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The hemagglutinin (HA) of influenza virus organizes the virus bud zone, a domain of the plasma membrane
enriched in raft lipids. Using fluorescence lifetime imaging microscopy-fluorescence resonance energy transfer
(FLIM-FRET), a technique that detects close colocalization of fluorescent proteins in transfected cells, we show
that the viral proton channel M2 clusters with HA but not with a marker for inner leaflet rafts. The FRET
signal between M2 and HA depends on the raft-targeting signals in HA and on an intact actin cytoskeleton. We
conclude that M2 contains an intrinsic signal that targets the protein to the viral bud zone, which is organized
by raft-associated HA and by cortical actin.

The assembly of influenza virus takes place at rafts in the
host cell’s plasma membrane (15, 20), microdomains rich in
cholesterol and sphingolipids (24). Hemagglutinin (HA) is
supposed to organize the virus bud zone, since it is intrinsically
targeted to rafts where it causes budding of virus-like particles
(2, 19). However, in the viral envelope, ordered and disordered
lipid domains coexist, suggesting that the virus bud zone is not
entirely composed of rafts (16). In addition, the diameters of
the HA clusters observed by analytical immunogold electron
microscopy and high resolution fluorescence microscopy are
much larger than those commonly associated with rafts, and
their irregular size boundaries indicate that others factors, such
as the cytoskeleton, are involved in organizing the viral bud
zone (8, 9, 13).

The viral neuraminidase also contains raft-targeting features
and coclusters with HA at the plasma membrane (13). The
proton channel M2, the third envelope protein, is seemingly
excluded from membrane rafts (as judged by controversial
cold-detergent extraction) and partially from nascent virus par-
ticles (31), although it contains a typical raft-targeting feature,
palmitoylation (27), and has been proposed to bind cholesterol
(18, 21). An interesting model suggests that M2 associates with
the edge of rafts, where it catalyzes pinching-off of virus par-
ticles (21). Indeed, the cytoplasmic tail of M2 is required for
efficient virus budding. It contains an M1 binding site recruit-
ing the viral coat protein from internal membranes to the
plasma membrane (3, 14, 29). In addition, it carries a palmi-
toylated amphipathic helix with the cholesterol binding site
that might cause membrane curvature (3, 14, 29). Thus, to

fulfill its function during virus budding, M2 must be targeted to
the viral bud zone.

Fluorescence resonance energy transfer (FRET) is well
suited to assess very close (smaller than 10 nm) colocalization
of two proteins. Matching donor and acceptor fluorophores are
fused to the proteins under study, and the constructs are co-
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FIG. 1. Generation and characterization of M2-YFP. (A) Scheme
of M2-YFP in the membrane (gray) and expression of M2-YFP on the
surface of transfected CHO cells. (B) Metabolic labeling of cells ex-
pressing YFP or M2-YFP with [35S]methionine/[35S]cysteine and
[3H]palmitate for 6 h as indicated, immunoprecipitation with anti-
green fluorescent protein (GFP) antibody, SDS-PAGE under nonre-
ducing conditions, and fluorography. Positions of the M2-YFP mono-
mer and dimer are marked with arrows. The M2 is from influenza
A/Duck/Ukraine/1/63 (H3N8).
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expressed in a single cell. FRET can then be assessed by
fluorescence lifetime imaging microscopy (FLIM), making use
of the fact that the lifetime of the excited state of the donor will
be shortened in the presence of the acceptor in close proximity.
The FRET efficiency (E) can be calculated as follows:

E � 1 � ��DA/�D� (1)

with �DA being the lifetime of the donor in the presence and �D

being the lifetime of the donor in the absence of the acceptor
(determined from 10 cells expressing the donor only). For
membrane proteins, however, it is not sufficient to calculate the
FRET efficiency to assess clustering since energy transfer can
simply occur by the random collision of two mobile molecules
in the membrane. In this case, the FRET efficiency increases
linearly with increasing acceptor fluorophore concentration at
the membrane; in contrast, if FRET is due to the clustering of
both proteins, the FRET efficiency is largely independent of
the acceptor concentration. For quantitative evaluation, we
used the equation

E � Emax � F/�F � KD� (2)

which describes the FRET efficiency E as a hyperbolic function
of the acceptor protein concentration assessed by its fluores-
cence intensity F. The associative properties of the donor and
acceptor can be judged from the KD (equilibrium dissociation

constant) value, which is very small compared to the intensity
range of the acceptor in the case of clustering and in the same
range as or larger than the acceptor intensity range in the event
of FRET being due to the random collision of both molecules
(30).

With FLIM-FRET, we have recently shown clustering of
HA with markers for outer and inner leaflet rafts (6, 22). Here,
we have used the same approach to analyze whether M2 asso-
ciates with rafts and whether it coclusters with HA. We fused
M2 via the linker PPVAT to monomeric yellow fluorescent
protein (YFP). M2-YFP was efficiently transported to the
plasma membrane of transfected cells (Fig. 1A) and palmitoy-
lated as shown by metabolic labeling by using the previously
described methodology (28) (Fig. 1B). Note that M2-YFP
mostly ran as a disulfide-linked dimer, indicating that oli-
gomerization had occurred (10). Since oligomerization and
palmitoylation are known to occur in the endoplasmic reticu-
lum (ER) and the early Golgi, respectively (11), attachment of
YFP did not prevent transport of M2 along the exocytic path-
way.

To assess oligomerization of the M2 probes by FLIM-FRET,
we then coexpressed M2-YFP with M2 fused via the same
linker to cerulean (Cer) (17). Fluorescence was recorded in
cells expressing M2-Cer and M2-YFP at the plasma membrane
by sequential excitation with 458- and 515-nm lasers using a

FIG. 2. M2 associates with itself but not with membrane rafts. (A) Self-association of M2-Cer and M2-YFP evaluated by FLIM-FRET. The
FRET efficiency E in the plasma membrane of each analyzed cell is plotted versus the acceptor intensity F; a hyperbolic function (equation 1,
dashed line) is fitted to the data. The KD value to assess clustering is indicated as a vertical line on the x axis. Number of cells (n), 44; mean FRET
efficiency � standard error of the mean (SEM), 9.9% � 0.4%; KD � SEM, 196 � 78. (B) FLIM-FRET of the raft marker Myr-Pal–Cer as the
FRET donor with M2-YFP as the FRET acceptor. n, 31; E � SEM, 9.0% � 0.8%; KD � SEM, 8,157 � 4,679. (C) FLIM-FRET of M2-Cer as the
FRET donor with the raft marker Myr-Pal–YFP as the FRET acceptor. n, 25; E � SEM, 5.7% � 0.8%; KD � SEM, 10,281 � 7,935.
(D) FLIM-FRET of M2-YFP with Myr-Pal–Cer in virus-infected cells. Cells were transfected and 20 h later infected with fowl plague virus (H7N1)
at a multiplicity of infection (MOI) of 40. FLIM-FRET measurements were performed 4 to 7 h postinfection. n, 26; E � SEM, 10.2% � 0.8%;
KD � SEM, 3,681 � 1,964. Fluorescence was recorded with an Olympus FluoView 1000 confocal microscope, and FLIM was performed with the
LSM upgrade kit and SymPhoTime software (PicoQuant).
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confocal microscope, and fluorescence lifetime images of ce-
rulean (excited at 440 nm with a pulsed laser diode) were
acquired.

From these data, the mean FRET efficiency was calculated
as 9.9%, lower than one would intuitively expect for a stable
and close association of donor (M2-Cer) and acceptor (M2-
YFP) fluorophores. However, FRET depends not only on the
donor-acceptor distance but also on the relative orientation of
the dipole moments of donor emission and acceptor absorp-
tion and cannot be compared between different FRET pairs.
The FRET efficiency of each cell was plotted against the mea-
sured intensity of the acceptor in that cell (Fig. 2A, black dots).
Fitting equation 1 to the data (Fig. 2A, dashed line) showed
that the FRET efficiencies are independent of the intensity of
the acceptor fluorescence and hence the expression level of
M2-YFP. In addition, the calculated KD of 196 is lower than
the acceptor intensities (ranging between 279 and 4,087), in-
dicating stable association of M2-Cer with M2-YFP.

We then assessed raft association of M2 using a double-
acylated (myristoylated and palmitoylated) peptide fused to
cerulean (Myr-Pal–Cer) as an established marker for inner
leaflet rafts (6, 30) and M2-YFP as the FRET acceptor. A
mean FRET efficiency of 9.0% was calculated, and the clus-
tering analysis outlined above showed a clear dependence of
FRET on the expression level of M2-YFP (Fig. 2B). Further-

more, a KD of 8,157 was calculated, which is higher than the
highest acceptor intensity in the evaluation. The exchange of
the fluorophores, i.e., using M2-Cer as the donor and Myr-Pal–
YFP as the acceptor, yielded similar results (KD, 10,281; FRET
efficiency, 5.7%) (Fig. 2C). Thus, in contrast to HA (6), M2
does not cluster with a marker for inner leaflet rafts in trans-
fected cells. We then tested a possible association of M2-YFP
with the raft marker in virus-infected cells. Only a small in-
crease in the FRET efficiency (10.2%) and a marginal decrease
in the KD (3,681) were measured, indicating minimal, if any,
increase in clustering (compare Fig. 2D with B). However, we
do not want to exclude the possibility that the association of
M2 with raft lipids, such as cholesterol, increases during the
course of a virus infection (18). It is likely that the assembly of
viral proteins excludes the raft marker, a 28-kDa nonviral pro-
tein, from the budding site so that Myr-Pal–Cer is no longer
available to interact with M2-YFP.

Next, we assessed clustering of M2-YFP with HA-Cer (Fig.
3A). We obtained a high degree of clustering, evidenced by a
FRET efficiency considerably independent of the acceptor in-
tensity and a low KD value of 1,193. Exchanging the fluoro-
phores reduced the FRET efficiency, but the cluster analysis
clearly revealed association of HA-YFP with M2-Cer (FRET
efficiency, 2.6%; KD, 139) (Fig. 3B). To prove the specificity of
HA-M2 clustering, we used an HA mutant in which the raft-

FIG. 3. Clustering of M2 with HA. (A) FLIM-FRET analysis (as described in the legend to Fig. 2) with the wild-type HA-Cer (HA-Cer wt)
as the FRET donor and M2-YFP as the FRET acceptor. n, 30; E � SEM, 16.3% � 1.2%; KD � SEM, 1,193 � 509. (B) FLIM-FRET analysis with
M2-Cer as the FRET donor and HA-YFP as the FRET acceptor. n, 32; E � SEM, 2.6% � 0.3%; KD � SEM, 139 � 112. (C) FLIM-FRET of
HA-Cer mut with M2-YFP. n, 33; E � SEM, 10.6% � 0.7%; KD � SEM, 4,823 � 1,882. (D) FLIM-FRET of HA-Cer wt with M2-YFP in the
presence of cytochalasin D (1 �M, added 20 h prior to the measurements). n, 35; E � SEM, 6.4% � 0.7%; KD � SEM, 18,474 � 8,647. The KD
value to assess clustering is indicated as a vertical line on the x axis where applicable. The HA of fowl plague virus (H7N1) was used in the analysis.
Relative donor and acceptor intensity values did not differ significantly (P � 0.01, unpaired, two-sided Student’s t test) between the experiments
involving HA-Cer wt (panel A; 100%), HA-Cer mut (panel C; 73%), and HA-Cer wt plus cytochalasin D (panel D; 122%) as the FRET donor
and M2-YFP as the acceptor (100, 106, and 100%, respectively), showing that the use of the HA mutant and cytochalasin D treatment did not
significantly alter surface expression of the probes.
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targeting features—S acylation at three cysteine residues (12)
and the sequence VIL in the exoplasmic half of the transmem-
brane domain (19, 26)—had been replaced by serines and
alanines, respectively (6). A similar mutant of HA has been
shown by electron microscopy to be uniformly distributed on
the plasma membrane, in contrast to the patched appearance
of wild-type HA (26). FLIM-FRET between the HA-Cer mu-
tant (HA-Cer mut) and M2-YFP yielded a drop in the FRET
efficiency from 16.3 to 10.6% and an increase in the KD from
1,193 to 4,823 (Fig. 3C) compared to the wild-type situation,
indicating that clustering was moderately diminished.

The cytoskeleton has been assumed to organize raft do-
mains (5) and to play a role in influenza virus assembly and
budding (23, 25). We therefore performed FLIM-FRET
measurements in the presence of the cytoskeleton-disrupt-
ing drug cytochalasin D. This treatment led to a further
reduction in the FRET efficiency to a value of 6.4% and to
a sharp increase in KD by more than one order of magnitude
to a value of 18,474, which is much higher than the highest
acceptor intensity in the evaluation and hence a clear indi-
cation of nonclustering (Fig. 3D).

In summary, we have shown by using FLIM-FRET that
M2 clusters with HA but not with a marker for inner leaflet
rafts. Colocalization of M2 with HA at the base of budding
filamentous particles has very recently been shown by fluo-
rescence microscopy (18). Studies of virus-infected cells
with immunoelectron microscopy (immuno-EM), i.e., at a
resolution comparable to the distance measured in FRET
experiments, have provided mixed results on the colocaliza-
tion of HA and M2 (3, 13). In addition, our work shows an
intrinsic clustering of M2 and HA in the absence of other
viral proteins, such as M1, which is assumed to bridge be-
tween the two proteins (3). This is in line with the observa-
tion that the clustering of HA with M2 persists even when
the M1 binding site in M2 is deleted (3). Clustering might be
due to a direct, previously unrecognized molecular interac-
tion between HA and M2, which is disrupted by the de-
scribed mutations at the C terminus of HA. However, since
FLIM-FRET cannot distinguish between molecular interac-
tion and very close proximity, it is also possible that M2 is
targeted to the viral bud zone without the help of HA. Why
then does M2 cluster with raft-associated HA but not with
the raft marker? HA is supposed to organize a unique do-
main in the plasma membrane, the viral bud zone (4), in
which it might be surrounded by a shell of specific lipids (1),
which form ordered and disordered domains (16). Individ-
ual HA molecules inside the viral bud zone are mobile (8)
and do not diffuse together with the raft marker in a stable
complex for minutes (6). M2(-YFP) integrates into or local-
izes very near the HA(-Cer) clusters due to an intrinsic
targeting signal, which might overlap with the unidentified
signal for its delivery to the apical membrane (15). In con-
trast, HA lacking acylation sites and/or having mutations in
the outer leaflet of its transmembrane region is dispersed
over the cell surface, indicating that it is not able to organize
the viral bud zone properly (3, 26), and thus HA-Cer mut
interacts only poorly with M2-YFP. Likewise, in the absence
of HA, the viral bud zone does not form and thus M2-YFP
does not cluster with a raft marker, which is probably con-
tained in small, dynamic rafts that do not integrate M2.

Clustering of M2 with HA is furthermore dependent on an
intact cytoskeleton. Evidence is accumulating that cortical
actin drives the formation of protein nanoclusters and/or
organizes the maintenance of raft domains (7). This might
explain the involvement of actin in virus budding and its
presence in purified virus particles (23, 25).
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