus
the effect of these mutations on antibody binding could not
be determined by structural analysis. Structural analysis of
the NA-D197G mutant showed that the mutation resulted
in a complete loss of interaction with antibody residue
Arg52 (Fig. 4c). However, structural analysis of the NA
protein of isolate A/Calicut/MCVRAA2090/2013(H3N2)
showed that the mutations K249E and A250T may not
affect antibody binding (Fig. 4d).

An NA assay performed in presence of the substrate
MUNANA demonstrated that antigenic residue mutations did
not affect the NA activity of three isolates. The results of an
NAI antibody assay that was performed to test the effect of
these mutations on antibody binding were negative. since no
reduction in NA activity was observed in the presence of
pooled serum containing antibodies against influenza
A(H3N2) virus. The results of an NA assay in the presence of
the large substrate fetuin were unaffected in three isolates,
similar to the NA assay in the presence of MUNANA. The NA
activity was very low for isolate A/Calicut/MCVRAA2090/
2013(H3N2) with both of the substrates, and repeated
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Oseltamivir

ASP-151

GLY-151

GLY-276

VAL-227

GLU-227

GLU-277

Oseltamivir

Fig. 2 Structural models of influenza A(H3N2) virus isolate NA
protein-oseltamivir complexes. The 3D model of the NA-D151G
mutant isolate (template PDB: 4GZT), NA-E276G (template PDB:
4GZP), and NA-E227V (template PDB: 4GZP) were superimposed
onto the 3D model of vaccine strain A/Perth/16/2009(H3N2)

Table 4 Results of neuraminidase and neuraminidase inhibition assays

(template PDB: 4GZP) Superimposed structural models of mutant
N2 virus isolates [a: D151G (magenta); b: E276G (yellow); ¢: E227V
(cyan)] and wild-type vaccine strain (green) are shown as sticks
bound to oseltamivir (green). Dotted lines indicate hydrogen bonds
A)

Strain name NA assay (RFU)* p-valueb for NA assay ICso (nM)* p-valueb for ICs, values
A/Washington/01/2007(H3N2)-E119 wild type 176 + 1.41 - 0.6 £0.07 -
A/Thrissur/MCVR4244/2010(H3N2) 259 £ 9.89 <0.0005 0.3 £ 0.01 >0.05
A/Trivandrum/MCVR2977/2010(H3N2) 281 £+ 1.41 <0.0005 24 £ 028 <0.0005
A/Calicut/MCVR7104/2011(H3N2) 246.5 £ 3.53 <0.0005 04 £0.02 >0.05
A/Texas/12/2007(H3N2)-E119V oseltamivir resistant 197.5 + 6.36 - 26.5 £521 -

strain

# Mean =+ standard deviation calculated using values derived from assays performed in duplicate
° p-value determined by Welch r-test against A/Washington/01/2007(H3N2)-E119 wild- type virus

passaging did not increase the NA activity, and thus the NAI
assay could not be performed. An NAI assay with fetuin as
substrate showed reduction in NA activity in the presence of

@ Springer

pooled serum containing antibodies against influenza
A(H3N2) virus, indicating that the antigenic mutations
H347R/N and D197G might not affect antibody binding.
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Fig. 3 Neuraminidase and a NA assay
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Table 5 B-cell epitopes of influenza A(H3N2) virus isolates
Peptides/Residues Reference

D147, H150, R152, T153, P154, H197, D198, E199, W218, S219, K220, K221, 1222, G248, [17]

R249, A250, D251
EILRTQES, RDNWKGSNR, WSNPNSK, C422, T435

153, 197-199, 328-336, 339-347, 367-370, 400-403, 431-434

http://www.fludb.org/brc/influenza_epitope_
search.spg

[32]

Discussion

The neuraminidase protein of influenza viruses is the sec-
ond most abundant major surface glycoprotein and con-
tributes to virus replication by its sialidase activity, which
facilitates spread of infection among host cells. NA is not
only a major target for influenza antivirals but also has
gained significant importance as an antigen that needs to be

standardized in influenza vaccines [18]. Continuous mon-
itoring of variations in the NA gene is essential to detect
mutations that might contribute to drug resistance or affect
antibody binding.

In this study, detailed genetic analysis of the NA gene of
25 archived influenza A(H3N2) virus isolates (2009-2013)
was carried out. The annual rate of amino acid substitutions
in the N2 gene of influenza A(H3N2) virus isolates was
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Table 6 Amino acid

Amino acid substitutions in influenza A(H3N2) virus isolates

substitutions in antigenic -site

residues of NA gene sequences Strain name

197 249 250 334 347 367 369 400 402

A/Perth/16/2009 (Reference)

A/Alappey/MCVR449/2009(H3N2)
A/Malappuram/MCVR678/2009(H3N2) - - - -
A/Calicut/MCVR1621/2009(H3N2)
A/Calicut/MCVR2506/2009(H3N2)
A/Trivandrum/MCVR2977/2010(H3N2) - - - - -
A/Thrissur/MCVR4244/2010(H3N2)
A/Kannur/MCVR4388/2010(H3N2)

A/Calicut/MCVR4536/2010(H3N2)

A/Kannur/MCVR5404/2010(H3N2)

A/Malappuram/MCVR5719/2010(H3N2) - - - - -
A/Calicut/MCVR5938/2010(H3N2)

A/Calicut/MCVR6154/2010(H3N2)

A/Calicut/MCVR7104/2011(H3N2)

A/Calicut/MCVR7303/2011(H3N2)

A/Thrissur/MCVR7382/2011(H3N2)
A/Thrissur/MCVR7580/2011(H3N2)
A/Thrissur/MCVR7602/2011(H3N2)
A/Malappuram/MCVR7610/2011(H3N2) - - - - -
A/Manipal/ MCVR23854/2012(H3N2) - - - - -
A/Manipal/MCVR23921/2012(H3N2) - - - - -
A/Calicut/MCVRAA2025/2013(H3N2) - - - - -
A/Calicut/MCVRAA2028/2013(H3N2) - - - - -
A/Calicut/MCVRAA2090/2013(H3N2) - E T C -
A/Calicut/MCVRAA2095/2013(H3N2) - - - - -

D K A S H
- - - - R
N

%)
~
-
Z

'R AR ARRARARRAR

Z z Z 2 zZ Z Z Z Z Z Z Z Z Z Z zZ Z Z Z Z Z Z
HHH A9 933933+3+3+3

> vilivilvilvillvEivilvilivilvilvilvil v}

0.2-0.6%, which was similar to the substitution rates (0.3-
0.7%) of the N1 gene of influenza A(HIN1)pdm09 virus
isolates [6] during the same seasons. However, studies have
reported that amino acid substitutions in H3 genes are
higher than in HI1 genes [19]. The mutations
S367N-+K369T, and 1464L occured in almost 88% and
84% of influenza A(H3N2) virus isolates, respectively.
Mutations at 3675¥'369 have been reported to create a
potential glycosylation site that might affect antigenic and
other properties (flusurver.bii.a-star.edu.sg/). The muta-
tions 126T and Y40C were detected in isolates from the
2009 season that lacked the S67N+K369T+I1464L muta-
tions. Byarugaba et al., reported that 2009 influenza
A(H3N2) virus isolates differed from the 2008 isolates by
the mutations 126T and Y40C [20]. The significance of
these mutations is unknown, since the mutations were not
conserved in isolates of succeeding seasons. Previous
reports suggest that mutations in the HA gene along with
the NA substitutions L81P and D93G, which occurred
around 2011, might have given rise to influenza A(H3N2)
virus epidemics in 2011 [21]. In our study, the L81P
mutation was detected in 2011 isolates, whereas the D93G

@ Springer

mutation was detected in 2013 isolates. In the Indian
subcontinent during the 2011 and 2013 season, influenza
A(H3N2) viruses were the dominating circulating strains of
influenza viruses, and thus the mutations L81P and D93G
might have contributed to antigenic variation and pre-
dominance. The mutations D93G+Y155F+D251 were
detected along with S315G mutation in our study. How-
ever, previous study showed that the
D93G+Y155F+D251V combination started to arise in
May 2013, and these mutations did not alter susceptibility
of NA to inhibitor drugs [22]. The mutation S315G
detected in our study has been reported in influenza
A(H3N2) viruses circulating in northern India during 2013
season [23]. Detailed analysis of NA gene sequences from
India might provide better insights if such substitutions
were more common in Indian isolates.

Our study detected three mutations (D151G, E227V,
and E276G) in the conserved catalytic site of influenza
A(H3N2) virus isolates. The mutation D151G in the NA
gene is commonly associated with passaging of influenza
A(H3N2) viruses in the MDCK cell lines [24]. The D151G
mutation has been reported to increase the ICsq value for
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Fig. 4 NA protein of influenza A(H3N2) virus in complex with 1998
antibody Mem5. (a) The NA protein of the A/Memphis/31/98 strain
(green) in complex with the Mem5 antibody (magenta; PDB: 2AEP)
is shown as a cartoon. Residues of the NA protein and antibody that
interact to form a complex are shown as sticks. (b) NA protein of

vaccine strain A/Perth/16/2009(H3N2) (template PDB: 4GZP) with
mutated residues shown in sticks (yellow). (c) Mutant isolate
A/Calicut /MCVRS5938/2010(H3N2) with D197G mutation (blue).
(d) Mutant isolate A/Calicut/MCVRAA2090/2013(H3N2) K249E
and A250T mutations (grey)
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zanamivir [25], reduce enzyme activity, and also induce
receptor-binding ability in the NA gene [14]. To the best of
our knowledge, the mutations E227V and E276G have not
been reported in NA sequences to date. In our study, the
NA activity and oseltamivir ICsq value of isolate
A/Thrissur/MCVR4244/2010(H3N2) with the DI51G
mutation was comparable with the reference wild-type
strains. A study by Lee et al. reported that the cell-culture-
induced mutation D151G was a result of adaptation of the
virus, and repeated passaging gradually increased the
proportion of mutant isolates [12]. Isolates used in our
study had not been passaged, and sequencing results
showed a background of wild-type amino acid (D151)
along with the G151 mutation, suggesting the presence of a
mixed population of wild-type and mutant virus. The
presence of wild-type virus might have masked the NA
activity. However, further passaging of the isolates for
selection of mutants and re-testing with the drug zanamivir
may be useful. Adhiambo et al. reported that increased
levels of resistance to neuraminidase inhibitors were
detected when the D151G mutation was present in com-
bination with the H274Y mutation; however, in our study,
none of the isolates were found to contain the H274Y
mutation [26].

Of the three catalytic residue mutant isolates, two iso-
lates (NA-D151G and NA-E276G) were sensitive to osel-
tamivir, whereas the isolate A/Trivandrum/MCVR2977/
2010(H3N2), with NA-E227V mutation, had a slightly
higher (approximately fourfold) ICs, value. Residues
222-230 are universally conserved among all influenza A
and B viruses, since E227 forms a part of a conserved
peptide, mutation at this position might affect enzyme
activity and replication [27]. A study of recombinant
viruses expressing NA-E227D showed that the growth of
recombinant virus was affected, and thus the NA activity
and NA inhibitor sensitivity could not be assessed. How-
ever, structural analysis revealed that E227 possibly
interacts with the C4 amino group of oseltamivir and is
therefore under selection pressure of NA inhibitors [28].
The isolate with the E227V mutation detected in our study
showed an approximately fourfold higher ICs, value in
comparison to the reference wild-type strain. Interestingly,
our study on influenza A(HIN1)pdm09 viruses also
detected a mutation at position 228 (N1 numbering). The
influenza A(HIN1)pdm09 isolate had an approximately
twofold higher ICsq value in comparison to the reference
wild-type strain A/California/12/2012(HIN1)pdm09 [6].
Substitution of E227 with less-conserved residues such as
G227/V227 has been reported to result in reversion to the
wild-type residue E227 [29]. The isolate A/Trivandrum/
MCVR2977/2010(H3N2), which contains an E227V
mutation, was re-sequenced after passaging twice in
MDCK cells. Repeated passaging resulted in reversion to
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the wild-type residue (E227; data not shown), suggesting
that the mutation E227V is not conserved and is thus not a
major concern during natural circulation. However, in a
study by Ho et al., substitutions with the more-conserved
residue D227 were found to reduce sensitivity to neu-
raminidase inhibitors [29]. Monitoring of residue E227 is
important for tracking the emergence of resistance among
naturally circulating viruses.

We report mutations in nine antigenic residues of the
influenza A(H3N2) virus NA gene. Some of the mutations
(except D197G, K249E, A250T, S334C, and H347R/N)
were conserved in all isolates or were detected in all isolates
of a particular season. Two of the antigenic residue muta-
tions (D197G and S334C) have not been reported globally
to date (flusurver.bii.a-star.edu.sg/). Interestingly, the iso-
late A/Calicut/ MCVRAA2090/2013(H3N2) had the maxi-
mum number of non-synonymous mutations (14) and
antigenic residue mutations (6). Crystallography studies of
the N2 protein of currently circulating influenza A(H3N2)
virus isolates in complex with antibody have not been done
so far. Thus, the sequence and 3D model (NA protein) of
vaccine strain A/Perth/16/2009(H3N2) were analyzed in
comparison to the 3D model of A/Memphis/31/98(H3N2)
in complex with the Fab region of monoclonal antibody
MembS5. Results of structural analysis of the vaccine strain
superimposed onto the crystal structure of the 1998 strain
complexed with antibody Mem5 were in agreement with a
previous study [30]. However, due to the unavailability of
antibody crystal structures for currently circulating influ-
enza A(H3N2) viruses, the actual effect of antigenic residue
mutations (D197G, K249E, A250T, S334C, and H347R/N)
on antibody binding could not be analyzed structurally.
Structural analysis was performed by superimposing mutant
NA proteins onto that of the vaccine strain to determine
whether the antigenic residue mutations in isolates of the
2009-2013 seasons further affected the binding of Mem5
antibody. The effects of these mutations on antibody
binding were analyzed by NAI antibody assay using a
pooled serum containing antibodies against influenza
A(H3N2) virus and MUNANA as substrate. No reduction in
NA activity was observed despite high titers of HA antibody
in the pooled serum (1 in 512), indicating that the antibody-
binding residues are not near the catalytic site [31]. An NAI
antibody assay with a larger substrate such as fetuin may
serve as a useful tool for analyzing the effect of these
mutations [31]. The NAI antibody assay was repeated using
the large substrate fetuin and the results indicated that the
antigenic mutations H347R/N and D197G might not affect
antibody binding. The NA activity of isolate A/Calicut/
MCVRAA2090/2013(H3N2) was very low, and the NAI
assay therefore could not be performed. A future detailed
study on the NA protein structure of isolate A/Calicut/
MCVRAA2090/2013(H3N2) might provide insights into
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the reason for the decreased NA activity and the effect of
the presence of 14 non-synonymous mutations.

The increasing number of genetically drifted influenza
A(H3N2) viruses emerging each year imposes challenges
on drug and vaccine design. Our study suggests that genetic
variations in the N2 gene occur at a lower rate and are
comparable with the variations in the N1 gene, and thus,
NA may serve as a significant tool for development of
newer drugs and vaccines. However, it remains to be seen
whether the use of drugs targeting NA or NA-based vac-
cines will result in further selection pressure on influenza
viruses.
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