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ABSTRACT The HA of influenza virus is a paradigm for a transmembrane protein thought to be associated with membrane-
rafts, liquid-ordered like nanodomains of the plasma membrane enriched in cholesterol, glycosphingolipids, and saturated phos-
pholipids. Due to their submicron size in cells, rafts can not be visualized directly and raft-association of HA was hitherto analyzed
by indirect methods. In this study, we have used GUVs and GPMVs, showing liquid disordered and liquid ordered domains, to
directly visualize partition of HA by fluorescence microscopy. We show that HA is exclusively (GUVs) or predominantly (GPMVs)
present in the liquid disordered domain, regardless of whether authentic HA or domains containing its raft targeting signals were
reconstituted into model membranes. The preferential partition of HA into Id domains and the difference between lo partition in
GUV and GPMYV are discussed with respect to differences in packaging of lipids in membranes of model systems and living cells
suggesting that physical properties of lipid domains in biological membranes are tightly regulated by protein-lipid interactions.

INTRODUCTION

The assembly site of influenza virus is the apical plasma
membrane of the host cell. Three viral transmembrane
proteins, the HA, the neuraminidase, and the proton channel
M2, as well as the matrix protein M1 and the eight viral
RNA -protein complexes have to be recruited to the assembly
site. Lipid domains of the plasma membrane have been sug-
gested to play an important role for local enrichment of viral
components. HA that mediates binding of the virus to the
host cell and fusion with the target membrane (1) has been
found to be enriched in DRM fractions (2—4). Typical lipid
components of those fractions are saturated phospholipids,
glycosphingolipids and cholesterol that are known to form
lo domains in model systems (5). This has led to the hypoth-
esis that lipid rafts (3,6,7), which resemble lo domains and
are essentially composed of those lipids, might function as
assembly site. This was supported by the observation that
the lipid composition of the influenza virus envelope is
more similar to that of a raft than of the overall plasma
membrane (3,8). Although it has been shown that DRM frac-
tions may not resemble the native state of lipid rafts (9,10),
independent approaches to assess the lateral organization
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of HA supported a role of raft-like domains in virus matura-
tion. Fluorescent and electron microscopy studies on fixed
cells revealed a nonrandom distribution of HA, with clus-
tering of HA in the plasma membrane of mammalian cells
at length scales between 20 and 900 nm being also sensitive
to cholesterol (4,11). In the plasma membrane of living cells,
we found that the lateral distribution of fluorescent protein
tagged HA is cholesterol dependent (12,13). For both full
length HA (12) as well as a HA fragment containing essen-
tially the transmembrane and cytoplasmic domain of HA
(13) we found colocalization with well established raft
markers such as GPI-CFP that disappeared on removal of
cholesterol. Myristoylated/palmitoylated or double palmi-
toylated GPI-anchored proteins, here fused to CFP, are
thought partition into rafts due to the higher degree of order
in their saturated acyl chains anchoring them to the
membrane (14,15). This is in line with a recent study, where
fluorescence photoactivation localization microscopy of HA
tagged with a photoactivatable green fluorescent protein
showed cholesterol sensitive clusters of HA with a size
ranging from 40 nm to several micrometers (16). However,
because only clusters at the nanometer length scale, i.e.,
with the size of rafts (16), could be disintegrated by extrac-
tion of cholesterol the latter studies concluded clustering of
HA was not exclusively dependent on cholesterol, but other
mechanisms, e.g., association with the cytoskeleton, may be
involved in lateral HA organization. Very recently, a proton
NMR study on influenza virus and host cell membranes
concluded that at physiological temperatures a major fraction
of envelope lipids has 1d properties and protein clustering
during virus assembly cannot be explained only by lipid
phase behavior (17).
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To address these different conclusions we aimed at visual-
ization of lipid domain partition of HA. However, lipid
domains in the plasma membrane of living cells are typically
of submicroscopic size and it is difficult to study the role of
raft domains in local HA enrichment directly by light
microscopy. Therefore, we have investigated the lateral
organization of HA and HA fragments containing the
membrane-targeting signals in various model systems form-
ing lipid domains in the um range. These domains can be
detected easily by appropriate fluorescent lipid analogs that
enrich preferentially either in the 1d or in the lo domain. In
one approach, fluorescent labeled full length HA and a fluo-
rescent synthetic peptide corresponding to the HA trans-
membrane domain were reconstituted in GUVs of various
lipid mixtures forming lipid domains. In a second approach,
GPMVs, so called blebs (18), were generated from the
plasma membrane of cells expressing full length HA or
constructs of HA tagged with variants of the green fluores-
cent proteins. GPMVs have been shown to form lipid
domains at low temperature (18). In all cases we found
that HA and respective constructs were preferentially local-
ized in the liquid-disordered domain. However, although
HA was excluded entirely from the lo domains in GUVs
of synthetic lipids, the results on GPMVs indicated that lo
domains in biological membranes have properties that allow
integration of HA. We presume lipid-lipid interaction to be
an essential determinant for domain formation in model
systems, whereas in the plasma membrane, and hence
GPMVs, due to the high protein content protein-lipid inter-
actions strongly modulate the physical properties of lipid
domains at physiological temperatures.

MATERIALS AND METHODS
Cloning of fluorescent proteins
HA-Cerulean

The HA gene from influenza virus strain A/FPV/Rostock/34 (H7N1) was in-
serted into the plasmid pECerulean (Clontech, Saint-Germain-en-Laye,
France) (19) such that the resulting construct contains the amino acid
sequence LRPEAPRARDPPVAT between the end of HA and the start of
Cerulean. An uncleaved variant of HA containing glycine instead of arginine
at position 339 at the cleavage site of HA; (20) named HA-Cer was
expressed. For more details see Engel et al. (12).

TMD-HA-YFP

The construct has been described by Scolari et al. (13). The sequence con-
sisting of the HA TMD and CT as well as of 38 amino acid of the HA ecto-
domain proximal to the N-terminus of the TMD was amplified by
polymerase chain reaction from the cDNA encoding the HA gene from influ-
enza virus strain A/FPV/Rostock/34 (H7N1) (21). The sequence contains
a glycosylation site. For more details see Scolari et al. (13).

Lipid domain marker

GPI-CFP has been provided by Keller et al. (22). Lyn-YFP consists of a myr-
istoylated and palmitoylated peptidle MGCIKSKRKDNLNDDE from the
lyn-kinase fused to the N-terminus of the yellow-fluorescent protein.
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All constructs contain the A206K mutation in the fluorescent proteins.
This prevents their dimerization (23). Mutations were introduced following
the manufacturer’s protocol of the Quikchange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). For more details see Scolari et al. (13).

Transfection and treatment of cells

CHO-K1 cells (American Type Culture Collection) were maintained in
DMEM with 10% FBS (Invitrogen, Karlsruhe, Germany) and 1% peni-
cillin-streptomycin at 37°C and 5% CO,. Cells were grown to ~80% conflu-
ence on 35-mm culture dishes with glass bottoms (MatTek, Ashland, MA),
transfected using Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany)
following the manufacturer‘s protocol 24 h before carrying out the experi-
ments. Metabolic labeling, immunoprecipitation with 2.5 uL anti-green fluo-
rescent protein antibodies (Invitrogen), SDS-PAGE, and fluorography were
carried out as described in Veit et al. (21). Endoglycosidase-H and PNGase-
F digestions of immunoprecipitated samples were carried out as described
by the manufacturer (New England BioLabs, Frankfurt am Main, Germany).

Preparation of cells and giant plasma membrane
vesicles

GPMVs were prepared according to Sengupta et al. (14) and Baumgart et al.
(18) from confluent CHO-K1 cells 24 h after transfection with HA-Cer,
TMD-HA-YFP, or GPI-CFP. Cells grown in flasks were washed twice
with GPMV buffer (2 mM CaCl,, 10 mM Hepes, 0.15 M NaCl, pH 7.4).
GPMYV buffer (1.5 mL) containing 25 mM formaldehyde and 2 mM dithio-
threitol were added and flasks were incubated for 1 h at 37°C shaking slowly
(60-80 cycles/min). After incubation, detached GPMVs were decanted
gently into a conical glass tube. GPMVs were allowed to sediment for
30 min at 4°C. For microscopy, 30 uL of GPMVs were labeled with a
20-uM R18 (Octadecylrhodamine-B-chloride; Invitrogen) solution. Images
of the equatorial plane of the GPMVs were taken at 10°C.

Peptide synthesis

Rh-TMD, containing 28 amino acid residues of the TMD of HA (strain
Japan/305/57, H2; Rh-TMD: Rh-BA-ILAIYATVAGSLSLAIMMAGI
SFWMCSNKKK) was synthesized as described recently by Nikolaus
et al. (24).

Preparation of GUVs

Phospholipids and 1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)-
aminoJhexanoyl]-sn-glycero-3-phosphocholine (C6-NBD-PC) were ob-
tained from Avanti Polar Lipids (Birmingham, AL), cholesterol from
Sigma-Aldrich (Taufkirchen, Germany). Lipids were used without further
purification. Viral lipids were isolated from influenza virus X31 or A/PR/
8/34 according to (25).

GUVs were prepared from lipid films dried on indium tin oxide-coated
glass slides (Prizisions Glas and Optik GmbH, Iserlohn, Germany) by elec-
troswelling according to Angelova et al. (26). Rh-TMD was incorporated as
described by Nikolaus et al. (24).

Labeling and isolation of HA

Influenza A virus strain X31 was grown and purified as described in Krum-
biegel et al. (27). Virus protein (20 mg) was incubated for 2 h at RT (25°C)
in the dark with TAMRA (5/6-Carboxytetramethylrhodamine; emp Biotech,
Berlin, Germany), added from a 5 mM DMSO stock to molar excess of
10 over HA. Uncoupled TAMRA was removed by washing labeled virus
three times in PBS (pH 7.4) and harvested by centrifugation at 52,000 x
g. The pellet was solubilized by adding 500 uL. PBS, pH 7.4, containing
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28% (w/v) octylglycoside (Alexis, Lausen, Switzerland) and gently shaken
on ice in the dark for 1 h (28). After centrifugation for 1 h (100,000 x g,
4°C), the HA containing supernatant was purified by affinity chromatog-
raphy on ricin A agarose (Ricinus communis lectin; Sigma-Aldrich).
To remove detergent and galactose, 1 vol sample was dialyzed against
500 vol PBS, pH 7.4. The purity of rhodamine-labeled HA (Rh-HA) was
verified by SDS-PAGE, fluorography, and Western blot.

Reconstitution of HA in GUVs

Two different protocols for reconstitution were used.
Protocol 1

Proteoliposomes were prepared according to Papadopulos et al. (29). Triton
X-100 solubilized labeled HA was mixed with a Triton X-100 solubilized
lipid mixture of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/N-
Stearoyl-D-erythro-Sphingosylphosphorylcholine (SSM)/cholesterol (Chol)
(1:1:1; molar ratio) with 1 mol % C6-NBD-PC at a lipid/protein ratio of
20:1 (w/w) and incubated for 1 h. To remove detergent and to generate proteo-
liposomes 1 g of SM2 BioBeads (Bio-Rad, Munich, Germany) per 70 mg of
Triton X-100 were added and rotated at 4°C. After 12 h the same amount of
BioBeads was added for another 4 h. The turbid suspension was withdrawn
carefully from the beads and washed twice with PBS and collected by centri-
fugation (55,000 x g, 1 h, 4°C) to remove remaining detergent.

GUVs with reconstituted viral protein were generated from preformed
proteoliposomes according to Girard et al. (30). Proteoliposomes were
diluted with distilled water to 0.4-0.8 mg/mL lipid, 0.02 g sucrose/g lipid
was added to protect proteins during the following dehydration (31), and
50 uL of this suspension was deposited onto each indium tin oxide slide.
Partial dehydration was achieved by placing the slides in a sealed chamber
containing a saturated NaCl solution overnight. From here, formation of
GUVs follows the electroformation method described above.

Protocol 2

For direct reconstitution of purified rhodamine-labeled HA into GU Vs, films
from 100 nmol lipids (DOPC/SSM/Chol at the molar ratio of 36:36:28,
0.7 mol % C6-NBD-PC or X31 lipids, 0.7 mol % C6-NBD-PC) were first
dried on titanium plates. Subsequently, 0.6 nmol Rh-HA in 50 uL PBS
were spotted in little droplets and the lipid-HA film was dehydrated using
a vacuum desiccator at 500 mbar for 1 h. Afterward GUVs were generated
by electroswelling.

Confocal imaging

Confocal images of the equatorial plane of GUVs and GPMVs were taken
with an inverted confocal laser scanning microscope FluoView 1000
(Olympus, Hamburg, Germany) with a 60 x (N.A. 1.35) oil-immersion objec-
tive at various temperatures using a custom built temperature chamber. Ceru-
lean and CFP were excited at 440 nm using a laser diode and detected in the
range of 460-490 nm. YFP was excited at 515 nm using an Argon ion laser
and detected in the range of 535-575 nm. TAMRA and NBD were excited
with the 559-nm laser line of a He-Ne laser (Melles Griot, Bensheim,
Germany) and the 488-nm laser line of an Argon ion laser (Melles Griot),
respectively. The emission of TAMRA and NBD was recorded from 560 to
670 nm and 500 to 530 nm, respectively. R18 was excited with the 559 nm
laser (DM 405/488/559/635) and emission was detected from 560 to 670 nm.

Fluorescence microscopy and FLIM

FLIM images were taken as described previously (32). In short, a confocal
laser scanning microscope with an inverted IX81 fluorescence microscope
equipped with a Fluoview 1000 scanhead (Olympus, Tokyo, Japan) was
used. For excitation, a pulsed picosecond diode laser was used with a wave-
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length of 468 nm. Fluorescence was collected for ~100 s with the same objec-
tive and selected with a 540/40 bandpass filter. The average photon count rate
was ~2—4 x 10* counts/s. Fluorescence was detected with an avalanche photo
diode using the method of time-correlated single photon counting.

For analysis, the lipid bilayer of the GUVs or GPMVs was selected. Fluo-
rescence decay curves were independently fitted for Id and lo domains as
a sum of two exponential terms:

F(f) = Za,-exp(—f/ﬂ)’

where F(t) is the fluorescence intensity at time ¢ and «; is a preexponential
factor representing the fractional contribution to the time-resolved decay
of the component with a lifetime 7; such that Z;o; = 1. The decay parameters
were recovered using a nonlinear least-squares iterative fitting procedure
based on the Marquardt algorithm. For the calculation of lifetime histograms
the fitting procedure was carried out for every pixel of a selected region of
interest.

RESULTS

In Fig. 1 an overview on the various constructs used for
studying lateral partition among lo and ld domains of
GUVs and GPMVs is shown. GUVs either consist of
a mixture of DOPC, SM, and cholesterol or of lipids
extracted from influenza virus. GPMVs were derived from
CHO-K1 cells (see Material and Methods).

Lateral organization of reconstituted HA in GUVs

Two different reconstitution protocols lead to visualization
of fluorescent HA in GUV membranes (Fig. 2). In Protocol
1 (Fig. 2, A and B), HA from X31 Influenza virus labeled
with TAMRA (Rh-HA) was reconstituted in GUVs accord-
ing to the protocol adapted from (29,30) (see Protocol 1,
Material and Methods). To this end, HA was reconstituted
into proteoliposomes from which GUVs were generated. In
Protocol 2, reconstituted GUVs were prepared by applying
purified Rh-HA directly onto preformed lipid films (see
Protocol 2, Material and Methods). With both protocols,
similar results were obtained (Fig. 2). Whereas the Rh-HA
was homogenously distributed in pure DOPC GUVs (not
shown), we observed a lateral inhomogeneous organization
of Rh-HA in lipid domain forming GUVs consisting of
DOPC/SSM/Chol (1:1:1, molar ratio) (Fig. 2 A) or of
DOPC/SSM/Chol (1:1:0.8, molar ratio) (not shown).
As shown, Rh-HA colocalizes with the green fluorescent
lipid analog C6-NBD-PC that is known to enrich in Id
domains (33). To mimic a more native lipid environment,
Rh-HA was reconstituted into GUVs prepared from virus
lipid extracts from A/PR/8/34 (Fig. 2 B) or X31(Fig. 2, C
and D, at 25 and 37°C, respectively). Those GUVs also
form rather large 1d and lo domains as visualized by C6-
NBD-PC (Fig. 2, B-D). Again, a preference of HA for the
Id domain was observed. When using lipid extracts from
X31 enrichment of HA in 1d domains was even more
pronounced in comparison to lipids from A/PR/8/34.

Biophysical Journal 99(2) 489-498
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Lateral organization of the TMD-peptide of HA
in GUVs

To clarify whether any conformational change of the HA ecto-
domain due to extraction and reconstitution may affect parti-
tion behavior between lipid domains, we studied the lateral
organization of the tetramethylrhodamine labeled peptide
Rh-TMD (Fig. 1 B) corresponding to the HA transmembrane
domain sequence. The peptide was incorporated into
membranes during GUV preparation (1 mol %, see Material
and Methods). The partition behavior of Rh-TMD was very
similar to that of intact full-length HA as judged by compar-
ison with C6-NBD-PC distribution (see above): ahomogenous
distribution in pure DOPC vesicles (not shown) and a strong
partition into the 1d domain of GUVs consisting either of
DOPC/SSM/Chol (1:1:1) or of virus lipid extracts (A/PR/
8/34) at 25°C (Fig. 3), and also at 10°C and 37°C (not shown).

Lateral organization of fluorescent HA in plasma
membrane blebs

Lipid domain specific partition of HA has been essentially
studied in the plasma membrane of mammalian cells express-
ing HA (see Introduction). However, lipid rafts in those
membranes are of dynamic nanoscale size and cannot be visu-
alized directly in living cells. Therefore, we have taken advan-
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FIGURE 1 Overview on HA constructs and synthetic
peptides. (A and B) Rhodamine (TAMRA) labeled full
length HA (A, Rh-HA) or synthetic peptide (TMD-peptide)
corresponding to the transmembrane domain of influenza
HA (B, Rh-TMD) were incorporated into GUVs of
different lipid compositions. (C and D) Full length HA
tagged C-terminally with Cer (C, HA-Cer) or a HA
fragment linked N-terminally to YFP and signal peptide
(SP) (D, TMD-HA-YFP) were expressed in the plasma
membrane of CHO-K1 cells. GPMVs were generated
subsequently and used for confocal scanning microscopy.
Rh, TAMRA. *Palmitoylation site.
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tage of a method published recently for generating large blebs
from the plasma membrane of mammalian cells (18). Based
on partition of lipid raft markers, those GPMVs were found
to form large lipid domains at lower temperature (10°C).
We applied this method to cells transiently expressing either
full length HA or a membrane anchoring fragment derived
from the same HA (Fig. 1C and D). The full length HA
(HA-Cer) was tagged at its CT (C-terminus) with the
fluorescent protein Cerulean, a variant of CFP with improved
quantum yield and a higher excitation coefficient (19). The
membrane anchored fragment (TMD-HA-YFP) consists of
the TMD and the CT of the protein as well as a short sequence
of the HA ectodomain. Essentially, the HA ectodomain was
replaced by the YFP. In contrast to HA-Cer, this construct
circumvents tagging of the cytoplasmic tail that may interfere
with its role in lateral organization. Indeed, previous studies
indicated that mutations in the TMD and the CT of HA reduce
association with detergent-resistant fractions (2,4,8,34). As we
have already shown (13), endoglycosidase digestion shows
that TMD-HA-YFP acquires Endo-H resistant carbohydrates
like full length HA, a modification that occurs during the trans-
port of plasma membrane proteins through the Golgi complex
(35). Likewise, labeling of HA-Cer and of TMD-HA-YFP
with *[H]-palmitate confirmed their palmitoylation (12,13).
To avoid interference of fluorescence of Cer, CFP, or YFP
and the fluorescence of the lipid domain marker C6-NBD-PC,
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Rh-HA DOPC/SSM/Chol JC6-NBD-PC

Rh-HA  APRS viral lipid | C6-NBD-PC

Rh-HA

X31 viral lipid | C6-NBD-PC

Rh-HA

X31 viral lipid JC6-NBD-PC

we have used the red fluorescent lipid-like octadecylrhod-
amine B chloride (R18) that is known to partition into the 1d
domain (36). A micrometer-scaled segregation of fluid phase
domains was induced in GPMVs by lowering the temperature
(10°C) as described previously (36). As shown in Fig. 4, apart
from GPMVs with a homogenous distribution of R18 we
observed domain forming vesicles indicated by the heteroge-
neous distribution of R18 at 10°C. At 25°C we could not detect
visible lipid domain either in GPMVs or in the plasma mem-
brane of CHO-K1 cells. To characterize further the R18
enriched domain at low temperature, we generated blebs
from CHO-K1 cells expressing GPI-CFP on the outer plasma
membrane leaflet. This construct is known to enrich in lo
domains and has been often used as a raft marker (22). Indeed,
GPI-CFP was excluded from R18 containing domains
(Fig. 4 A).

TMD-HA-YFP was found to partition preferentially to the
ld domain in GPMVs as indicated by colocalization with
R18 (Fig. 4 B). We also found HA-Cer enriched in 1d
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FIGURE 2 Lateral organization of full length HA in
domain forming GUVs. Rhodamine (TAMRA)-labeled
full length HA (Rh-HA) was incorporated into GUVs
made from (A) DOPC/SSM/Chol (1:1:1, molar ratio),
(B) influenza virus lipid extracts of A/PR/8/34, or (C and
D) X31. Rh-HA was reconstituted according to Protocol
1 using proteoliposomes (A and B) or following Protocol
2 (C and D) (for details see Material and Methods
and Results). Rh-HA, rhodamine fluorescence (red);
C6-NBD-PC fluorescence (green) as marker for liquid-
disordered domains; overlay. Scale bar = 5 um. Images
were taken at (A—C) 25°C or (D) 37°C.

domains (Fig. 4 C). Note that the differences in partition of
TMD-HA-YFP and HA-Cer between lo and 1d domains is
less pronounced compared to full length HA and TMD-
peptide of HA in GUVs prepared from synthetic or virus
lipids. A quantitative analysis of the fluorescence intensities
is provided in Table 1 giving the ratio of fluorescence inten-
sity in the lo and 1d domain in percent for each of the studied
systems. On average the ratio is ten times higher in GPMV
(0.266) as compared to the GUV system (0.027). At 25°C
or 37°C neither clustering for HA-Cer and TMD-HA-YFP
nor lipid domain formation (see above) was observed.

Physical properties of lipid domains in GUVs
and GPMVs

To characterize and compare lo and 1d domains of GUV's and
GPMVs, we applied fluorescence lifetime imaging of the fluo-
rescent lipid analog C6-NBD-PC. Recently, we have shown
that the NBD fluorescence lifetime of C6-NBD-PC depends

Biophysical Journal 99(2) 489-498



494
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on the lipid composition and, in particular, on lipid-dependent
physical properties of the bilayer (32). C6-NBD-PC showed
a double exponential fluorescence decay: a shorter lifetime 7,
of ~2-3 ns originating from the red edge excitation shift of
NBD, and a longer lifetime 7, sensitive to the lipid domain.
The contribution of 7, is <5%. The lifetime 7, is significantly
longer in the lo domain in comparison to the 1d domain as
shown in Fig. 5 A for DOPC/SSM/Chol (1:1:1) GUVs at

TMD-HA-YFP

HA-Cer
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FIGURE 3 Lateral organization of TMD-peptide in
domain forming GUVs. Rhodamine (TAMRA) labeled
synthetic peptide (Rh-TMD) corresponding to the trans-
membrane domain of influenza virus hemagglutinin was
incorporated into GUVs made from (A) DOPC/SSM/Chol
(1:1:1, molar ratio) or from (B) influenza virus lipid
extracts. Rh-TMD, rhodamine fluorescence (red); C6-
NBD-PC fluorescence (green) as marker for liquid-disor-
dered domains; overlay. Scale bar = 5 um. Images were
taken at 25°C.

25°C. In accordance with previous data the average lifetime
7, in the 1d was around 7 ns and in the lo domains around
12 ns, respectively (32). A similar pronounced difference of
7, between both domains was observed for GUVs prepared
from virus lipids (Fig. 5 B). However, for GPMVs the differ-
ence between 7, in Id and lo domains was much smaller.
Although the lifetime of C6-NBD-PC in Id domains of GPM Vs
was shifted slightly to higher values, the lifetime in the lo

FIGURE 4 Lateral arrangement of HA-Cer and TMD-
HA-YFP in GPMVs. GPMVs were derived from
CHO-K1 cells expressing (A) GPI-CFP, (B) TMD-HA-
YFP, or (C) HA-Cer in the plasma membrane. Confocal
images were taken after cooling samples to 10°C. R18
fluorescence (red) as marker for liquid-disordered domains.
DIC, differential interference contrast image. Scale
bar = 5 um.
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TABLE 1 AQuantitative fluorescence intensity analysis of HA and peptide partitioning between lo and Id domains in GUVs and GPMVs
Vesicle GUV GPMV

Protein Rh-HA Rh-TMD TMD-HA-YFP HA-Cer
Figure 2A 2B 2C 2D 3A 3B 4B 4C
Lipids DOPC/SSM/Chol APR8 X31* x31t DOPC/SSM/Chol APR8

Ratio 0.020 0.126 0.001 0.003 0.006 0.005 0.185 0.347
+SE 0.027 0.016 0.004 0.006 0.016 0.018 0.023 0.057

n 8 7 6 8 11 7 12 6

Table shows the ratio of the fluorescence intensity of the HA protein or peptide in the lo and 1d domains, respectively. Average fluorescence intensities were
determined at the membrane of the two distinct domains using Olympus FluoView 1000 software (Olympus, Hamburg, Germany). Average background fluo-
rescence was subtracted before calculating the ratio of the fluorescence intensity (1o/1d). Note, the ratio refers to the fluorescence intensity but not to the ratio of

amount of HA protein (or peptide) in the two domains. n, number of vesicles.

*At 25°C.
'At 37°C.

domain was significantly shorter even at 10°C in comparison to
the lo domain of GUVs (Fig. 5, B and C).

DISCUSSION

Influenza virus hemagglutinin is considered a typical
example for integral membrane proteins that strongly enrich
in rafts thought to resemble the lo domains observed in
model membranes. However, direct visualization of HA
partition into such domains of mammalian cell plasma
membranes expressing the virus protein has not been re-
ported. In this study, we have used model systems that are
known to form lipid domains in the microscopic range easily
detectable by fluorescent lipid analogs with a preference
either for the lo or Id domain. In one system, either full length
HA or the TMD-peptide of HA was reconstituted into GUVs
prepared from a mixture of well defined raft-lipids or from
lipids extracted from the viral envelope. As another model
system, GPMVs were obtained from cell plasma membranes,
thus containing a large variety of lipids and, apart from the
protein of interest—HA-Cer or TMD-HA-YFP—other
membrane proteins. For all studied examples a strong prefer-
ence for the 1d domain was observed. However, the prefer-
ence of full length HA for the 1d domain was less pronounced
in GPMVs, which mimic biological membranes much better
than GUVs as we will discuss below.

Full length HA was almost exclusively localized in the 1d
domain in GUVs either consisting of a well defined compo-
sition of synthetic lipids or viral lipid extracts. This extreme
partition was observed not only at 25°C but also at 37°C.
A similar pronounced preference for the ld domain was
found for the TMD-peptide of HA indicating that partition
can be determined sufficiently by the transmembrane
domain. The enrichment of the TMD-peptide in the Id
domain is unexpected when comparing the thickness of the
bilayer with that of the TMD. The thickness of the
hydrophobic part of a DOPC/SSM/Chol (1:1:1) bilayer is
36 A in the lo and 27 A in the Id phase (37). The Rh-
TMD peptide is essentially of a-helical structure (J. Nikolaus
and A. Herrmann, unpublished results). Considering 1.5 A

per amino acid in an a-helical conformation, the hydro-
phobic stretch of the TMD-peptide (25 aa) is 37.5 A. Hence,
one would expect partition of the TMD-peptide in the lo
phase where it faces only a small positive mismatch of 1.5
A. Surprisingly, despite a positive mismatch of 10.5 A,
TMD-peptides are incorporated into the liquid disordered
phase. However, this behavior is consistent with recent
studies on domain partition of various membrane proteins
and peptides in model membranes (38—44). Vidal and McIn-
tosh (39) and Mclntosh et al. (45) studied lateral sorting of
model transmembrane peptides of different hydrophobic
length—23 or 29 amino acids—between lo and 1d domains
by confocal fluorescence microscopy at 4°C and 37°C.
These transmembrane domains match the hydrocarbon
thickness of 1d and lo domains, respectively. At both temper-
atures the peptides were primarily localized in the 1d domain
independent of hydrophobic matching. Distinct physical
properties favor the incorporation of TMDs into the 1d phase.
For example, lo domains have a higher bilayer compress-
ibility, which for SM/cholesterol (1:1, molar ratio) is approx-
imately nine times that of a phosphatidylcholine bilayer (46),
and higher bending moduli compared to the nonraft domains
(47). That is, lo domains are more tightly packed as
confirmed by the significantly higher fluorescence lifetime
of C6-NBD-PC in comparison to the ld domain (see
Fig. 5) (32). Hence, more energy is required to separate adja-
cent lipid molecules to enable incorporation of TMDs into
the bilayer than in 1d domains, which are of lower cohesive
energies (39). Thus, it is energetically favorable for TMDs to
partition into the 1d domain. At present we do not know how
the TMD-peptide of HA responds to the hydrophobic
mismatch that occurs in the 1d domain. Tilting of peptides
might be one possibility to match the hydrophobic thickness
of the bilayer avoiding exposure of hydrophobic side chains
to polar environment, which is energetically unfavorable
(48,49). However, using polarized ATR-FTIR it could be
shown that the TMD of HA in DMPC membranes having
a hydrophobic thickness of ~21 A is in an a-helical confor-
mation and orientated almost parallel to the membrane
normal (50).
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FIGURE 5 Fluorescence lifetime of C6-NBD-PC GUVs and GPMVs.
C6-NBD-PC showed a double exponential fluorescence decay. Only the
longer lifetime (7,) sensitive to the lipid domain is shown. (A) Lifetime histo-
grams of C6-NBD-PC in GUVs prepared from DOPC/SSM/Chol mixtures
(1:1:1 mol/mol/mol) for 1d (dashed line) and lo (solid line) domains at
25°C. (B) Lifetime histograms of C6-NBD-PC in GUVs prepared from total
lipids isolated from influenza A/PR/8/34 for 1d (dashed line) and lo (solid
line) domains at 10°C. (C) Lifetime histograms of C6-NBD-PC in GPMVs
prepared from CHO-K1 cells for 1d (dashed line) and lo (solid line) domains
at 10°C. Histograms were normalized by setting the maximum to 1.

Our results confirm and extend previous studies showing
that in lipid model systems the cohesive bilayer material
properties determine the process of lateral sorting of trans-
membrane peptides (39,45) and even of full length integral
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membrane proteins. The strong enrichment of wild-type
HA in the 1d domain may be rather surprising, in particular,
because reconstituted HA contains the typical raft targeting
signal, such as palmitoylation and specific hydrophobic
amino acids in its TMD. Thus, any signal that sorts HA
into rafts of living cells (2,34) and an unfavorable hydro-
phobic mismatch are not relevant for the partition of the
TMD-peptide of HA and wild-type HA in GUVs.

Although we also observed a strong preference of full
length HA-Cer and TMD-HA-YFP for the 1d domain in
GPMVs derived from the plasma membrane of CHO-K1
cells, their preference was less pronounced compared to
full length HA and TMD-peptide of HA in GUVs prepared
from synthetic or virus lipids. This indicates that lo domains
of GPMVs may differ in their physical properties to that in
GUVs. Indeed, lifetime of C6-NBD-PC shows that packing
of lipid domains in GPMVs is different from that of GUVs.
In particular, the differences of lipid packing between 1d and
lo domains are much less pronounced for GPMVs (Fig. 5 C)
in comparison to GUVs prepared from synthetic or virus
lipids (Fig. 5, A and B). This is in agreement with our obser-
vations for GPMVs from HelLa cells (32) and data of Kaiser
et al. on plasma membrane spheres from the human epithelial
carcinoma cell line A431 (51). We suppose that due to the
much higher membrane protein content of GPMVs,
protein-lipid interactions may interfere with a very tight
packing of lo domain (51-54) as found in GUVs. This would
reduce the energy barrier for intercalation of membrane
proteins thus explaining the partial presence of HA in lo
domains of GPMVs. Furthermore, differences of partition
between GPMVs and GUV's might also be due to lipid asym-
metry in GPMVs affecting domain formation and properties.
Although a partial loss of bilayer asymmetry on formation of
GPMVs compared to the cell membrane has been observed
(51,55), GUV do not show asymmetry at all.

We surmise a similar situation for the organization of virus
envelope lipid phase. In the influenza virus envelope the
cholesterol fraction is much higher than that of the host
cell membranes (3,8). Despite the high cholesterol content
a recent NMR study on plasma membrane—serving as
a budding site for influenza viruses—and also on the viral
envelope indicated that the physical state of those
membranes at physiological temperature has 1d like proper-
ties (17). Presumably, protein-lipid interactions interfere
with the formation of tightly packed lo domains. This may
not only prevent segregation of membrane proteins such as
HA away from lo domains, but may even facilitate partition
in those lipid phases. However, it remains to identify the
underlying mechanism of cholesterol enrichment in the virus
envelope. Polozov et al. (17) suggested the virus enriches
itself in specific lipids such as cholesterol. In particular, pal-
mitoylation of HA may ensure a recruitment of saturated
lipids and cholesterol. Either HAs with such lipid environ-
ment associate and form smaller clusters. Oligomerization
of the virus matrix protein M1 and interaction of M1 with
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the CT of HA during virus assembly cross-linking HAs may
lead to membrane patches enriched in cholesterol that even-
tually form the virus budding site. Lateral cross-linking of
membrane proteins and glycosphingolipids has been shown
to trigger coalescence of nanoscale lipid heterogeneity into
larger stabilized raft domains (15,56) that play a functional
role for uptake and endocytosis of proteins (57), and viruses
(58), and for cell signaling (59,60).

In summary, our studies with model membranes clearly
show that HA does not partition into tightly packed lo
domains. To explain cholesterol dependent clustering of
HA spikes at the plasma membrane visualized by immuno-
EM (11,61) and FPALM (16), and clustering of HA with
raft-markers observed by FLIM-FRET (12,13) in HA-
transfected cells, we conclude that protein-lipid interactions
reduce lipid packing of lo domains in biological membranes
enabling recruitment of proteins such as HA to those
domains. This would be in line with the view that physical
properties of lipid domains in biological membranes are
tightly regulated by protein-lipid interactions (54,62).
Besides differences in lipid packing, cellular and model
membranes are also distinguished by the absence of cyto-
skeletal components in the latter. Recent reports indicated
that microfilaments, especially cortical actin, might affect
the formation, dynamics and maintenance of membrane-rafts
in living cells (63,64). However, other studies found submi-
croscopic membrane heterogeneity to be independent of
actin (65). Hence, future studies are required to unravel
whether the absence of HA in lo domains is also due to
the lack of microfilaments in GUVs and GPMVs.

Note added in proof: During the publication process of our manuscript the
work of Johnson et al. (2010) was published reporting on a variable phase
partitioning of HA in GPMVs from HeLa cell into either 1d or lo phases
or a nonpreferential partitioning:

Johnson, S.A., B. M. Stinson, ..., T. Baumgart. 2010. Temperature depen-
dent phase behavior and protein partitioning in giant plasma membrane
vesicles. Biochim. Biophys. Acta. 1798:1427-1435.
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