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Oseltamivir-resistant HIN1 influenza viruses emerged in 2007 to 2008 and have subsequently circulated widely. However, prior
to 2007 to 2008, viruses possessing the neuraminidase (NA) H274Y mutation, which confers oseltamivir resistance, generally had
low growth capability. NA mutations that compensate for the deleterious effect of the NA H274Y mutation have since been iden-
tified. Given the importance of the functional balance between hemagglutinin (HA) and NA, we focused on amino acid changes
in HA. Reverse genetic analysis showed that a mutation at residue 82, 141, or 189 of the HA protein promotes virus replication in
the presence of the NA H274Y mutation. Our findings thus identify HA mutations that contributed to the replacement of the

oseltamivir-sensitive viruses of 2007 to 2008.

nfluenza viruses cause annual epidemics and occasional pan-

demics in humans, resulting in high mortality primarily in the
elderly and other high-risk populations (14, 33). Oseltamivir, a
neuraminidase (NA) inhibitor that binds to the active site of the
viral NA molecule, is frequently used to treat influenza. It was
approved for clinical use in 1999, and prior to 2007 to 2008, the
prevalence of oseltamivir-resistant viruses was <1% (22, 24, 34).
However, in January 2008, a marked increase in oseltamivir-
resistant isolates was reported by Norwegian authorities (13), and
these strains soon became prevalent worldwide, accounting for
approximately 15% of influenza activity globally between the last
quarter of 2007 and the beginning of 2008 (34). During the 2008-
2009 season, approximately 95% of HIN1 viruses analyzed from
30 countries were found to be oseltamivir resistant (34, 35). How-
ever, most of the circulating oseltamivir-resistant viruses were not
associated with oseltamivir use (9, 19, 22), indicating that these
resistant viruses dominated the oseltamivir-sensitive viruses with-
out drug pressure.

Studies with laboratory and older seasonal HINT1 strains, such
as A/WSN/33 (WSN), A/Texas/36/1991, and A/New Caledonia/
20/1999 (NC/99), showed that the histidine (H)-to-tyrosine (Y)
mutation at residue 274 (N2 numbering) of N1 NA (NA H274Y
mutation) confers resistance to oseltamivir but attenuates virus
growth in vivo and in vitro (1, 4, 6, 14, 17). Yet the growth kinetics
of the oseltamivir-resistant viruses that circulated in 2007 and
2008 were similar to those of sensitive viruses (27). This finding
was thought to be due to amino acid substitutions in NA (i.e.,
R222Q and V234M) that were introduced in 2004 and became
prevalent in 2007 to 2008 (4). Indeed, a study using recombinant
viruses that comprised the NC/99 NA gene and the A/Texas/36/
1991 versions of the other genes showed that these secondary mu-
tations in NA (R222Q and V234M) compensated for the defect in
NA enzymatic activity, and thus in growth capability, caused by
the H274Y mutation (4).

A functional balance between the surface glycoproteins of the
influenza virus, hemagglutinin (HA) and NA, is important for
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TABLE 1 HA amino acid substitutions that occurred between 2004 and
2007 and were maintained in the oseltamivir-resistant viruses that
caused epidemics in the 2007-2009 seasons

HA amino acid

Amino acid

position 2004 to 2006 2007 to March 2009
35 D N

82 T K

94 Y H

141 K E

189 R K

209 R K

274 E K

efficient viral replication (18, 21, 23, 26, 31). HA attaches to sialy-
loligosaccharide receptors to mediate virus entry into the host cell,
an event that is followed by a series of replication steps that result
in the generation of viral progeny (10, 28). At the end of the virus
replication cycle, NA removes sialic acid from the viral progeny to
prevent their self-aggregation and also from the cell surface to
facilitate virion release (8, 11, 20). Mutations that affect HA recep-
tor binding can compensate for defects in NA function (2, 20). In
this study, to elucidate the mechanism responsible for the preva-
lence of oseltamivir-resistant HIN1 viruses during the 2007-2008
season, we focused on HA changes in seasonal HIN1 influenza
viruses from 2004 to 2009 (excluding pandemic A/HIN1 2009
viruses) and evaluated the contribution of HA mutations to the
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growth efficiency of oseltamivir-resistant HIN1 viruses carrying
the NA H274Y mutation.

MATERIALS AND METHODS

Sequence analysis. HA and NA sequences of HIN1 seasonal influenza
viruses from 2004 to 2008 were retrieved from the Influenza Virus Re-
source database of the National Center for Biotechnology Information (3)
(using the following query: type, influenza A virus; host, human; country,
any; segment, HA/NA; subtype, HIN1; full length only; and collection
date, from 2004 to March 2009). We used BioEdit software (12) to align
sequences and identified seven HA1 amino acid changes that were main-
tained in oseltamivir-resistant viruses that circulated between 2007 and
2009 (Table 1). HA and NA were numbered according to the H1 and N2
numbering schemes, respectively. HA and NA phylogenetic analyses were
performed by the neighbor-joining method with the coding regions of HA
and NA nucleotide sequences containing only unambiguous sequences by
using MEGA4 (30), and phylogenetic trees were drawn with TreeGraph
2.0.43-193 beta (29).

Virus. A human-derived oseltamivir-resistant influenza A/HIN1 vi-
rus isolated during the epidemic of the 2007-2008 season, namely, A/Tot-
tori/52/2008 (To/08), was passaged twice in Madin-Darby canine kidney
(MDCK) cells maintained in minimal essential medium (MEM) supple-
mented with 4% bovine serum albumin and 0.03% tosylsulfonyl pheny-
lalanyl chloromethyl ketone (TPCK)-treated trypsin. The virus was grown
at 35°C with 5% CO, for 48 h. The cell culture supernatant was collected
and stored at —80°C until use.

Cloning of viral genes. Viral RNA of the To/08 strain was extracted
with a QIAamp viral RNA minikit (Qiagen, Germantown, MD). Reverse
transcriptase PCR (RT-PCR) was performed by using a one-step RT-PCR
system (SuperScript III One-Step RT-PCR system with Platinum Tagq
High Fidelity polymerase; Invitrogen, Carlsbad, CA) and primer pairs
containing a BsmBI restriction site (15, 16). The amplified products
for full-length HA (GenBank accession number CY075490) and NA
(GenBank accession number CY075491) were inserted into the pCR2.1-
TOPO cloning vector (Invitrogen). Three clones were sequenced to obtain
the consensus sequences of the HA and NA genes.

Mutagenesis of viral HA and NA segments and subcloning into the
pHH21 plasmid. pCR2.1 plasmids encoding To/08 HAs possessing the
D35N, T82K, Y94H, K141E, R189K, R209K, or E274K mutation were
generated by using a QuikChange site-directed mutagenesis kit (Strat-
agene, Cedar Creek, TX). To make an oseltamivir-sensitive To/08 NA, a
TAT-to-CAC nucleotide mutation that creates a tyrosine-to-histidine
substitution was introduced at amino acid position 274 of the To/08 NA
encoded in pCR2.1. After the mutations were confirmed by sequencing,
the pCR2.1 plasmids were digested with BsmBI at 55°C, and DNA frag-
ments were subcloned into a pHH21 vector containing the human RNA

FIG 1 Phylogenetic analyses of HA and NA of seasonal HIN1 viruses by using
the neighbor-joining method with 1,000 bootstrap replications. Oseltamivir-
resistant isolates carrying NA 274Y are shown in red. (A) HA phylogenetic tree
of selected seasonal HIN1 isolates from 2004 to 2009 (excluding 2009 pan-
demic HINTI viruses). Branches are colored to reflect amino acid changes.
Only bootstrap values of >90% are shown for each corresponding group. The
scale bar indicates the number of nucleotide substitutions per site. The follow-
ing vaccine strains are included in the tree as a reference: 2004-2007 season
(NC/99), 2007-2008 season (SI/06), and 2008-2010 season (Br/07) vaccines.
The To/08 virus used in this study is included in the oseltamivir-resistant
2007-2008 isolates (green box). The seven amino acid substitutions that oc-
curred in the HA head and were maintained in subsequent viruses during HA
evolution between 2004 and 2008 include D35N, T82K, Y94H, K141E, R189K,
R209K, and E274K. HA amino acids of 2004-2005 isolates are represented by
red spheres and changed to other amino acids (shown in yellow) in subsequent
viruses. Occasional amino acid substitutions that are not listed in Table 1
appeared temporarily at two of these positions (blue spheres). (B) NA phylo-
genetic tree of prepandemic seasonal HINT strains from 2004 to 2009. To/08
NA is included in the oseltamivir-resistant 2007-2008 isolates.
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polymerase I promoter and the mouse RNA polymerase I terminator (25)
to produce pPoll-To/08-HA-wild, pPoll-To/08-HA-D35N, pPoll-To/08-
HA-T82K, pPoll-To/08-HA-Y94H, pPoll-To/08-HA-K141E, pPoll-To/
08-HA-R189K, pPoll-To/08-HA-R209K, pPoll-To/08-HA-E274K, pPoll-
To/08-HA-186-193, pPoll-To/08-NA-274Y, and pPoll-To/08-NA-274H.

Recombinant virus generation. Recombinant viruses were generated
by using reverse genetics as previously described (25). Each pPoll-To/
08-HA plasmid with pPoll-To/08-NA-274Y or -274H, together with six
pHH21 plasmids bearing the non-HA and -NA genes of WSN (HIN1)
(pPoll-WSN-PB2, pPoll-WSN-PBI1, pPoll-WSN-PA, pPoll-WSN-NP,
pPoll-WSN-MP, and pPolI-WSN-NS) and four WSN protein expression
plasmids (pCAGGS-PB2, pCAGGS-PB1, pCAGGS-PA, and pCAGGS-
NP), were transfected into 293T cells with Trans-IT LT-1 (PanVera, Mad-
ison, WI). The supernatant was harvested 48 h after transfection and then
inoculated onto MDCK cells and incubated for 48 h in the presence of
TPCK-treated trypsin (Worthington, Lakewood, NJ) (final concentra-
tion, 3.0 ug/ml). The viruses generated were stored at —80°C until use.

Growth kinetics of recombinant viruses. Virus growth was evaluated
by infecting MDCK cells with each virus at a multiplicity of infection of
10~3. Culture supernatants were collected 24, 48, and 72 h after infection.
Triplicate wells were tested for each virus, and virus titers were evaluated
by use of plaque assays. Tenfold dilutions of samples from each time point
were prepared and inoculated onto MDCK cells. After incubation for 1 h
at 35°C, cells were washed and overlaid with agarose-containing mainte-
nance medium in the presence of TPCK-treated trypsin (final concentra-
tion, 3 ug/ml). Plates were incubated at 35°C in 5% CO, for 3 days, and
PFU per ml were determined.

RESULTS AND DISCUSSION

Evolution of seasonal HIN1 virus HA and NA genes from 2004
to 2008. To determine whether the epidemic of oseltamivir-
resistant viruses with the NA 274Y mutation was associated with
specific mutations in HA, we analyzed the HA (bases 1 to 1689)
and NA (bases 1 to 1410) nucleotide sequences of representative
seasonal HIN1 strains isolated between 2004 and March 2009,
including three vaccine strains that were recommended between
2004 and 2008: A/New Caledonia/20/1999 (NC/99), A/Solomon
Island/3/2006 (SI/06), and A/Brisbane/52/2007 (Br/07) (36).
Oseltamivir-resistant isolates carrying NA 274Y were found spo-
radically in 2007 and became more prevalent in 2008, when Br/07
was used as a vaccine strain (Fig. 1A and B). Phylogenetic analysis
revealed that HA and NA showed similar clustering patterns, in-
dicating coevolution of these two proteins. However, from this
analysis, we did not find any amino acid changes, in either HA or
NA, that were associated with the emergence of viruses possessing
the NA 274Y mutation.

Next, we focused on HA changes that occurred prior to the
emergence of the oseltamivir-resistant viruses. Sequence align-
ment showed that the HA molecules of seasonal HIN1 influenza
viruses underwent several amino acid substitutions in the HA1
domain from 2004 to 2008: aspartic acid to asparagine at residue
35 (D35N), threonine to lysine at residue 82 (T82K), tyrosine to
histidine at residue 94 (Y94H), lysine to glutamic acid at residue
141 (K141E), arginine to lysine at residue 189 (R189K), arginine
to lysine at residue 209 (R209K), and glutamic acid to lysine at
residue 274 (E274K) (Table 1; Fig. 2). These residues were mapped

HA Contribution to Oseltamivir-Resistant HIN1 Virus

189

Sialic acid

141 209

FIG 3 Structure of HA monomer showing antigenic sites and amino acid
residues at which substitutions occurred between 2004 and 2008. The drawing
shows the HA monomer of the 1918 HIN1 virus, modified from the Protein
Data Bank structure 2WRG (5) by using PyMOL (The PyMOL Molecular
Graphics System, version 1.3; Schrédinger, LLC [www.pymol.org]). The head
and stem are indicated by black and dark blue ribbons, respectively. Antigenic
sites are indicated as colored surfaces, as follows: Sa, light yellow; Sb, light
purple; Cal, blue; Ca2, cyan; and Cb, light green. Residues at which amino acid
changes occurred are shown as red spheres (residues 35, 82, 94, 141, 189, 209,
and 274). Sialic acid is shown with orange sticks.

on the HA molecule (Fig. 3). Among them, residues 141 and 189
were located at the Ca2 and Sb antigenic sites (5), respectively.
Although none of these substitutions occurred among the con-
served residues in the HA receptor binding site (10), residues 94,
141, 189, and 209 are located near this site.

Effect of HA amino acid substitutions on oseltamivir-
resistant virus growth. To determine if any of the above-
described HA mutations are required for growth by viruses with
the NA H274Y mutation, we examined the HA and NA proteins of
A/Tottori/52/2008 (To/08), one of the early oseltamivir-resistant
strains that later became dominant. We generated plasmids en-
coding mutant To/08 HAs that each possessed one of the amino
acids found in oseltamivir-sensitive viruses isolated between 2004
and 2006, as listed in Table 1 (35D, 82T, 94Y, 141K, 189R, 209R,
and 274E). We then generated recombinant viruses possessing the
mutant To/08 HA and To/08 NA segments together with the re-
maining six segments from WSN. All viral growth was tested in
MDCK cells, although these cells may not reflect viral fitness in
vivo. For comparison, we also made HA mutant viruses possessing
a mutant To/08 NA with the residue 274H, which makes NA os-
eltamivir sensitive. In addition, we made a virus possessing the
wild-type To/08 HA and wild-type oseltamivir-resistant To/08
NA genes along with the remaining genes from WSN as a control.
We then compared the growth efficiencies of a virus carrying wild-
type To/08 HA and oseltamivir-resistant NA 274Y (Wt-res) and a
virus with wild-type To/08 HA and oseltamivir-sensitive NA
274H (Wt-sen). Although the titers at 24 and 72 h postinfection
(hpi) differed, the titers were similar at 48 hpi (Fig. 4A), as previ-

FIG 2 HA amino acid alignment for seasonal HIN1 viruses isolated between 2004 and 2009 (excluding pandemic A/HIN1/2009). A gap was inserted to
correspond to H1 numbering. Colors indicate the strains that belong to the groups with the corresponding colors in the HA phylogenetic tree (Fig. 1A). Black
frames indicate the amino acid substitutions from 2004 to March 2009 that were studied; NC/99 is included for reference (residues 146, 253, and 267 were
excluded because the former two were the same in the other strains as in NC/99 and the last residue has been conserved since 2006). Black and red horizontal lines

indicate the HA1 and HA2 domains, respectively.
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FIG 4 Growth of recombinant viruses with an HA amino acid substitution and oseltamivir-resistant or -sensitive NA. (A) MDCK cells were incubated with
recombinant viruses at a multiplicity of infection of 10~3. Growth was evaluated at 24, 48, and 72 h. Black squares indicate a virus with wild-type To/08 HA and
oseltamivir-resistant NA 274Y (Wt-HA/res-NA), whereas black spheres indicate a virus with wild-type To/08 HA and oseltamivir-sensitive NA 274H (Wt-HA/
sen-NA). Red lines are for viruses with a To/08 HA mutation. Viruses are designated according to the HA mutation and NA phenotype; for example,
HA-N35D/res-NA indicates a virus possessing To/08 HA with the N35D mutation and NA with the 274Y mutation. (B) Growth of viruses with oseltamivir-
resistant (res-NA) To/08 NA 274Y (red lines) or oseltamivir-sensitive (sen-NA) To/08 NA 274H (blue lines) and carrying the K81T, E141K, or K189R HA
mutation. The virus with wild-type To/08 HA and NA 274Y (Wt-HA/res-NA) and that with wild-type To/08 HA and NA 274H (Wt-HA/sen-NA) (marked with
black squares and black spheres, respectively), shown in panel A, are also included for comparison. When HA K82T, E141K, and K189R mutations were paired

with oseltamivir-sensitive NA (274H), growth was restored. Data are expressed as means and standard deviations (SD) for three replicate plates.

ously described (4). This result suggests that the HA molecule
from the 2007-2008 season functions well with either oseltamivir-
resistant or -sensitive NA to support efficient virus growth.

To determine whether the HA amino acid substitutions that
occurred between 2004 and 2007 compensate for the growth of
viruses possessing the NA H274Y mutation, we compared the
growth kinetics of seven To/08 mutants that each possessed one of
the HA amino acid substitutions found in the earlier strains (i.e.,
N35D, K82T, H94Y, E141K, K189R, K209R, or K274E). We found
that three mutants with the oseltamivir-resistant NA 274Y (res-
NA), namely, K82T-HA/res-NA, E141K-HA/res-NA, and K189R-
HA/res-NA, replicated at 10- to 100-fold lower rates than those of
virus with wild-type HA (Wt-HA/res-NA) (Fig. 4A). Bloom et al.
(4) showed that two NA mutations (R222Q and V234M) compen-
sate for the deleterious oseltamivir resistance-conferring NA
H274Y mutation, thus supporting the efficient growth of
oseltamivir-resistant viruses. The oseltamivir-resistant To/08 NA
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used in this study possessed the R222Q and V234M amino acid
substitutions, yet viruses possessing To/08 NA did not replicate
well when paired with mutated HAs that corresponded to those
found in the 2004-2006 isolates (i.e., HA-K82T, HA-E141K, or
HA-K189R). However, the growth efficiency of the viruses that
possessed HA 82T, 141K, or 189R was restored to a level similar to
that of Wt-HA/res-NA and Wt-HA/sen-NA when these viruses
were paired with an oseltamivir-sensitive NA (Fig. 4B, blue lines).
We did not observe appreciable differences in plaque size among
the viruses. These results suggest that the T82K, K141E, or R189K
mutation is critical to viruses with oseltamivir-resistant NA 274Y
for achieving a growth level similar to that of viruses carrying
oseltamivir-sensitive NA 274H.

Although the previous report (4) suggested that the NA mutations
R222Q and V234M could compensate for the defect caused by the
NA H274Y mutation, we showed that in addition to these NA muta-
tions, the HA T82K, K141E, and R189K mutations, which accumu-
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lated prior to the emergence of oseltamivir-resistant viruses in 2007,
also promote efficient growth of oseltamivir-resistant viruses. There-
fore, the NA substitutions previously identified by Bloom et al. (4)
and the HA substitutions identified here, both of which accumulated
prior to the emergence of oseltamivir-resistant viruses in 2007, are
essential for the efficient growth of oseltamivir-resistant viruses pos-
sessing the NA H274Y mutation. HA residues 141 and 189 are located
at the Ca2 and Sb antigenic sites, respectively, and residue 189 is also
located near the HA receptor binding site, suggesting the need for
further study to determine whether the changes at these residues alter
HA antigenicity, binding affinity, or both (5, 7, 32, 37). Residue 82 is
not on or near the HA antigenic or receptor binding site; therefore,
further study is required to understand the mechanism by which
mutations at residue 82 support the efficient growth of viruses pos-
sessing the oseltamivir resistance-conferring N1 275Y substitution.
Antiviral drugs are an important defense when humans face in-
fluenza epidemics and pandemics. Our studies further our under-
standing of the emergence of drug-resistant viruses. Current epi-
demic viruses continue to evolve under selective pressure; therefore,
the continuous monitoring of epidemic viruses is essential to reduce
the risk of emergence of epidemics caused by drug-resistant viruses.
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