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Membrane domains (“rafts”) have received great at-
tention as potential platforms for proteins in signaling
and trafficking. Because rafts are believed to form by
cooperative lipid interactions but are not directly acces-
sible in vivo, artificial phase-separating lipid bilayers
are useful model systems. Giant unilamellar vesicles
(GUVs) offer large free-standing bilayers, but suitable
methods for incorporating proteins are still scarce. Here
we report the reconstitution of two water-insoluble
SNARE proteins into GUVs without fusogenic additives.
Following reconstitution, protein functionality was as-
sayed by confocal imaging and fluorescence auto- and
cross-correlation spectroscopy. Incorporation into
GUVs containing phase-separating lipids revealed that,
in the absence of other cellular factors, both proteins
exhibit an intrinsic preference for the liquid-disordered
phase. Although the picture from detergent resistance
assays on whole cells is ambiguous, reconstitutions of
components of the exocytic machinery into GUVs by this
new approach should yield insight into the dynamics of
protein complex associations with hypothesized liquid-
ordered phase microdomains, the correspondence be-
tween detergent-resistant membranes and liquid-or-
dered phase, and the mechanism of SNARE-mediated
membrane fusion.

In 1988, Simons and van Meer (1) proposed a link between
protein and lipid sorting in intracellular trafficking. They hy-
pothesized that proteins destined for the apical membrane
associate with glycosphingolipid-rich microdomains (termed
“rafts”) in the trans-Golgi membrane held together by hydrogen
bonding among the head groups. Microdomain formation is
believed to be associated with a resistance against mild deter-
gents (usually Triton X-100), providing a convenient read-out
for whether a protein is in rafts. In polarized cells, rafts are
sorted at the trans-Golgi-network into separate transport ves-
icles destined for the apical membrane, which explains the
distinct protein and lipid compositions of apical and basolateral
membranes. Examining Triton X-100 solubility of a glyco-
sylphosphatidylinositol protein during transport from the en-
doplasmic reticulum to the plasma membrane, Brown and Rose
(2) observed co-sorting of glycosphingolipids with apical but not
basolateral proteins (2). Subsequently, liposomes were found to
be insoluble in Triton X-100 if they contained lipids forming a
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liquid-ordered (1,)' phase, i.e. cholesterol in combination with
sphingomyelin and saturated (3) phosphatidylcholine. These
observations led to a view emphasizing cholesterol and ordered
chain packing as the forces that hold the rafts together (4-6).
Therefore, susceptibility to cholesterol depletion was in-
troduced as an additional experimental tool to determine
raft association.

Despite routine use of the Triton X-100 solubility assay,
doubts persist as to whether detergent-resistant membranes
(DRMs) correspond to 1, domains in intact membranes (7).
Detergent application alters phase behavior (8), and DRM com-
position depends on the detergent used (9). Electron micros-
copy of isolated DRMs shows structures with a diameter of
0.1-1 um (2), which is larger than the estimated raft size in
intact membranes (10), suggesting detergent-induced artifacts.
Furthermore, cholesterol-dependent microdomains appear to
be more heterogeneous than originally envisioned. For exam-
ple, the apically sorted microvilli-localized protein, prominin,
does not associate with classical DRMs prepared with Triton
X-100 but associates with DRMs prepared with Lubrol and
does so in a cholesterol-dependent manner (11). It is unclear
how these microdomains relate to 1, and liquid-disordered (14)
phases, i.e. whether cholesterol-dependent clustering automat-
ically implies an 1, phase.

Recently, evidence has been provided that SNARE proteins
enrich in cholesterol-dependent microdomains in the plasma
membrane (12, 13). SNARE proteins are vital components of
intracellular fusion processes within the secretory pathway of
eukaryotic cells. Their role as minimum machinery for mem-
brane fusion was established by protein reconstitution into
artificial liposomes, which were observed to undergo spontane-
ous fusion (14). The best studied are the SNAREs syntaxin 1,
synaptobrevin 2, and SNAP-25 that are required for exocytosis
of synaptic vesicles in neurons. The single-span transmem-
brane proteins, syntaxin 1 and synaptobrevin 2 (also referred
to as VAMP2), are located on the plasma membrane and on the
membrane of synaptic vesicles, respectively. The third partner,
SNAP-25, is anchored to the plasma membrane by palmitoyl
residues. SNARESs are characterized by a homologous stretch of
60-70 amino acids arranged in heptad repeats, which is re-
ferred to as the SNARE motif and is usually located directly
adjacent to the membrane anchor domain. During membrane
fusion, the SNARE motifs spontaneously assemble into a tight
a-helical bundle. According to the current view, the assembly of
the SNARE motifs pulls the membranes closely together and
initiates bilayer fusion (15-17).

! The abbreviations used are: 1, liquid-ordered; 1,, liquid-disordered;
FCS, fluorescence correlation spectroscopy; GUV, giant unilamellar
vesicle; SUV, small unilamellar vesicle;, DRM, detergent-resistant
membrane; Syx, syntaxin; Syb, synaptobrevin; SNARE, soluble N-eth-
ylmaleimide-sensitive factor attachment protein receptor; SNAP, solu-
ble N-ethylmaleimide-sensitive factor attachment protein.
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In the plasma membrane, syntaxin 1 forms microscopically
visible clusters whose integrity is dependent on cholesterol (12,
18). Furthermore, syntaxin 1 can be cross-linked to a photore-
active cholesterol derivative, suggesting the association with
cholesterol-dependent microdomains. Cholesterol removal pro-
foundly inhibits exocytosis, suggesting that clustering is essen-
tial for SNARE function (12, 18). However, the syntaxin clus-
ters do not co-localize with typical raft markers like
glycosylphosphatidylinositol-linked proteins and syntaxin does
not co-fractionate with DRMs (for review see Ref. 12 but also
see Refs. 13 and 19 for an opposing view). The factors contrib-
uting to lateral membrane heterogeneities in vivo thus appear
to be complex and experimentally difficult to characterize. In
this light, we decided to single out the lipid phase aspect of
rafts and determine the intrinsic protein affinity for the liquid-
disordered or liquid-ordered phase in an artificial system. We
have used GUV model membranes to investigate whether
SNAREs partition into the 1, phase under the conditions of
controlled composition and in the absence of detergent. Syn-
taxin and synaptobrevin were reconstituted into the “canonical
raft mixture” of 1:1:1 C18-sphingomyelin, cholesterol, and dio-
leoyl-phosphatidylcholine (20, 21). A comparison with a classi-
cal 1) phase marker, GM1-bound cholera toxin, allowed the
clear assignment to the l; phase for both syntaxin 1A and
synaptobrevin 2.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant SNARE Proteins—Recombinant pro-
teins were expressed and purified as previously described. Syntaxin 1A
was expressed as a construct lacking the regulatory H,, . domain and
including a C-terminal cysteine for labeling (Syx H3, amino acids 183—
289C (22)). Synaptobrevin 2 was expressed with an additional C-termi-
nal cysteine (amino acids 1-117C (22)). Soluble synaptobrevin stands
for the fragment of synaptobrevin 2 lacking the transmembrane domain
and having a cysteine mutation (amino acids 1-96, 28C (23)). Soluble
syntaxin describes the SNARE motif of syntaxin 1A (amino acids 180—
262), carrying a cysteine mutation at position 252 (23).

Proteins were singly labeled at the indicated Cys residue with Alexa-
488 maleimide (Molecular Probes) for transmembrane proteins or Cy5
maleimide (Amersham Biosciences) for soluble fragments (24). Addi-
tional cysteines were mutated to serine or were not accessible (cysteines
in the transmembrane region (22)). In SNAP-25A, all of the cysteines
were replaced by serines as described previously (25). It was
not labeled.

Reconstitution of SNARE Proteins into Small Liposomes—Lipids ob-
tained from Avanti Polar Lipids (GM1 from Calbiochem) were mixed in
chloroform:methanol (2:1). Lipid mixture I consisted of brain phosphati-
dylcholine, brain phosphatidylethanolamine, brain phosphatidylserine,
bovine liver phosphatidylinositol, and cholesterol at a molar ratio of 5:2:
1:1:1. Lipid mixture II (domain-exhibiting membranes) contained dio-
leoyl-phosphatidylcholine, C18-sphingomyelin, cholesterol at a ratio of
1:1:1 and 0.1% ganglioside GM1. Lipids were dried and resuspended at a
detergent to lipid ratio of 8:1 (mixture I) or 17:1 (mixture II) in buffer
HB100 (20 mm Hepes/KOH, pH 7.4, 100 mm KCl, 1 mM dithiothreitol)
containing 10% sodium cholate (Sigma). For lipid mixture II, heating in a
waterbath was required until the mixture ceased to be turbid. Labeled
SNARE proteins in HB100 containing 1.5% cholate were added to the
detergent/lipid micelles to a final protein:lipid ratio of 1:300 or 1:60 (1.5
umol of total lipid). Proteoliposomes were formed by detergent removal on
a Sephadex G-50 S column (volume ratio sample: column =1:30), divided
into five aliquots, snap-frozen in liquid nitrogen, and stored at —80 °C.
Their diameter was ~25-35 nm (22). Using the same protocol but omit-
ting the proteins, the vesicles were made from DLPC plus 0.0075% fluo-
rescent marker (diIC, g, Molecular Probes).

Production of GUVs from Small Proteoliposomes—A (proteo-)lipo-
some aliquot was thawed, diluted in reconstitution buffer, pelleted by
ultracentrifugation (200,000 X g, 90 min, 4 °C), and resuspended in 10 ul
of HB100. This concentrated liposome suspension was deposited as little
droplets on an electrically conductive but optically transparent ITO cov-
erslip (indium-tin-oxide-coated coverslip custom-made by GeSiM) to be
used for GUV formation by electroswelling (26, 27). Residual water was
evaporated in a vacuum at 4 °C overnight. The ITO coverslip with the
proteolipidic layer was assembled together with a second ITO coverslip
into a flow-chamber of homemade design (based on Warner Instrument
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Fic. 1. Imaging of SNARE-containing GUVs prepared from
preformed SUVs. GUVs containing fluorescently labeled synaptobre-
vin (A and B) and syntaxin (C) were visualized by phase-contrast (A)
and confocal microscopy (B and C). The lipid composition consists of
natural lipids (mixture I, see “Experimental Procedures”), which the
scale bars define as 10 um. There is a high yield of spherical unilamellar
GUVs, and protein incorporation is practically homogeneous.

Model RC 21), the chamber was filled with a 300 mm of sucrose solution,
and a 1.2-V 10-Hz alternating electric field was applied to this capacitor-
like configuration for 1-3 h. For lipid mixture II, GUVs were produced
above the phase transition temperature (heating block or oven at =65 °C).
GUVs were then allowed to cool down to room temperature, and the
chamber was flushed with iso-osmolar phosphate-buffered saline buffer
(Invitrogen). Soluble SNARE proteins were injected in phosphate-buff-
ered saline at up to 16 uMm (SNAP-25), 1.6 uMm (Syx-Cy5), or 0.6 um
(Syb-Cy5). For counterstaining, cholera toxin B subunit (Calbiochem) was
labeled with monoreactive Cy5 NHS-ester (Amersham Biosciences) by
standard methods and added to the chamber at 5 pug/ml (cholera toxin B
subunit-Cy5) in phosphate-buffered saline.

Microscopy and Fluorescence Correlation Spectroscopy—Microscopy
and fluorescence correlation spectroscopy (FCS) were performed on a
commercial ConfoCor 2 combination system (Carl Zeiss) (28). In confo-
cal fluorescence imaging, spectral cross-talk was checked by performing
separate scans with only single-laser excitations. FCS of diIC, 4 used the
configuration as described by Kahya et al. (27). Auto- and cross-corre-
lation measurements (29) of Alexa-488 and Cy5-labeled proteins used
essentially the configuration described by Bacia et al. (30). Calibration
of the detection volumes yielded w, = 0.17 = 0.01 um for 543 nm and
®, = 0.15 = 0.01 um for a 488-nm excitation. Laser powers were <13
(488 nm) and 2 microwatts (543 nm). For these intensities and mobil-
ities, photobleaching did not artifactually reduce diffusion times. Cor-
relation curves G(7) were fitted appropriately by the FCS model equa-
tion for two-dimensional free Brownian diffusion (28) shown in
Equation 1,

1 1-F+ Fexp( — 7/Typ) 1
N 1-F (1 + 7/7gi00)

G(1) = +c¢  (Eq.1)

where N, denotes the number of fluorescent molecules in the detection
volume, the second factor represents (triplet) blinking seen in the
auto-correlation curves (F, triplet fraction; 7, triplet time), the third
factor represents the diffusion term, and c is a constant accounting for
slow fluctuations. The diffusion time (74 is related to the diffusion
coefficient D by D = w?/47,,, where w, is the 1/e? lateral radius of the
detection volume. The means = S.D. of 7, were calculated from meas-
urements on multiple GUVs. Errors may also be estimated from visual
inspection of the single measurements displayed in Supplemental
Fig. S4.

RESULTS

Production of SNARE-containing GUVs—Normally, GUVs
are prepared from a lipid solution in organic solvent that is
thoroughly dried on an electrode. In search for a procedure that
avoids exposure of the proteins to denaturing organic solvents,
we found that vacuum drying of a concentrated, aqueous lipo-
some suspension at 4 °C on ITO-coated coverslips yields a lipid
film that allows GUV formation by electroswelling. To examine
whether there are any differences between GUVs prepared by
both methods, we measured the lateral diffusion of the lipid
analogue diIC,g by FCS. No differences were detected (Supple-
mental Fig. S1). The liposome-based method was then applied
to produce GUVs from small proteoliposomes prepared by de-
tergent removal (Fig. 1A).

To test for protein aggregation, we visualized the reconsti-
tuted proteins by confocal microscopy and measured their mo-
bilities by FCS. Fluorescence from the Alexa-488 labeled pro-
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Fic. 2. Specific binding of soluble SNARE motlfs to protelns reconstituted in GUVs. A, soluble syntaxin (labeled in red with Cy5) and
soluble-unlabeled SNAP-25 were added to GUVs of lipid mixture I containing Alexa-488-labeled synaptobrevin (green). Co-localized red and green
fluorescence at the membrane suggests binding. The positive cross-correlation amplitude (black curve) arises from concomitant diffusion of red,
soluble, and green membrane-anchored protein. Laser intensities and particle ratios were optimized for low cross-talk. Cross-talk was quantified
to contribute 4% to the cross-correlation amplitude (data not shown). Scale bars = 10 um. B, analogous experiment with incorporated syntaxin-
Alexa-488 and soluble synaptobrevin-Cy5. Again, fluorescence is co-localized at the membrane and positive fluorescence cross-correlation shows
specific binding. Cross-talk contributes 11% to the cross-correlation amplitude. C, binding of soluble syntaxin to synaptobrevin requires SNAP-25.
Left, at 90 min after the addition of soluble syntaxin-Cy5, only fluorescence from unbound protein, but no membrane-localized red fluorescence,
is observed. Right, in a time series after injection of unlabeled SNAP-25, membrane-localized red fluorescence starts to be visible because of the
recruitment of labeled syntaxin. Syntaxin binding to synaptobrevin is known to require the presence of SNAP-25, thus confirming that binding is

due to the formation of SNARE complexes on the membrane surface.

teins is confined to the membrane and is fairly uniform (Fig. 1,
B and C). The proteo-GUV yield is high (Supplemental Fig. S3).
FCS reveals complete diffusibility and indistinguishable diffu-
sion coefficients for both single-span membrane proteins (syn-
aptobrevin: Dg, = (2.7 £ 0.5) X 1078 em?/s; syntaxin: Dy, =
(2.5 + 0.5) X 10 8%ecm?s, Fig. 2 and Supplemental Fig. S4). A
high mobility was also observed by fluorescence recovery after
photobleaching (FRAP) (Supplemental Fig. S2). No singular
large fluctuations are seen in the FCS count-rate traces, and
correlation curves fit well to a two-dimensional, free Brownian
diffusion model (data not shown, comparable with Fig. 3, C and
D). Although these observations cannot rule out dimerization,
for example (due to the weak dependence of the diffusion coef-
ficient on the particle radius reflected in the Saffman-Delbruck
equation (31)), they show that proteins become incorporated
without any large-scale aggregation that would be expected if
they were denatured during the reconstitution procedure.

To further test functional preservation, we assayed the bind-
ing of soluble SNARE motifs to the membrane-anchored pro-
teins. Soluble red-labeled syntaxin and unlabeled SNAP-25
were added to GUVs containing green-labeled synaptobrevin.
Analogously, soluble red-labeled synaptobrevin and SNAP-25
were added to green syntaxin-GUVs. In both experiments, co-
localized fluorescence suggested binding (Fig. 2, A and B).
Because at light optical image resolution unspecific binding to
lipids cannot be excluded, specificity was investigated by dual-
color cross-correlation spectroscopy. The positive cross-correla-
tion amplitudes in Fig. 2, A and B, indicate specific co-diffusion
of soluble and membrane-anchored SNARE proteins. Imaging
alone can demonstrate specificity of binding here if the ternary
nature of the complex is exploited (Fig. 2C). However, fluores-
cence cross-correlation is more versatile and can also assay
specificity of binding in binary interactions.

Reconstitution of SNARE Proteins into Phase-separating
GUVs—GUVs composed of dioleoyl-phosphatidylcholine:C18-
sphingomyelin:cholesterol (1:1:1) are known to exhibit macro-
scopic phase separation (32). Domains can be visualized by
marker enrichment. Fluorescent cholera toxin B subunit bound
to the ganglioside GM1 (added at 0.1% to the lipid mixture)
marks the 1) phase (21), whereas the lipid analogue diO (or the

structurally similar dil) become enriched in the 1; phase. De-
spite its enrichment in the 1; phase, FCS can assess diO mo-
bility in both phases. diO diffusion is observed to be ~10-fold
slower in the 1, compared with the 1; phase (Fig. 3, E and F).
Thus, FCS offers a direct way of distinguishing lipid phases,
which is independent of defining the 1, phase based on cholera
toxin enrichment (27).

GUVs containing fluorescently labeled SNARE proteins
were produced from liposomes of this lipid composition. Syn-
aptobrevin and syntaxin display a clear preference for one
phase, rendering only some regions of the GUV membranes as
strongly labeled (Fig. 3, A and B, green channel). To identify the
phases preferred by synaptobrevin and syntaxin, diffusional
mobilities of both proteins in the strongly labeled phase were
measured (Fig. 3, C and D, blue curves). They are identical
within error and close to the diffusion of diO in the 1; phase
(light gray curve). In contrast, diO diffusion in the 1, phase is
~T7-fold slower (dark gray curve). Furthermore, cholera toxin B
subunit (red), an established marker of rafts in cells and of 1,
phase in model systems, exhibits a phase preference opposite to
synaptobrevin (Fig. 3E) and syntaxin (Fig. 3F). We conclude
that both synaptobrevin and syntaxin prefer the 1, phase. The
binding of the soluble SNARESs does not significantly influence
diffusion (orange curves in Fig. 3, C and D), suggesting that it
does not alter phase behavior.

DISCUSSION

We have used protein-containing GUVs prepared by a new
mild method to determine the phase preference of unperturbed
SNAREs in laterally segregating artificial membranes. Our
data show that, in contrast to GM1-bound cholera toxin, both
synaptobrevin 2 and syntaxin 1 partition in the 1; phase while
being largely excluded from the 1, phase. We conclude that,
although partitioning into 1, phase suffices to explain raft as-
sociation of cholera toxin, cholesterol-dependent clustering of
SNARESs in vivo is not explained by an intrinsic phase prefer-
ence for the 1, phase. Furthermore, the proteins do not form
large homo-oligomeric clusters as demonstrated by their diffu-
sion coefficients, thus excluding homophilic interactions as an
alternative explanation for SNARE clustering seen on a micro-
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Fic. 3. Syntaxin and synaptobrevin
prefer the liquid-disordered phase.
Scale bars = 10 um. The green channel
images show synaptobrevin (A) and syn-
taxin (B) in GUVs produced from dioleoyl-
phosphatidylcholine:C18-sphingomyelin:
cholesterol (1:1:1) plus 0.1% GM1. Either
protein shows a strong selective enrich-
ment in one phase. Because part of the
GUV preparation had to be carried out at
elevated temperature, functional preser-
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vin- and syntaxin-GUVs with Cy5-labeled
cholera toxin B (ctxB) subunit, which is an
1, phase marker.

scopically visible scale in native membranes. The phase pref-
erences of syntaxin and synaptobrevin (and even the definabil-
ity of liquid-disordered and ordered phases) in a complex native
biological membrane still remain an open question. However,
the model system should allow the stepwise addition of biolog-
ical complexity and an assessment of artificial perturbations.
For instance, the effect of defined heterophilic protein interac-
tions and detergent treatment on phase preference can be
studied.

The fact that syntaxin is located mostly in the 1; domains
agrees with a previous study in which syntaxin distribution
was studied by atomic force microscopy in supported bilayers
(33). In this preparation, syntaxin was not freely diffusible
because it bound tightly to the mica support. This appears to be
a general problem of supported membranes as reconstituted
transmembrane proteins easily become immobilized or dena-
tured by the solid support, limiting their usefulness for inves-
tigations requiring free diffusibility of proteins. Using a poly-
mer cushion increases the distance to the support and avoids
denaturation, but the polymer layer itself precludes free single-
component Brownian diffusion of the protein (34).

Our data show that reconstitution of membrane proteins into
GUVs with defined 1, state domains allows direct testing of the
phase preference of a protein. However, the key problem is to
integrate membrane proteins into GUVs while preserving their
structural and functional integrity. Organic solvents generally

--

synaptobr. ctxB

ctxB

syntaxin

lead to protein denaturation (35), and the addition of the pro-
tein with detergent in the hydration step disrupts giant vesicle
formation. Because membrane proteins can be readily recon-
stituted by detergent removal into SUVs, we sought to generate
proteo-GUVs from a preparation of SUVs while avoiding pro-
tein denaturation. Our new procedure allows efficient forma-
tion of GUVs in good quality and with high protein concentra-
tion while preserving free single-component diffusion and
functionality of the SNARE proteins. Although damage of sen-
sitive proteins due to vacuum drying cannot be excluded, on-
going work indicates that a number of other membrane pro-
teins can be functionally reconstituted as well.2 Alternatively,
proteo-GUVs can be generated by fusing protein-containing
SUVs with preformed protein-free GUVs in aqueous media
using a viral fusion peptide that is covalently linked to phos-
pholipids in the proteoliposomes (36). Although this method is
even milder than the one reported here, the presence of the
fusion peptide makes such preparations unsuitable for func-
tional studies of proteins involved in membrane fusion. Fur-
thermore, it needs to be clarified whether the inclusion of the
fusion peptide and a fusion-promoting cationic amphiphile af-
fect the phase behavior of the system.

The use of advanced FCS on proteins reconstituted in GUVs

2N. Kahya and P. Schwille, unpublished results.
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opens up interesting avenues for further investigations. Cross-
correlation spectroscopy has the advantage that it assesses
diffusion (by auto-correlation) and binding (by cross-correla-
tion) at the same time and for the same particles, thereby
offering improved species discrimination compared with bulk
experiments. GUVs are well suited to FCS and should also
prove useful for related ultrasensitive optical techniques. We
envision that conformational changes, oligomerization, and
complex formation of membrane receptor proteins could be
studied in GUVs using the latest FCS and FRET technologies.
GUVs have recently become a popular tool for studying the
phase behavior of lipid systems (27, 32, 37). The incorporation
of proteins now adds a new dimension of complexity to these
model membranes and may lead to new insights into mem-
brane microorganization that are difficult to obtain through
other approaches.
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