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ABSTRACT

In polarized epithelial cells, influenza A virus hemagglutinin (HA) and neuraminidase (NA) are intrinsically associated with
lipid rafts and target the apical plasma membrane for viral assembly and budding. Previous studies have indicated that the trans-
membrane domain (TMD) and cytoplasmic tail (CT) of HA and NA are required for association with lipid rafts, but the raft de-
pendencies of their apical targeting are controversial. Here, we show that coexpression of HA with NA accelerated their apical
targeting through accumulation in lipid rafts. HA was targeted to the apical plasma membrane even when expressed alone, but
the kinetics was much slower than that of HA in infected cells. Coexpression experiments revealed that apical targeting of HA
and NA was accelerated by their coexpression. The apical targeting of HA was also accelerated by coexpression with M1 but not
M2. The mutations in the outer leaflet of the TMD and the deletion of the CT in HA and NA that reduced their association with
lipid rafts abolished the acceleration of their apical transport, indicating that the lipid raft association is essential for efficient
apical trafficking of HA and NA. An in situ proximity ligation assay (PLA) revealed that HA and NA were accumulated and clus-
tered in the cytoplasmic compartments only when both were associated with lipid rafts. Analysis with mutant viruses containing
nonraft HA/NA confirmed these findings. We further analyzed lipid raft markers by in situ PLA and suggest a possible mecha-
nism of the accelerated apical transport of HA and NA via clustering of lipid rafts.

IMPORTANCE

Lipid rafts serve as sites for viral entry, particle assembly, and budding, leading to efficient viral replication. The influenza A vi-
rus utilizes lipid rafts for apical plasma membrane targeting and particle budding. The hemagglutinin (HA) and neuraminidase
(NA) of influenza virus, key players for particle assembly, contain determinants for apical sorting and lipid raft association.
However, it remains to be elucidated how lipid rafts contribute to the apical trafficking and budding. We investigated the rela-
tion of lipid raft association of HA and NA to the efficiency of apical trafficking. We show that coexpression of HA and NA in-
duces their accumulation in lipid rafts and accelerates their apical targeting, and we suggest that the accelerated apical transport
likely occurs by clustering of lipid rafts at the TGN. This finding provides the first evidence that two different raft-associated vi-
ral proteins induce lipid raft clustering, thereby accelerating apical trafficking of the viral proteins.

Influenza virus is an enveloped, negative-stranded, segmented
RNA virus belonging to the Orthomyxoviridae family. The virion

consists of three integral membrane proteins, hemagglutinin
(HA), neuraminidase (NA), and ion channel protein M2. A layer
of matrix protein M1 is present underneath the lipid envelope and
encases viral ribonucleoprotein (vRNP) complexes. The influenza
virus buds from the apical plasma membrane (PM), which is di-
vided by tight junctions in polarized epithelial cells (1). It is con-
sidered that all viral components are targeted to the apical PM,
where particle budding occurs. HA, NA, and M2 are synthesized at
the endoplasmic reticulum (ER) and are transported to the apical
PM through the trans-Golgi network (TGN). The apical sorting
signals were identified in the transmembrane domains (TMDs) of
both HA and NA (2, 3). Many studies indicate that during the
apical trafficking, HA and NA are associated with lipid raft mi-
crodomains, which are enriched in cholesterol and sphingolipids
(3, 4), whereas M2 is excluded from these domains (5, 6). Several
studies also indicate that the TMD and the cytoplasmic tail (CT) of
HA and NA are important for their association with lipid rafts (3,
5, 7). It has been shown that, in the case of HA, palmitoylation at
three conserved cysteines in the TMD-CT region is required for
association with lipid rafts (8). A very recent study suggested that
M2 was a key player in influenza virus particle budding, which is

independent of the endosomal protein sorting complex required
for transport (ESCRT) (9).

Lipid rafts are thought to function as platforms for selective
concentration of raft-associated proteins to promote protein-pro-
tein interactions for their functions (10). Lipid rafts have also been
shown to play pivotal roles in apical trafficking in polarized cells
(11) and in signal transduction pathways, such as Ras signaling
(12) and phosphatidylinositol 4,5-bisphosphate (PIP2) signaling
(13). It has been suggested that for influenza virus HA and NA, the
association with lipid rafts constitutes a part of the machinery
necessary for apical trafficking in polarized cells (14, 15). Previous
studies have indicated that disruption of lipid rafts by treatment
with methyl-�-cyclodextrin (M�CD) and lovastatin delays the
TGN-to-apical PM trafficking of HA and missorts HA to the ba-
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solateral membrane, whereas vesicular stomatitis virus G protein,
a nonraft-associated basolateral marker, remained unaffected
(16), suggesting that raft association is required for apical trans-
port of proteins. However, a number of studies have indicated that
some mutations in the HA TMD and CT did not impair apical
targeting of HA, irrespective of whether they caused significant
reductions in the raft association (5, 7), suggesting that raft asso-
ciation is not essential for apical transport of HA.

Glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-
APs) are not integral membrane proteins but are associated with
lipid rafts through the GPI moieties. In this group of proteins, the
raft association is not a determinant for apical sorting because
both apical and basolateral GPI-APs are associated with lipid rafts
(17). Interestingly, only apical, but not basolateral, GPI-APs form
oligomer complexes when they are associated with lipid rafts.
When oligomerization of GPI-APs was impaired by mutations,
the GPI-APs were missorted to the basolateral PM domain (17). A
recent model has suggested that the oligomerization of GPI-APs
promotes their stabilization in lipid rafts, leading to their incor-
poration into apical transport vesicles (10).

Influenza virus budding and release require the assembly of
viral components, which occurs either during their trafficking to
the apical PM or at the stage of particle budding (6, 18, 19). During
the trafficking, all viral components, HA, NA, M2, M1, and vRNP,
either individually or in their complex forms, are targeted to the
apical PM and form a higher order of complex (7, 19, 20). Al-
though the apical sorting determinants for individual viral com-
ponents have been relatively well studied (2, 3), the molecular
mechanisms and kinetics involved in their apical targeting have
not been elucidated.

In this study, we focused on the kinetics of apical targeting of
influenza virus envelope proteins in polarized MDCK cells. We
found that HA and NA or M1, but not M2, mutually accelerated
their apical PM targeting. Using TMD-CT mutants of HA and NA,
we show that the association of HA and NA with lipid rafts is
necessary for the acceleration of their apical PM targeting. Our
data indicate that HA and NA come into close proximity (cluster-
ing) in lipid rafts upon coexpression. Our data also show the clus-
tering of lipid rafts upon coexpression of HA and NA, suggesting
a possible mechanism of accelerated apical transport of HA and
NA via the clustering of lipid rafts.

MATERIALS AND METHODS
Viruses and plasmids. The H141Y and E142Q mutations were intro-
duced into the HA gene of the influenza A/Puerto Rico/8/34 (PR8) virus
by inverted PCR. This PR8 derivative is referred to as the wild-type (wt)
strain in the present study. The authentic PR8 strain was used as the
parental virus. The wt and mutant PR8 viruses were generated by a reverse
genetics system with PolI plasmids (pHH21) and protein expression plas-
mids, as described previously (21). Briefly, 293T cells were transfected
with PolI plasmids for synthesis of each viral RNA segment and protein
expression plasmids for the PB1, PB2, PA, nucleoprotein (NP), HA, and
NA. At 6 h posttransfection (hpt), the cell medium was replaced with
Opti-MEM I (Gibco) supplemented with 5 �g/ml acetyl trypsin and 0.3%
bovine serum albumin (BSA), and the cells were incubated for 2 or 3 days.
Recovered viruses were grown in Madin-Darby canine kidney (MDCK)
cells stably expressing HA (MDCK-HA) (the kind gift of N. Takizawa
from the Institute of Microbial Chemistry, Japan).

The HA and NA constructs with deletion of the CT (�CT-HA and
�CT-NA) for recovery of recombinant viruses have essentially been de-
scribed elsewhere (22, 23). For �CT-HA, three consecutive stop codons

were placed at the end of the TMD coding sequence, and the downstream
nucleotide sequence was left intact. For �CT-NA, the authentic start
codon was mutated, and a new start codon was created at the beginning of
the TMD coding sequence. The constructs were cloned into pHH21. The
HA and NA constructs with alanine substitutions in the CT (residues 557
to 559 of HA [HA557–559], HA560 –563, HA564 –566, residues 2 to 3 of
NA [NA2–3], NA4 – 6, and NA2– 6) and TMD (HA533–535, HA550 –552,
NA7–10, and NA31–35) and those with cysteine-to-serine substitutions at
three palmitoylation sites (HA-SSS) were generated by overlapping PCR
and were cloned into pHH21. The viruses with similar alanine substitu-
tions have been described previously (3, 5, 8).

The open reading frames of the wt-HA, NA, M1, and M2 genes were
cloned into the eukaryotic expression plasmid pCAGGS. The open read-
ing frames of the HA and NA constructs with deletion of the CT and those
with the alanine substitutions were similarly cloned into pCAGGS. The
cDNAs encoding CD59, the 75-kDa neurotrophin receptor (p75), and
their green fluorescent protein (GFP)-tagged versions (GFP-CD59 and
p75-GFP) were also cloned into pCAGGS.

Cell culture, infection, and DNA transfection. MDCK and 293T cells
were maintained in Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 10% fetal bovine serum. MDCK cells were seeded into 12-
well plates (1 � 106 cells/well) and were polarized by a 12-h incubation.
The polarized MDCK cells were used throughout this study. The MDCK
cells were infected with the wt virus at a multiplicity of infection (MOI) of
0.1 or 1 for 1 h. Transfection of DNA was carried out using Lipofectamine
LTX (Invitrogen). To synchronize protein expression from plasmids,
DNA-Lipofectamine complexes were sedimented by plate centrifugation
at 250 � g for 5 min. In some experiments, MDCK cells were transfected
with DNA and subsequently superinfected with the authentic PR8 virus.

Virus growth and plaque assay. MDCK cells were inoculated with
virus at an MOI of 0.1 in Opti-MEM I supplemented with 0.3% BSA for 1
h at 37°C. After being washed, the cells were incubated in Opti-MEM I
supplemented with 5 �g/ml acetyl trypsin and 0.3% BSA. The culture
medium was harvested at various time points and was subjected to plaque
assay on MDCK or MDCK-HA cells.

Cholesterol depletion. For the inhibition of cholesterol synthesis,
293T and MDCK cells were pretreated with 8 �M lovastatin (Merck) for
12 h. After transfection, the cells were incubated in the presence of 8 �M
lovastatin for 12 or 24 h. The cells were further treated with 5 or 10 mM
methyl-�-cyclodextrin (M�CD) (Sigma) in the presence of 8 �M lova-
statin for 1 h.

Indirect immunofluorescence assay. Polarized MDCK cells were
grown on coverslips in 12-well plates and were either infected with virus
or transfected with protein expression plasmids. The cells were fixed with
4% paraformaldehyde (PFA) and permeabilized with 0.5% Triton X-100
(TX-100). Following blocking, the cells were incubated with primary an-
tibodies (Abs) and subsequently with secondary Abs conjugated with Al-
exa Fluor 488, 568, or 647 (Molecular Probes). The following Abs were
used as primary Abs: mouse anti-HA mAb12-1G6 (24), mouse anti-HA
Ab (TaKaRa), rabbit anti-NA Ab (Sino Biological), sheep anti-NA Ab
(R&D Systems), rabbit anti-M1 polyclonal Ab (25), mouse anti-M2 Ab
(Santa Cruz), mouse anti-NP mAb61A5 (26), mouse anti-CD59 Ab (Ab-
cam), rabbit anti-TGN46 Ab (Abcam), rabbit anti-ZO-3 Ab (Invitrogen),
and rabbit anti-caveolin-1 Ab (Santa Cruz). For costaining with HA and
M2 or vRNP, anti-HA mAb12-1G6 was prelabeled by using a Zenon Alexa
Fluor 488 mouse IgG1 labeling kit (Invitrogen), and the mouse anti-HA
(TaKaRa), anti-M2, and anti-NP Abs were similarly prelabeled with Alexa
Fluor 568, as described previously (24). Nuclear staining was carried out
with TO-PRO-3 (Molecular Probes) or 4=,6=-diamidino-2-phenylindole
(DAPI; Molecular Probes). The cells were observed with a laser scanning
confocal microscope (TCS-SP5II AOBS; Leica). Confocal images were
collected at 0.5-�m intervals along the z axis. Reconstitution of an x-z
plane was processed using ImageJ software (27). Fifty antigen-positive
cells were observed in each experiment, and patterns of antigen distribu-
tion were analyzed.
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For quantitative analysis of HA and NA expression, polarized MDCK
cells on coverslips in 12-well plates (1 � 106 cells/well) were singly trans-
fected with an HA expression plasmid or cotransfected with the HA and
an NA expression plasmids. After fixation with 4% PFA, the cells were
incubated with mouse anti-HA Ab (TaKaRa) (for HA on the apical PM).
The cells were refixed with 4% PFA and were permeabilized with 0.5%
TX-100. The cells were incubated with rabbit anti-NA Ab (Sino Biologi-
cal) (for total NA) and subsequently with anti-mouse IgG conjugated with
Alexa Fluor 647 and anti-rabbit IgG conjugated with Alexa Fluor 568. For
total HA, the cells were refixed with 4% PFA and blocked with nonspecific
mouse Ig. The cells were finally incubated with anti-HA mAb12-1G6
prelabeled by using a Zenon Alexa Fluor 488 mouse IgG labeling kit (In-
vitrogen). Nuclear staining was carried out with DAPI (Molecular
Probes). Confocal images were collected at 0.5-�m intervals along the z
axis. In each cell, the sum of intensity values of a z stack was calculated as
a z-projection image by the “sum slices” command of ImageJ. In each
acquired channel, single cell area and mean fluorescence intensities
(MFIs; arbitrary units) were measured. The MFIs of the Alexa Fluor 488
and 568 channels were evaluated as total expression levels of HA and NA
in each cell, respectively. The total fluorescence intensity (MFI � area) of
HA divided by that of NA was evaluated as the expression ratio of HA to
NA. The cells (39 to 45 cells) were subjected to analysis of HA distribution
patterns (either apical PM alone or PMs plus cytoplasmic compartments).
Sparse MDCK cells (1 � 105 cells/well) were also used in the experiment
shown in Fig. 3C.

TX-100 solubilization analysis and coimmunoprecipitation. 293T
cells were seeded into 12-well plates (5 � 105 cells/well) or 10-cm-diam-

eter dishes (5 � 106 cells/dish). The cells were singly transfected with HA
and NA expression plasmids or cotransfected with a combination of HA
and NA, HA and M1, or HA and GFP-CD59 expression plasmids. At 24
hpt, the cells were resuspended with cold TNE buffer (50 mM Tris-HCl
[pH 7.5], 1 mM EDTA, and 150 mM NaCl) containing 1 mM dithiothre-
itol (DTT) and protease inhibitor Complete Mini cocktail (Roche). After
brief sonication, the samples were treated with 1% TX-100 at 4°C or 37°C
for 30 min and then centrifuged at 17,400 � g for 30 min at 4°C to separate
the soluble and insoluble fractions. For TX-100 solubilization analysis,
both the supernatants and pellets were adjusted to be the same volume
with TNE buffer and analyzed by Western blotting. For coimmunopre-
cipitation, the supernatants were mixed with 10 �g of anti-HA mAb12-
1G6 and were incubated at 4°C for 90 min. The supernatants were
subsequently mixed with preblocked protein G-Sepharose beads (GE
Healthcare) and were incubated at 4°C for 60 min. After samples were
washed with TNE buffer containing 0.1% TX-100 three times, immuno-
precipitates were eluted from the beads by boiling with SDS sample buffer
and analyzed by Western blotting with sheep anti-NA Ab (R&D Systems)
and rabbit anti-M1 polyclonal Ab (25). GFP-CD59 was detected with
mouse anti-GFP Ab (Sigma).

In situ PLA. An in situ proximity ligation assay (PLA) was performed
according to the manufacturer’s instructions (Olink Biosciences). Briefly,
polarized MDCK cells were either transfected with combinations of pro-
tein expression plasmids or were infected with virus. At 9 hpt or 3.5 or 5 h
postinfection (hpi), the cells were fixed with 4% PFA and permeabilized
with 0.5% TX-100. After a blocking step, the cells were incubated with
mouse anti-HA mAb12-1G6, rabbit anti-NA Ab, mouse anti-GFP Ab, or

FIG 1 Temporal study of apical PM targeting of HA in infected cells and growth kinetics of virus. Polarized MDCK cells were infected with a PR8 derivative
containing H141Y and E142Q substitutions in HA (referred to as wt in this study). At various time points (indicated), cells were stained with anti-HA
mAb12-1G6, anti-ZO-3, and anti-TGN46 Abs. Localization of HA (green) and ZO-3 (red) (A) or TGN46 (red) (B) are shown in the x-y and x-z planes. Nuclei
were stained with TO-PRO-3 (blue). The dashed lines in x-y images indicate the positions of x-z images. (C) For semiquantification of the HA localization in
infected cells, 50 HA-positive cells were observed at each time point, and the number of cells with each distribution pattern of HA was counted. (D) MDCK cells
were infected with the authentic PR8 (parent) or the PR8 –H141Y/E142Q (wt) virus at an MOI of 0.1. At the indicated time points, an aliquot of the culture
medium was harvested, and virus titers were measured by plaque assay on MDCK cells. (E) Polarized MDCK cells were infected with the wt virus. At 5 hpi, the
cells were fixed and costained with prelabeled anti-HA mAb12-1G6 (green) and mouse anti-HA Ab (TaKaRa) (red). Nuclei were stained with TO-PRO-3 (blue).
All images were taken at the same magnification. Scale bar, 10 �m. �, anti.
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rabbit caveolin-1 Ab (Santa Cruz) for 1 h at room temperature. After
being washed, the cells were incubated with two species-specific second-
ary antibodies conjugated with unique oligonucleotides (anti-rabbit Plus
and anti-mouse Minus) as PLA probes. Phosphorylated connector oligo-
nucleotides were hybridized to the PLA probes. If the PLA probes are
present in close proximity (�40 nm), the phosphorylated oligonucleo-
tides are formed in a circular template by a ligase. This template was
subsequently amplified by rolling-circle amplification with DNA poly-
merase and was detected with fluorescently labeled complementary oligo-
nucleotide probes (Duolink Detection Kit Red). TGN46 was stained with
rabbit anti-TGN46 Ab prelabeled by using a Zenon Alexa Fluor 488 rabbit
IgG labeling kit (Invitrogen). The PLA signals were observed by confocal
microscopy, and the number of signals was automatically counted with
BlobFinder software (28). Data are shown as means with standard devia-
tions from two independent experiments (at least 10 cells). Statistical
significance was determined by Student’s t test. P values of �0.05 were
considered statistically significant.

Treatment with Endo H. Polarized MDCK cells (1 � 106 cells/well)
were transfected with HA and/or NA expression plasmids. At 12 hpt, the
cells were resuspended with cold phosphate-buffered saline and soni-
cated. The protein samples were denatured and subsequently digested
with endoglycosidase H (Endo H; New England BioLabs) for 1 h at 37°C.
The samples were analyzed by Western blotting with rabbit anti-HA Ab
(Sino Biological) and sheep anti-NA Ab (R&D Systems). As control, 20
�M brefeldin A was added to the cells at 6 hpt.

RESULTS
Apical PM targeting of HA in singly transfected cells was slower
than that of HA in infected cells. HA is transported to the apical
PM via the secretory pathway in polarized cells (1). We have pre-
viously generated an anti-HA monoclonal antibody (mAb12-
1G6) that specifically binds to the loop (amino acid sequence
QGKS at positions 142 to 145) of the head domain in H5 HA (24).
We found that mAb12-1G6 failed to detect the authentic PR8 HA
but did detect HA when it contained H141Y and E142Q substitu-

tions without any reduction in infectivity (Fig. 1D). When prela-
beled mAb12-1G6 and commercial mouse anti-HA Ab (TaKaRa)
were used for costaining, their staining patterns were identical
(Fig. 1E), suggesting that mAb12-1G6 did not detect a specific HA
population. Thus, we used the PR8 derivative containing H141Y
and E142Q mutations as the wild-type (wt) strain in the present
study and investigated apical PM targeting of HA.

To understand the overall kinetics of intracellular trafficking of
HA, we initially carried out a time course study. Polarized MDCK
cells were infected with the wt PR8 virus and were subjected to
immunofluorescent assays at various time points (4, 5, 6, and 9
hpi) with mAb12-1G6 and anti-ZO-3 (for tight junctions) or anti-
TGN46 (for TGN) Ab (Fig. 1A and B). Anti-ZO-3 Ab was used to
differentiate the apical from the basolateral PM. The TGN is the
major sorting organelle in the cytoplasmic trafficking pathways
(29). Serial confocal z sections were collected at 0.5-�m intervals
from the top to the bottom of cells. As shown in the x-z plane (Fig.
1A and B), three patterns of HA distribution (cytoplasmic com-
partments; cytoplasmic compartments and both apical and baso-
lateral PMs; only at the apical PM) were observed. We observed 50
HA-positive cells at each time point and sorted them into the three
categories (Fig. 1C). At 4 hpi, all HA antigens were observed in the
cytoplasmic compartments (100% of HA-positive cells), most
likely at the TGN. At 5 hpi, HA was observed both in the cytoplas-
mic compartments and at the apical/basolateral PMs (76% of HA-
positive cells). At 6 hpi, the majority of HA was still localized to the
cytoplasmic compartments and at the apical/basolateral PMs
(70% of HA-positive cells), but a population of HA had accumu-
lated at the apical PM in some cells (17% of HA-positive cells). HA
accumulation at the apical PM became evident at 9 hpi (83% of
HA-positive cells) (Fig. 1B and C). HA has been suggested to be
transported initially to the basolateral PM and then to the apical

FIG 2 Temporal study of apical PM targeting of HA in transfected cells and acceleration of the apical targeting upon superinfection. (A) Polarized MDCK cells
were transfected with a plasmid expressing wt HA. At various time points (indicated), the cells were stained with anti-HA mAb12-1G6 and anti-TGN46 Ab.
Localizations of HA (green) and TGN46 (red) are shown in the x-z plane. (B) Polarized MDCK cells were similarly transfected with a plasmid expressing wt-HA.
At 6 hpt, the cells were infected with the authentic PR8 strain (parent) of influenza virus. At 12 hpt, the cells were stained with prelabeled mAb12-1G6 (green; only
reactive with wt-HA) and anti-NP Ab (red; for detection of superinfection). Nuclei were stained with TO-PRO-3 (blue). Localizations of HA (green) and vRNP
(red) are shown in the x-z plane. All images were taken at the same magnification. Scale bar, 10 �m. (C) For semiquantification of the HA localization, 50
mAb12-1G6-reactive (transfected) HA-positive cells were observed at each time point, and the number of cells with each distribution pattern of HA was counted.
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PM via transcytosis (30). Overall, these data indicated that the HA
in infected cells was accumulated at the apical PM within another
4 or 5 h after the appearance of HA in the cytoplasmic compart-
ments, such as the TGN.

To examine whether singly expressed HA followed similar
transport kinetics, polarized MDCK cells were transfected with a
plasmid expressing wt-HA and were subjected to immunofluores-
cence assays. The majority of HA was localized at the TGN at 9 hpt
(84% of HA-positive cells), similar to the HA distribution pattern
in infected cells at 4 hpi. Surprisingly, HA was broadly distributed
in the cytoplasmic compartments even at 12 hpt. HA accumula-
tion at the apical PM was observed in some cells at 24 hpt (40% of
HA-positive cells) and became prominent at 48 hpt (Fig. 2A and
C), suggesting that the apical targeting of HA in singly transfected
cells was very slow compared with that of HA in infected cells.

Apical targeting of transfected HA was accelerated by super-
infection. To investigate whether efficient apical targeting of HA
required coexpression of viral components other than HA, polar-
ized MDCK cells were transfected with the wt-HA expression plas-
mid, and, at 6 hpt, the cells were superinfected with the authentic
PR8 virus, the HA of which was not reactive with mAb12-1G6.
Immunostaining revealed that upon superinfection, the trans-
fected HA became accumulated at the apical PM at 12 hpt (50% of
HA-positive cells) (Fig. 2B and C). In contrast, transfected HA

without superinfection was still localized in the cytoplasmic com-
partments (Fig. 2A and C). These data suggested that the apical
PM targeting of HA was accelerated by the presence of other viral
components.

Apical targeting of HA was accelerated by coexpression with
NA or M1. Integral membrane proteins of influenza virus (HA,
NA, and M2) are transported to the apical PM via the secretory
pathway (31, 32, 33). Previous studies identified the apical sorting
signal in the TMD of HA and NA (2, 3). M1 lacks an intrinsic
apical sorting signal but has been suggested to be transported to
the apical PM through association with HA, NA, and M2 CTs (7,
20). To identify the viral components responsible for the acceler-
ation of apical targeting of HA, polarized MDCK cells were
cotransfected with a combination of the HA expression plasmid
and an NA, M1, or M2 expression plasmid. The cells were fixed at
12 hpt and were subjected to immunostaining with the anti-HA
mAb12-1G6 and sheep anti-NA, anti-M1, or anti-M2 Ab (Fig.
3A). In singly transfected cells, a relatively large fraction of NA was
accumulated at the apical PM at 12 hpt (40% of NA-positive cells).
M1 was diffusely distributed in the cytoplasm and the nucleus,
consistent with previous studies (34). M2 was observed both in the
cytoplasmic compartments and at the apical/basolateral PMs. In
doubly transfected cells, we found that HA was more accumulated
at the apical PM when it was coexpressed with NA or M1 (79% in

FIG 3 Acceleration of apical PM targeting of HA by coexpression with NA or M1. (A) Polarized MDCK cells were cotransfected with the combination of an HA
expression plasmid and an NA, M1, or M2 expression plasmid. At 12 hpt, the cells were fixed and stained with anti-HA mAb12-1G6 (green) and sheep anti-NA,
rabbit anti-M1, or mouse anti-M2 Ab (red). For costaining, anti-HA mAb12-1G6 and mouse anti-M2 Ab were prelabeled with Alexa Fluor dyes. Nuclei were
stained with TO-PRO-3 (blue). Images in the x-z planes are shown. All images were taken at the same magnification. Scale bar, 10 �m. (B) In each experiment,
50 antigen-positive cells were subjected to analysis of the viral antigen distribution pattern. In coexpression experiments, 50 antigen double-positive (HA-positive
and NA, M1, or M2-positive) cells were chosen and subjected to distribution pattern analysis for each viral protein. (C) Polarized MDCK cells (1 � 106 cells/well)
or sparse MDCK cells (1 � 105 cells/well) were singly transfected with an HA or doubly transfected with HA and NA expression plasmids. At 12 hpt, intracellular
viral antigens were stained with anti-HA mAb12-1G6 and rabbit anti-NA Ab. Nuclei were stained with DAPI. In each cell, the fluorescence intensities of serial
confocal images were accumulated in z direction, and the MFIs were calculated. For HA localization, 39 or 45 HA-positive cells were analyzed and sorted into two
categories (either apical PM alone or PMs plus cytoplasmic compartments). (D) The data of coexpression in polarized cells were also sorted by the ratio of the
MFI of HA to NA. (E) Polarized MDCK cells were transfected with HA and/or NA expression plasmids. At 12 hpt, cells were harvested, and protein samples were
treated with Endo H and analyzed by Western blotting with rabbit anti-HA and sheep anti-NA Abs. Œ, Endo H-resistant (complex glycan) forms; o, Endo
H-sensitive (high mannose) forms; Œ, Endo H-digested products. Brefeldin A (BFA) was added to the cells as an inhibitor of the transport of the protein from
the endoplasmic reticulum to the Golgi compartment.
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HA and NA double-positive cells; 52% in HA and M1 double-
positive cells), suggesting that apical targeting of HA was acceler-
ated by coexpression with NA or M1. Interestingly, apical target-
ing of NA and M1 was also accelerated by coexpression with HA,
compared with the level in the singly transfected cells (85% versus
40% in the case of NA; 73% versus 0% in the case of M1) (Fig. 3A
and B), suggesting that coexpression of HA with NA and M1 mu-
tually accelerated their apical PM targeting.

In contrast, when HA was coexpressed with M2, apical target-
ing of HA and M2 was rather inhibited (Fig. 3A and B). The inhi-
bition was also observed at a later time point (48 hpt) (data not
shown). In cells expressing HA alone, HA was accumulated at the
apical PM. In contrast, HA was distributed in the cytoplasmic
compartments when M2 was coexpressed, suggesting that HA and
M2 mutually interfered with their apical transport. This observa-
tion is in accordance with a previous study in which M2 inhibited
the TGN release of apical secreted proteins (35). However, such
inhibition was not apparent in infected cells. At 9 hpi, both HA
and M2 accumulated at the apical PM (data not shown), suggest-
ing that such inhibition may have been cancelled in the infected
cells.

It is possible that high-level expression of HA and NA facili-
tates their apical targeting. To explore this possibility, intracellular
expression levels of HA and NA were measured. In each cell, serial
confocal z sections were collected at 0.5-�m intervals, and the MFI
was calculated by summing the z stack. The MFIs were evaluated
as total expression levels of HA and NA, and the cells were sub-
jected to analysis of HA distribution patterns (either apical PM
alone or PMs plus cytoplasmic compartments) (Fig. 3C). In singly

transfected cells, apical accumulation of HA was not linked with
the expression level of HA. In some cells, apical accumulation of
HA was not seen even when the expression level of HA was high. In
coexpressed cells, apical accumulation of HA was observed at var-
ious levels of HA expression (Fig. 3C) although the apical target-
ing was rarely seen at a very low level of HA expression (below the
threshold of visible fluorescence intensity). These data suggested
that the expression level of HA was not fully responsible for the
apical targeting of HA. When the expression ratio of HA-to-NA
was calculated from the total fluorescence intensities of HA and
NA, no apparent relationship between the apical targeting of HA
and the expression ratio of HA to NA was observed (Fig. 3D).

The endoplasmic reticulum-to-Golgi compartment transport
is responsible for the apical protein trafficking. We employed
Endo H digestion assays to explore whether HA coexpressed with
NA was transported to the Golgi compartment faster than HA
expressed alone. Results indicated that the sensitivity of HA to
Endo H in the coexpressed cells was very similar to that of HA in
singly expressed cells (Fig. 3E), suggesting that the acceleration of
apical targeting of HA occurred at or after the Golgi compartment.
The sensitivity of NA to Endo H in the coexpressed cells was also
similar to that of NA in singly expressed cells (Fig. 3E) although
the fact that a large fraction of NA seemed to be Endo H sensitive
in Western blotting suggested that antibody-based detection in
two different assays may not have detected the identical popula-
tion of NA.

Mutations of HA/NA involved in the association with lipid
rafts abrogated acceleration of their apical targeting. HA and
NA are intrinsically associated with lipid raft microdomains,
whereas M2 is excluded from these domains (5, 6). HA is a type I
transmembrane (TM) protein and contains the regions responsi-
ble for lipid raft association in the CT and TMD (5, 7). Previous
studies have shown that hydrophobic amino acids in the outer
leaflet of the TMD (4, 5) and palmitoylation at three cysteine
residues in the TMD-CT (8) are required for the association of HA
with lipid rafts. One study has shown that deletion of the CT in HA
reduces the lipid raft association without affecting the apical
transport (7). NA is a type II TM protein, and the residues located
at the TMD and CT are also involved in the association of NA with
lipid rafts (3, 7).

To examine whether the lipid raft association of HA and NA
was linked to the acceleration of their apical transport, we con-
structed HA and NA mutants with CT deletions (�CT-HA and
�CT-NA) (Fig. 4). Polarized MDCK cells were cotransfected with
a combination of these constructs and subjected to confocal mi-
croscopy at 12 hpt (Fig. 5A). In the singly transfected cells,
�CT-HA was predominantly observed in the cytoplasmic com-
partments, and only 15% of HA-positive cells showed HA accu-
mulation at the apical PM. This distribution pattern was similar to
the localization pattern of wt-HA. �CT-NA was also localized
mostly to the cytoplasmic compartments, suggesting less efficient
apical transport than for the wt-NA (17% versus 30% of NA-
positive cells) (Fig. 5A and C). When polarized MDCK cells were
cotransfected with a combination of the wt-HA plus wt-NA,
wt-HA plus �CT-NA, �CT-HA plus wt-NA, or �CT-HA plus
�CT-NA constructs, we found that apical targeting of �CT-HA
was not accelerated despite the coexpression with wt-NA (apical
accumulation in 6% of �CT-HA and wt-NA double-positive
cells), and, similarly, that apical targeting of �CT-NA was not
accelerated despite the coexpression of wt-HA (apical accumula-

FIG 4 Schematic representation of HA and NA mutants. HA consists of the
N-terminal HA1 and C-terminal HA2 subunits, the latter of which contains
the TMD (27 amino acids) and CT (10 amino acids). NA consists of the N-ter-
minal CT (5 amino acids) and TMD (29 amino acids), the stalk region, and the
C-terminal globular head domain. Deletions are shown as blanks, and alanine
or serine substitutions are underlined. Dashed lines indicate an absence of
amino acid substitutions.
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tion in 10% of wt-HA and �CT-NA double-positive cells) (Fig. 5A
and C). These results suggested that both CT domains were nec-
essary for the mutual acceleration of apical targeting of HA and
NA. Several studies have shown that M1 is intrinsically not asso-
ciated with the membrane but is targeted to the apical PM through

the interaction with the CT domains of HA and NA (7, 20). Con-
sistent with these reports, when M1 was coexpressed with �CT-
HA, M1 failed to target the apical PM (compare Fig. 3 and 5).

Previous studies have shown that the amino acid sequences of
the HA and NA TMDs spanning the outer leaflet of the lipid bi-

FIG 5 Apical PM targeting of HA and NA mutants with CT deletions and HA TMD mutants. Polarized MDCK cells were cotransfected with double (A and B)
and triple (D) combinations of wt and HA and NA mutant expression plasmids, as indicated above the panels. At 12 hpt, the cells were stained with anti-HA
mAb12-1G6 (green) and sheep anti-NA or anti-M1 Ab (red). Nuclei were stained with TO-PRO-3 (blue). All images were taken at the same magnification, and
images in the x-z planes are shown. Scale bar, 10 �m. For semiquantification, 50 HA and NA or M1 double-positive cells (C) and 50 HA, NA, and M1
triple-positive cells (D) were subjected to antigen distribution pattern analysis, and the distribution patterns of each of HA, NA, and M1 were analyzed separately.
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layer were critical for association with lipid rafts, whereas the se-
quences spanning the inner leaflet were less important (3, 5). We
carried out alanine or serine substitution in the TMD-CT of HA
(HA533–535, HA550 –552, HA557–559, HA560 –563, HA564 –
566, and HA-SSS) and NA (NA2–3, NA4 – 6, NA2– 6, NA7–10,
and NA31–35) (Fig. 4). The lipid rafts are defined as the mem-
branes insoluble to nonionic detergent at 4°C (15, 36). We ex-
pressed these mutants in 293T cells and solubilized the membrane
in the presence of 1% TX-100 at 4°C. TX-100 solubilization anal-
ysis showed that the �CT-HA, HA533–535, HA-SSS (with muta-
tions at the three palmitoylation sites) (Fig. 6A, lanes 4, 6, and 16),
�CT-NA, NA2– 6, and NA31–35 (Fig. 6B, lanes 4, 10, and 14)
were mainly distributed to the detergent-soluble fractions, sug-
gesting the lack of lipid raft association. Next, they were expressed
in polarized MDCK cells, and at 12 hpt the antigen localizations
were analyzed by confocal microscopy (Fig. 5). In singly trans-
fected cells, none of the HA mutants was accumulated at the apical
PM, which was similar to the distribution pattern for the wt-HA
(percentages of the respective cell populations are 2% for HA533–
535, 4% for HA550 –552, 6% for HA557–559, 2% for HA560 –563,
6% for HA564 –566, and 4% for HA-SSS) (Fig. 5A and C). When
the HA mutants were coexpressed with wt-NA, apical targeting of
HA550 –552, HA557–559, 560 –563, and HA564 –566 was accel-
erated (51%, 54%, 53%, and 48% in HA and NA double-positive
cells, respectively) (Fig. 5B and C). It should be noted that in these
combinations, apical targeting of wt-NA also appeared to be ac-
celerated. In contrast, apical targeting of HA533–535 (with muta-
tions of the amino acids spanning the outer leaflet of the lipid
bilayer) and HA-SSS was not accelerated, despite the coexpression
of wt-NA (Fig. 5B and C).

We similarly investigated apical transport of the NA mutants.
In singly transfected cells, apical targeting of NA2– 6 and NA31–35
was slightly impaired (9% and 23% of NA-positive cells, respec-
tively), compared with wt-NA, NA2–3, NA4 – 6, and NA7–10
(46%, 39%, 44%, and 42% of NA-positive cells, respectively) (Fig.
7A and C). When wt-HA was coexpressed with these NA mutants,
the apical transport of wt-HA was accelerated by coexpression of
NA2–3, NA4 – 6, and NA7–10 (50%, 55%, and 56% in HA and NA
double-positive cells, respectively) but not by coexpression of
NA2– 6 or NA31–35 (11% and 25%, respectively) (Fig. 7A and C),
suggesting that the entire CT and the region spanning the outer
leaflet of the lipid bilayer in NA were important for acceleration of
the apical transport of HA as well as NA. Since some studies have
indicated that the association of HA with lipid rafts is dispensable
for its apical targeting (5, 7), we examined the intracellular local-
ization of the HA/NA mutants that failed to target to the apical PM
(e.g., �CT-HA, HA533–535, HA-SSS, �CT-NA, NA2– 6, and
NA31–35) at later time points. As expected, even in the singly
transfected cells, these HA/NA mutants were accumulated at the
apical PM in more than 70% of HA- or NA-positive cells at 48 hpt,
indicating that their apical transport was not blocked but was
slowed (data not shown).

Our data suggested that the acceleration of apical targeting of
HA and NA was linked with their lipid raft associations. To con-
firm this, MDCK cells coexpressing wt-HA and wt-NA were
treated with M�CD and lovastatin for depletion of cholesterol and
were similarly analyzed by confocal microscopy. As expected, HA
and NA were poorly accumulated at the PM (8% and 16%, respec-
tively) (Fig. 7B and C).

We also tested whether these defective mutants were targeted

to the apical PM when they were triply expressed with their wt-
HA/NA counterparts plus additional M1 (Fig. 5D and 7D). In the
cells triply transfected with wt-HA, wt-NA, and M1, apical target-
ing of wt-HA and wt-NA was accelerated at a level similar to that

FIG 6 TX-100 solubility of HA and NA and interaction of HA and NA
through lipid rafts. For the TX-100 solubilization test, 293T cells were singly
transfected with mutant HA (A) or NA (B) expression plasmids (indicated).
The cells were lysed with TNE buffer containing 1% TX-100 at 4°C for 30 min.
Insoluble (I) and soluble (S) fractions were separated by centrifugation. For
the interaction of HA and NA, cells were cotransfected with wt-HA and mu-
tant NA expression plasmids (indicated) (C) or with mutant HA and wt-NA
expression plasmids (indicated) (D). M1 was used as a positive control for
direct interaction with HA, and GFP-CD59 was used as a marker for lipid rafts.
The cells were lysed with TNE buffer containing 1% TX-100 at 4°C or 37°C for
30 min and were subjected to coimmunoprecipitation with anti-HA mAb12-
1G6. Precipitates were analyzed by Western blotting using sheep anti-NA,
anti-M1, and anti-GFP Abs and anti-HA mAb12-1G6. (E) For the cholesterol
depletion experiment, 293T cells were pretreated with lovastatin for 12 h,
cotransfected with wt-HA and wt-NA expression plasmids, and incubated at
37°C in the presence of lovastatin. At 24 hpt, the cells were further treated with
lovastatin plus 5 mM or 10 mM M�CD for 1 h and were subjected to coim-
munoprecipitation experiments. WB, Western blotting; mAb, mAb12-1G6;
IP, immunoprecipitation.
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in cells with dual expression of wt-HA and wt-NA, indicating that
M1 had no additive effect on the apical targeting of wt-HA and
wt-NA (Fig. 5D and 7D). Similarly, when either HA or NA con-
tained CT deletions, their apical targeting was hardly accelerated
by coexpression with additional M1. This was most likely due to
the lack of M1 binding sites within the CTs of HA and NA. Only
slight acceleration of apical targeting was observed when HA533–
535, NA31–35, or HA-SSS was coexpressed with its wt-HA/NA
counterpart plus M1 (Fig. 5D and 7D). These results indicated

that M1 did not sufficiently rescue the apical targeting defects of
the HA and NA mutants.

Interaction of HA with NA via lipid rafts was required for
acceleration of their apical targeting. To analyze the association
of HA and NA via lipid rafts, the HA and NA mutants were coex-
pressed in 293T cells and were subjected to coimmunoprecipita-
tion using anti-HA mAb12-1G6 (Fig. 6C and D). We first coex-
pressed the wt-HA and GFP-CD59 (a lipid raft marker) and
solubilized the membrane with 1% TX-100. GFP-CD59 was co-

FIG 7 Apical PM targeting of NA TMD mutants and the effect of cholesterol depletion. Polarized MDCK cells were cotransfected with double (A) and triple (D)
combinations of wt HA and NA and mutant expression plasmids, as indicated above the panels. (B) For the cholesterol depletion experiment, polarized MDCK
cells were pretreated with lovastatin for 12 h and then cotransfected with wt-HA and wt-NA expression plasmids. After 11 h of incubation at 37°C with lovastatin,
the cells were further treated with M�CD for 1 h at 37°C. At 12 hpt, the cells were stained with anti-HA mAb12-1G6 (green) and sheep anti-NA Ab (red). Nuclei
were stained with TO-PRO-3 (blue). All images were taken at the same magnification, and images in the x-z planes are shown. Scale bar, 10 �m. For
semiquantification, 50 HA and NA double-positive cells (C) and 50 HA, NA, and M1 triple-positive cells (D) were subjected to distribution pattern analysis as
described in the legend of Fig. 5.
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immunoprecipitated with wt-HA at 4°C but not at 37°C, indicat-
ing that both CD59 and wt-HA were associated with lipid rafts
(Fig. 6C, lane 11). We used M1 as a positive control in the coim-
munoprecipitation assays because M1 has been shown to interact
directly with HA (7). We found that M1 was coimmunoprecipi-

tated with wt-HA even when the lipid rafts were disrupted by
TX-100 at 37°C (Fig. 6C, lane 10). When wt-HA was coexpressed
with wt-NA or mutant NAs, some NA mutants (e.g., NA2–3,
NA4 – 6, and NA7–10) were coimmunoprecipitated with wt-HA
at 4°C although the efficiencies varied (Fig. 6C, lanes 1, 5, 6, and 8).

FIG 8 Accumulation of nonraft HA and NA mutants in transfected cells. (A) Polarized MDCK cells were cotransfected with expression plasmids for a
combination of wt-HA plus wt-NA, HA533–535 plus wt-NA, wt-HA plus NA31–35, or �CT-HA plus �CT-NA. At 9 hpt, the cells were fixed, permeabilized, and
incubated with two primary Abs (anti-HA mAb12-1G6 and rabbit anti-NA Ab). For PLA, the cells were incubated with anti-rabbit and anti-mouse proximity
ligation secondary Abs conjugated with oligonucleotides (PLA probes). Following ligation of the probes and rolling-circle amplification, the rolling-circle
products were detected by hybridization with their complementary oligonucleotides labeled with a fluorophore (excitation wavelength, 594 nm; emission
wavelength, 624 nm) (red). The cells were further costained with anti-mouse Alexa Fluor 488 (for HA; green), anti-rabbit Alexa Fluor 647 (for NA; blue), and
DAPI (gray). Scale bar, 10 �m. (B) A schematic diagram of six confocal z slices (positions 1 to 6) from the apical (AP) to basolateral (BL) side of the cell is shown.
TJ, tight junction; N, nucleus. (C) The PLA signals at positions 1 to 6 were automatically counted using BlobFinder software, and the average number of signals
in each x-y plane is shown. In each plane, the numbers in the coexpression samples (indicated) were compared with the number in the sample coexpressed with
wt-HA and wt-NA. Asterisks represent statistically significant differences (P � 0.05) by Student’s t test. The details of the cholesterol depletion experiment are
described in the legend of Fig. 6B.
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In contrast, wt-HA failed to coprecipitate �CT-NA, NA2– 6, and
NA31–35 at 4°C, all of which were incapable of accelerating the
apical targeting of wt-HA (Fig. 6C, lanes 3, 7, and 9). Conversely,
when wt-NA was coexpressed with HA mutants and was similarly
subjected to immunoprecipitation analysis, we found that
HA550 –552, HA557–559, HA560 –563, and HA564 –566 copre-
cipitated wt-NA at 4°C (Fig. 6D, lanes 3, 4, 5, and 6). In contrast,
�CT-HA, HA533–535, and HA-SSS, all of which failed to accel-
erate the apical transport of wt-NA, coprecipitated wt-NA ineffi-
ciently (Fig. 6C, lane 2, and D, lanes 2 and 7). In all combinations,
NA was not coimmunoprecipitated with HA when the lipid rafts
were solubilized by treatment with TX-100 at 37°C. Thus, we de-
pleted cholesterol from the cells by treatment with M�CD and
lovastatin to disrupt the lipid rafts. wt-NA was not coimmunopre-
cipitated with wt-HA when the cells were treated with 10 mM
M�CD (Fig. 6E, lane 3). Taken together, these data indicated that
the interaction of HA with NA via lipid rafts was linked to the
acceleration of their apical transport.

Proximal accumulation of HA and NA in lipid rafts. It has
been considered that the TGN and apical recycling endosome are
sorting platforms to route proteins to their destinations (37, 38).
Recent studies have suggested that protein oligomerization or
clustering in lipid rafts plays a pivotal role for segregation of apical
cargos from basolateral cargos at the TGN and generation of in-
tracellular transport vesicles (17, 39, 40). To examine whether HA
and NA were accumulated in close proximity in lipid rafts, we
prepared transfected cells at 9 hpt, when the majority of antigens
were localized at the TGN, and performed in situ PLA. This
method uses two primary antibodies specific for two target pro-
teins and two oligonucleotide-conjugated and species-specific
secondary antibodies (PLA probes) and detects the two targets in
close proximity (�40 nm). After the PLA reaction, the cells were
costained with Alexa Fluor-conjugated secondary Abs. Many PLA
signals were observed in the cells coexpressing wt-HA and wt-NA
(Fig. 8A). Confocal images were taken at 6 z slices (position 1 to 6)
from the apical to basolateral aspects (Fig. 8B). The PLA signals in
each x-y plane were automatically counted with BlobFinder soft-
ware (Fig. 8C). The majority of PLA signals produced by the com-

bination of the wt-HA and wt-NA were present at z positions 2
and 3, corresponding to the location of the TGN (see Fig. 10B),
and some signals were in the cytoplasm (Fig. 8B). In contrast, PLA
signals were rarely seen when either HA or NA was defective in
lipid raft association (e.g., �CT-HA, HA533–535, �CT-NA, or
NA31–35) (Fig. 8A). The numbers of their PLA signals were re-
duced more than 10-fold, compared with that obtained by the
combination of the wt-HA and wt-NA (Fig. 8C). No significant
differences in the expression levels of HA and NA were observed
between the wt and mutants (Fig. 8A). These data indicated that
HA and NA came into very close proximity, most likely clustering
in lipid rafts, when their TMDs and CTs were intact. To confirm
this, cholesterol was depleted from the cells by treatment with
M�CD and lovastatin. The PLA signals in cells coexpressed with
wt-HA and wt-NA were dramatically decreased by the disruption
of lipid rafts (Fig. 8A and C). These data suggested that the lipid
rafts were platforms for cytoplasmic accumulation of HA and NA.

Apical transport and proximal accumulation of nonraft-as-
sociated HA/NA were also inefficient in infected cells. We gen-
erated a recombinant virus with a mutation in either the HA or
NA TMD (HA533–535 or NA31–35) and a virus with deletion of
both CTs (�CT-HA/�CT-NA) by means of a reverse genetic pro-
cedure. Polarized MDCK cells were infected with the wt, HA533–
535, NA31–35, or �CT-HA/�CT-NA virus, and the localization
of viral antigens was similarly analyzed by confocal microscopy at
4, 6, 9, and 24 hpi (Fig. 9). In the case of the wt virus, HA and NA
were localized to the cytoplasmic compartments at 4 hpi (100% of
infected cells). M1 was diffusely distributed throughout the cells.
At 9 hpi, HA, NA, and M1 were accumulated at the apical PM
(100%, 100%, and 69%). When cells were infected with the non-
raft-associated mutant viruses (HA533–535, NA31–35, and �CT-
HA/�CT-NA), apical PM targeting of the viral components was
significantly delayed. For example, at 9 hpi, accumulation of HA,
NA, and M1 at the apical PM was observed in much smaller num-
bers of cells (Fig. 9).

We examined the accumulation/clustering of HA and NA in
cells infected with these mutant viruses by in situ PLA (Fig. 10). In
the wt-infected cells, PLA signals partially colocalized with TGN46

FIG 9 Temporal study of apical PM targeting of HA, NA, and M1 in cells infected with nonraft mutant viruses. Polarized MDCK cells were infected with the wt
or nonraft mutant (HA533–535, NA31–35, or �CT-HA/�CT-NA) virus. At various time points, the cells were costained with anti-HA mAb12-1G6, sheep
anti-NA, and anti-M1 Abs. The localizations of HA, NA, and M1 were analyzed in the x-z planes. For semiquantification of HA, NA, and M1 localization, 50
antigen-positive cells were chosen in each experiment, and the distribution patterns of each viral protein were counted separately.
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FIG 10 Accumulation of HA and NA in cells infected with nonraft mutant viruses. (A) Polarized MDCK cells were infected with the wt virus or
HA533–535, NA31–35, or �CT-HA/�CT-NA mutant virus. At 5 hpi, the cells were fixed, permeabilized, and incubated with two primary Abs (anti-HA
mAb12-1G6 and rabbit anti-NA Ab). PLA was carried out as described in the legend of Fig. 8A. Following PLA reaction, the cells were costained with
anti-mouse Alexa Fluor 488 (for HA; green) and anti-rabbit Alexa Fluor 647 (for NA; blue). (B) A schematic diagram of six confocal z slices (positions 1
to 6) from the AP to the BL side of the cell is shown. MDCK cells were infected with the wt virus and subjected to PLA with two primary Abs (anti-HA
mAb12-1G6 and rabbit anti-NA Ab) at 3.5 hpi. The cells were stained with prelabeled anti-TGN46 Ab. Localizations of the TGN46 (green) and PLA signals
(red) are shown in the x-y and x-z planes. The dashed line in the x-y image indicates the positions of the x-z image. Scale bar, 10 �m. (C) The PLA signals
at positions 1 to 6 were automatically counted using BlobFinder software. The average number of PLA signals in each x-y plane is shown in the graph. In
each x-y plane, the numbers in the mutant virus samples (indicated) were compared with the number in the wt virus sample. Asterisks represent
statistically significant differences (P � 0.05) by Student’s t test.
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were observed at 3.5 hpi (Fig. 10B), but no PLA signals were seen
at 3 hpi. This result suggested that the lipid rafts functioned as
platforms for cytoplasmic accumulation of HA and NA. Many
PLA signals were observed broadly in the cytoplasm at 5 hpi (Fig.
10A and C). In contrast, PLA signals were rarely seen when the
cells were infected with the HA533–535, NA31–35, or �CT-HA/
�CT-NA virus. The numbers of their PLA signals were reduced
more than 2-fold compared with that of the wt virus. Cholesterol
depletion by the treatment with M�CD and lovastatin resulted in
a similar reduction in the numbers of the PLA signals (Fig. 10A
and C). These results were not ascribable to the protein expression
levels (Fig. 10A). These data were consistent with the results of the
coexpression experiments although the differences in the signal
numbers were much more significant in the transfected cells
(Fig. 8), suggesting that the lipid raft association of HA and NA in
infected cells was still necessary for their efficient apical targeting
and clustering.

Lipid raft association of HA and NA was required for efficient
virus replication. We examined the growth kinetics of the mutant
viruses by plaque assay (Fig. 11). Compared with the wt virus, the
majority of the nonraft-associated mutant viruses (HA533–535,
�CT-HA, �CT-NA, and �CT-HA/�CT-NA) grew significantly
more slowly. A previous study has shown that nonraft-associated
HA viruses do not grow for first 30 h and then grow slowly at low
MOIs because of multiple defects: a budding defect and fusion
defect (5). The nonraft-associated mutant virus NA31–35 had a
titer 10-fold lower than the wt virus. It has been reported that the
NA31–35 mutation results in a great reduction in sialidase activity
and aggregation of virus particles on the infected cell surface (41).
In contrast, raft-associated mutant viruses (HA550 –552 and
NA7–10) showed growth rates and titers similar to those of the wt
virus (Fig. 11). Together, these data are consistent with previous
studies in which recombinant viruses containing nonraft-associ-
ated HA and/or NA mutants had titers 10- to 1,000-fold lower
than their parental virus (5, 42).

Coexpression of HA and NA facilitated apical targeting and
clustering of cellular raft-associated proteins. Our data indi-
cated that the coexpression of HA and NA facilitated their apical
transport if they were raft associated. To examine whether the

apical transport of cellular raft-associated proteins was affected
upon coexpression of HA and NA, we carried out dual or triple
expression experiments. CD59, a GPI-AP, is a well-known marker
for lipid rafts and is transported to the apical PM. In singly trans-
fected cells, the majority of CD59 was localized in the cytoplasmic
compartments at 12 hpt (apical PM accumulation in 10% of
CD59-positive cells). p75-GFP is also targeted to the apical PM
but without lipid raft association (43). p75-GFP was similarly
found in the cytoplasmic compartments at 12 hpt (apical accumu-
lation in 5% of p75-GFP-positive cells). When CD59 was coex-
pressed with HA plus NA, apical targeting of CD59 was signifi-
cantly accelerated (62% of CD59-positive cells), concomitant
with the acceleration of apical targeting of HA/NA, indicating that
coexpression of HA and NA similarly accelerated the apical trans-
port of noncognate raft-associated proteins. In sharp contrast,
apical targeting of p75-GFP was unaffected (apical targeting in
17% of p75-positive cells) when HA and NA were coexpressed
even though apical targeting of HA and NA was accelerated (Fig.
12A). Such acceleration was not seen in coexpression with either
HA or NA. These results indicated that coexpression of HA plus
NA accelerated the apical targeting of raft-associated CD59 but
not that of nonraft p75-GFP.

Recent studies have suggested that the clustering of raft-asso-
ciated proteins may drive the coalescence of lipid rafts, leading to
membrane curvature for vesicle budding (17, 39, 44, 45, 46). We
investigated this possibility in cells coexpressing HA and NA.
Caveolae are a subdomain of lipid raft microdomains (47, 48). We
focused on two raft microdomains, caveolin-1-containing rafts
and CD59-containing lipid rafts, and examined the coalescence of
the two raft fractions by PLA. To this end, we carried out dual or
triple expression experiments as before. The cells were fixed at 9
hpt when transfected antigens were present at the cytoplasmic
compartments and were analyzed for the PLA signals between
CD59 and endogenous caveolin-1. When CD59 was coexpressed
with HA, some PLA signals were observed in the cytoplasm. When
CD59 was coexpressed with HA plus NA, the PLA signals were
significantly increased, indicating that upon coexpression of HA
and NA, CD59 and caveolin-1, which were present in distinct raft
fractions, came into close proximity. In contrast, when p75-GFP
was coexpressed with HA plus NA, the number of PLA signals was
lower than that in cells coexpressed with CD59 and HA (Fig. 12B).
These findings were confirmed by quantification of the PLA sig-
nals in the x-y planes at six z positions (Fig. 12B). These results
clearly indicated that coexpression of HA and NA also induced
accumulation of lipid raft proteins, caveolin-1 and CD59, but not
nonraft p75, suggesting the coalescence of membrane raft mi-
crodomains.

DISCUSSION
Coexpression of HA and NA induces lipid raft clustering, lead-
ing to efficient apical trafficking. The influenza virus HA has
served as an apical marker in the research field of cell polarity and
membrane trafficking (49, 50, 51). NA is also sorted to the apical
PM (3, 14). Although the molecular mechanism of the apical
transport of these envelope proteins has not been fully under-
stood, previous studies have indicated that their TMD and CT
possess determinants for the apical transport and lipid raft asso-
ciation (2, 3, 7). In this study, we found that in polarized cells the
apical targeting of HA was accelerated when NA was coexpressed.
This acceleration appeared to occur not before but after the Golgi

FIG 11 Growth kinetics of HA and NA mutant viruses. MDCK cells were
infected with the wt or mutant virus at an MOI of 0.1. At various time points
(12, 24, 36, 48, 72, 96, and 120 hpi), an aliquot of the culture medium was
harvested, and virus titers were measured by plaque assay on MDCK cells.
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compartment (Fig. 3E), consistent with our findings that the ac-
celeration was linked with the lipid raft association of HA and NA.
It is known that lipid rafts are generated at the Golgi compartment
in mammalian cells (15). Our quantitative analysis of HA/NA ex-
pression revealed that the apical targeting of HA was not linked

with the expression level of HA (Fig. 3C). The analysis also indi-
cated that the apical targeting of HA was inefficient without NA
but that no certain molar ratio of HA to NA was observed for the
acceleration of their apical targeting (Fig. 3D). Interestingly, in
sparse, likely nonpolarized MDCK cells, the accumulation of HA

FIG 12 Apical targeting and clustering of raft and nonraft proteins by coexpression of HA and NA. (A) Polarized MDCK cells were cotransfected with a
combination of wt-HA plus CD59 (apical and raft marker), wt-NA plus CD59, wt-HA and wt-NA plus CD59, or wt-HA and wt-NA plus p75-GFP (apical and
nonraft marker) expression plasmids. For the immunofluorescence assay, cells were fixed at 12 hpt and stained with anti-CD59 (green) Ab, anti-HA mAb12-1G6
(red), and sheep anti-NA Ab (blue). Nuclei were stained with DAPI (gray). All images were taken at the same magnification, and images in the x-z plane are
shown. (B) For PLA, the cells were fixed at 9 hpt, permeabilized, and incubated with two primary Abs (mouse anti-GFP Ab and rabbit anti-caveolin-1 Ab). PLA
was performed as described in the legend of Fig. 8A. Scale bar, 10 �m. A schematic diagram of six confocal z slices (positions 1 to 6) from the AP to the BL side
of the cell is shown. The PLA signals in the x-y planes at positions 1 to 6 were automatically counted using BlobFinder software, and the average number of signals
in each x-y plane is shown. In each x-y plane, the numbers in the coexpression samples (indicated) were compared with the number in the sample coexpressed
with wt-HA and wt-NA plus GFP-CD59. Asterisks represent statistically significant differences (P � 0.05) by Student’s t test.
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to the upper cell surface was very inefficient even with coexpres-
sion of NA (upper PM only, 9%; PMs plus cytoplasmic compart-
ments, 91% in HA and NA double-positive cells) (Fig. 3C) al-
though the mechanisms that link the cell density to the apical
transport kinetics of cargo proteins remain to be elucidated in
future studies.

It has been suggested that the influenza virus utilizes lipid rafts
in the apical PM as the sites of virus particle assembly and budding
(5, 52). Immunoelectron microscopy has shown that HA is accu-
mulated and clustered in lipid rafts on the cell surface, which
provides a sufficient concentration of HA to mediate efficient vi-
rus replication (5). Consistent with this finding, our PLA analysis
revealed that HA and NA likely accumulated at the TGN before
they reached the apical PM (Fig. 10B). This analysis further re-
vealed that the coexpression of HA and NA induced efficient clus-
tering of lipid raft microdomains in the cytoplasmic compart-
ments (Fig. 12). Selective incorporation of certain lipid
components (cholesterol and sphingomyelin) into influenza virus
particles has been suggested in a previous study based on detergent
solubility in viral particle envelopes (52). It is conceivable that the
lipid raft clustering induced by coexpression of HA and NA led to
an increase in the curvature of the membrane, facilitating the gen-
eration of apical sorting/transport vesicles from the TGN, and
finally to arrival at the budding site together.

Possible mechanisms of lipid raft clustering by coexpression
of HA and NA. Recent studies have suggested that hydrophobic
mismatch, i.e., the difference between the hydrophobic length of
the TM proteins and the hydrophobic thickness of the membrane
they span, is involved in lipid raft clustering (45). The sphingolip-
ids, such as sphingomyelin, that constitute lipid rafts have satu-
rated fatty acids longer than the unsaturated fatty acids of phos-
pholipids, making the lipid rafts thicker than other membrane
domains. In this model, it has been proposed that to avoid unfa-
vorable exposure of the hydrophobic surfaces to hydrophilic en-
vironments, the TM proteins are incorporated into lipid microdo-
mains, the hydrophobic thickness of which is equal to the
hydrophobic length of the TM proteins (10, 45). The length of
the TMD has also been suggested to regulate protein targeting to
the PM in Saccharomyces cerevisiae (53, 54). The lengths of the
TMDs of PR8 HA and NA are 27 and 29 amino acids, respectively,
and are relatively long, considering that TMD helices are usually
around 20 amino acids in length. It is conceivable that such longer
TMDs in HA and NA contributed to lipid raft clustering, possibly
by recruiting and stabilizing sphingolipids containing a bulky
head group in the outer leaflet of the lipid bilayer.

A previous in vitro study using two TM peptides, one matching
the thickness of raft lipids and the other the thickness of nonraft
lipids (23 and 29 amino acids in length), showed that both pep-
tides were primarily localized in nonraft microdomains (55).
However, a recent study revealed that cholesterol constrains
membranes containing TM peptides, thereby rearranging both
lipid acyl chains and TM peptides according to hydrophobic
length (56); this suggests that not only hydrophobic mismatch but
also cholesterol is involved in the sorting and clustering of TM
proteins in the lipid bilayer. We think that this possibility is likely
in the case of the influenza virus since previous studies (4, 16) and
our study repeatedly found that depletion of cholesterol resulted
in a failure of lipid raft association and apical transport of HA.

Cholesterol and sphingolipids are critical components of lipid
rafts. Cholesterol is comprised of three structurally distinct re-

gions: a hydroxyl group, a rigid steroid ring, and a flexible alkyl
chain. The structure of cholesterol is characterized by a flat and
smooth �-face containing only axial hydrogen atoms and a rough
�-face containing bulky methyl groups. Lipids, including sphin-
golipids, generally interact with the �-face of cholesterol, leaving
the �-face available for the TMD (57). Cholesterol can also form
homodimers through the interaction with their respective smooth
�-faces, leaving their opposite �-faces available for protein bind-
ing. For example, a cholesterol dimer can recruit two molecules of
G protein-coupled receptor, thereby inducing receptor dimeriza-
tion (58). In this study, we found that HA and NA were accumu-
lated at the cytoplasmic compartments, most likely at the TGN,
via their association with lipid rafts, and this accumulation was
cholesterol dependent (Fig. 8 and 10).

Several previous studies on the influenza virus used the
A/Udorn/72 (H3) strain and indicated that deletions or mutations
in the TMD-CT of HA and NA impaired their lipid raft associa-
tion without affecting apical targeting (5, 7). A kinetic analysis of
the apical transport of the HA mutants showed only a 1-h delay
to the cell surface compared with wt-HA (59). In contrast, we used
the PR8 (H1) strain and showed that our similar nonraft HA mu-
tants exhibited a great delay of transport to the apical PM (Fig.
9A). Another study used the A/Japan/305 (H2) strain and also
showed a significant delay of its nonraft HA mutant to the cell
surface (2). When we compared the amino acid sequences of the
HA TMD-CTs, we found that the PR8 (H1) and A/Japan/305 (H2)
shared 75.7% homology, the PR8 (H1) and A/Udorn/72 (H3)
shared 37.8% homology, and the A/Japan/305 (H2) and A/Udorn/72
(H3) shared 32.4% homology. Thus, the structure and length of the
TMD helices may differ widely among these three HAs. It is possible
that the A/Udorn/72 HA may be transported to the cell surface in a
less cholesterol-dependent manner.
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