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Abstract. Formation of a trans-complex between the
three SNARE proteins syntaxin, synaptobrevin and
SNAP-25 drives membrane fusion. The structure of
the core SNARE complex has been studied exten-
sively. Here we have used atomic force microscopy to
study the behavior of recombinant syntaxin 1A both
in detergent extracts and in a lipid environment. Full-
length syntaxin in detergent extracts had a marked
tendency to aggregate, which was countered by ad-
dition of munc-18. In contrast, syntaxin lacking its
transmembrane region was predominantly mono-
meric. Syntaxin could be integrated into liposomes,
which formed lipid bilayers when deposited on a mica
support. Supported bilayers were decorated with lipid
vesicles in the presence, but not the absence, of full-
length syntaxin, indicating that formation of syntaxin
complexes in trans could mediate vesicle docking.
Syntaxin complexes remained at the sites of docking
following detergent solubilization of the lipids.
Raised lipid domains could be seen in bilayers con-
taining sphingomyelin, and these domains were de-
void of syntaxin and docked vesicles in the presence,
but not the absence, of cholesterol. Our results
demonstrate that syntaxin is excluded from
sphingomyelin-enriched domains in a cholesterol-de-
pendent manner.
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Introduction

SNAREs (soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptors) are believed to
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represent the core of a ubiquitous membrane fusion
machine (Jahn & Stidhof, 1999; Lin & Scheller, 2000).
In the nerve terminal, for example, the three SNARE
proteins — synaptobrevin 2 on the membrane of the
synaptic vesicle, and syntaxin 1 and SNAP-25 on the
presynaptic plasma membrane — form a parallel
four-helix bundle, consisting of two helices contrib-
uted by SNAP-25 and one each by synaptobrevin and
syntaxin (Sutton et al., 1998). The formation of this
extremely tight trans-SNARE complex is thought to
bring the two interacting membranes close together,
so that they fuse (Weber et al., 1998). Most of our
current understanding of the operation of the
SNAREs is based on studies of either soluble
SNARE fragments or detergent extracts of biological
membranes, and there is little information about the
behavior of these proteins in their native lipid envi-
ronment.

By analogy with viral fusion proteins, with which
the SNARE:s share several features (Skehel & Wiley,
1998; Jahn & Stidhof, 1999; Markovic et al., 2001), it
has been suggested that a membrane fusion event is
likely to require the assembly of a protein super-
structure involving several SNARE complexes (Hua
& Scheller, 2001), which might possibly contribute to
the structure of the initial fusion pore. Consequently,
attempts have been made recently to address the
spatial organization of SNAREs in biological mem-
branes. Particular attention has focused on the
association of the SNAREs with lipid domains in
the plasma membrane. It is well known that different
lipids tend to coalesce in model membranes to form
microdomains, or ‘rafts’ (Brown & London, 2000;
Dietrich et al., 2000; Samsonov, Mihalyov & Cohen,
2001; Milhiet, Giocondi & Le Grimellec, 2002;
Saslowsky et al., 2002), and evidence for the presence
of these rafts in biological membranes is growing
(Simons & Toomre, 2000; Sprong, van der Sluijs
& van Meer, 2001). For example, treatment of
membranes with non-ionic detergents leads to the
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production of detergent-resistant membrane fragments
that are enriched in cholesterol and sphingolipids,
and that are believed to represent the biochemical
equivalent of rafts (Brown & Rose, 1992; Roper,
Corbeil & Huttner, 2000). Furthermore, these de-
tergent-resistant membranes also contain particular
proteins, leading to the proposal that proteins can be
selectively clustered in rafts in order to facilitate
processes such as cellular signaling and protein traf-
ficking (Simons & Toomre, 2000; Sprong et al., 2001).
The association of SNAREs with cholesterol-en-
riched rafts is at present controversial. In the PC12
neuroendocrine cell line, it has been reported that
syntaxin and SNAP-25 are found in partially over-
lapping clusters, which are dispersed on removal of
cholesterol (Lang et al., 2002). Interestingly, despite
the dependence of syntaxin-patching on the presence
of cholesterol, and the direct association of syntaxin
with cholesterol, these clusters seem to be distinct
from rafts, since syntaxin was soluble in detergent
and did not co-patch with known raft markers. The
clustering of syntaxin seems to be functionally sig-
nificant, since secretory vesicles docked preferentially
at the cluster sites, and furthermore, cholesterol de-
pletion, using methyl-B-cyclodextrin, caused a sig-
nificant reduction in the rate of secretion (Lang et al.,
2002). In complete contrast, another study on the
same cell line has found that all three SNARESs are
enriched in detergent-resistant membranes, indicating
that they are indeed targeted to rafts (Chamberlain,
Burgoyne & Gould, 2002).

In the present study we have used atomic force
microscopy to examine the behavior of a single
SNARE protein, syntaxin 1, under physiological
conditions. We first studied the properties of the free
protein, both with and without its transmembrane
region (TMR). We then integrated full-length syn-
taxin into liposomes and used these to produce sup-
ported lipid bilayers. We report that syntaxin in lipid
bilayers forms complexes that mediate the docking of
syntaxin-containing vesicles onto the bilayer. Both,
integrated syntaxin complexes and docked vesicles,
are efficiently excluded from sphingomyelin-enriched
lipid microdomains, provided that cholesterol is also
present.

Materials and Methods

PREPARATION AND ANALYSIS OF SYNTAXIN

Rat syntaxin 1A (either full-length (residues 1-288) or lacking the
transmembrane region (residues 1-265)) was expressed in the E. coli
strain DH5a as a glutathione-S-transferase- (GST-)fusion protein
in the vector pGEX-2T (Amersham Pharmacia Biotech, United
Kingdom). GST-syntaxin was purified using glutathione-Sepharose
4B beads (Amersham), according to the manufacturer’s instruc-
tions. The fusion protein was eluted from the beads in 50 mm
HEPES, pH 7.6, 100 mm NaCl (HEPES-buffered saline; HBS),
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containing 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonic acid (CHAPS) and glutathione (normally 10 mm).
Where appropriate, the GST tag was removed by incubation with
thrombin (Amersham; 100 U/ml for 2.5 h at room temperature).
Thrombin was inactivated by addition of phenylmethylsulfonyl
fluoride (1 mm), and then removed by adsorption to benzamidine-
Sepharose beads (Amersham). Protein quantitation was carried out
using a detergent-compatible protein assay kit (BioRad, Hemel
Hempstead, United Kingdom). Protein purity was assessed by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), either under
non-reducing conditions or after heating under reducing condi-
tions, with Coomassie blue staining.

Syntaxin was further analyzed by continuous sucrose density
gradient centrifugation. Syntaxin was layered onto a linear 5-20%
sucrose density gradient containing 0.5% CHAPS in HBS (total
volume 5 ml), and the gradient was centrifuged at 140,000 x g for
18 h at 4°C. Fractions (500 pl) were collected from the top of the
gradient, and subjected to SDS-PAGE. Separated proteins were
electrophoretically transferred to nitrocellulose (Schleicher &
Schuell, Dassel, Germany) by semi-dry blotting. Blots were probed
with a mouse monoclonal anti-syntaxin antibody (HPC-1; Barn-
stable, Hofstein & Akagawa, 1985) at a dilution of 1:1500. Im-
munoreactive bands were visualized using a horseradish
peroxidase-conjugated goat anti-mouse secondary antibody
(BioRad; 1:20,000) and enhanced chemiluminescence (Pierce &
Warriner, Chester, United Kingdom).

For some experiments, a complex was formed between GST-
syntaxin and munc-18, prepared from rat brain. All procedures
were carried out at 4°C. Two rat brains were homogenized in HBS,
containing a protease inhibitor cocktail (Roche, Mannheim, Ger-
many), and Triton X-100 was added to 2%. After a 30-min incu-
bation, with mixing, the extract was centrifuged at 15,000 x g for 30
min. The supernatant was then centrifuged at 140,000 x g for 1 h.
The second supernatant was incubated with glutathione-Sepharose
beads to remove endogenous GST. The extract was then added to
GST-tagged full-length syntaxin bound to glutathione-Sepharose,
and incubated for 1 h, with mixing. The beads were then washed
three times with HBS, containing 0.5% CHAPS. The GST-syn-
taxin/munc-18 complex was eluted from the beads with 5 mm
glutathione, as described above.

ATtomic Force MICrRoSCOPY

Samples were imaged using a Multimode atomic force microscope
with a Nanoscope Illa controller (Digital Instruments, Santa
Barbara, CA) equipped with a J-scanner. Oxide-sharpened silicon
nitride tips mounted on cantilevers with spring constants of 0.32
N/m were used in intermittent tapping mode. The cantilever
oscillation was tuned to a frequency between 8-9 kHz and the drive
amplitude was adjusted to produce a root-mean-square amplitude
of approximately 0.3-0.5 V. Force was minimized by adjusting the
setpoint to just below the jump-off point of the tip. The scan rate
was 1 Hz. All scanning was carried out at room temperature
(22°C). Images were flattened using the Nanoscope software.

For AFM imaging of syntaxin on mica, 30 pl of protein at a
concentration of 0.2 pg/ml in HBS, containing 0.5% CHAPS, was
deposited onto muscovite mica (Goodfellow, Cambridge, United
Kingdom). The sample was washed three times with 1 ml of HBS/
CHAPS and imaged under fluid.

MoLECULAR VOLUME CALCULATION

The molecular volume of protein particles was determined from
particle dimensions derived from AFM images. The height and
radii were measured from multiple cross-sections of the same



D.E. Saslowsky et al.: Exclusion of Syntaxin from Lipid Rafts

particle, and the molecular volume was calculated using the fol-
lowing equation, which treats the particle as a spherical cap

Vi = (nh/6)(3r? + h?) (1)

where / is the particle height and r is the radius (Schneider et al.,
1998). Radii were measured at half the particle height to minimize
the error introduced by the geometry of the scanning tip (Neish
et al., 2002). Molecular volume based on molecular weight was
calculated using the equation

Ve = (Mo/No)(Vi + dV2) (2)

where M, is the molecular mass of the protein, N, is Avogadro’s
number, V| and V> are the partial specific volumes of protein and
water (0.74 cm’/g and 1 cm®/g, respectively), and d is the extent of
protein hydration (0.4 mol water/mol protein) (Edstrom et al.
1990). Values quoted are means + se. Some areas scanned by
AFM contained features that were obviously very large aggregates
of material (with a radius at least 3-fold greater than the mean
value). These aggregates were excluded from calculations of mean
particle size.

INTEGRATION OF SYNTAXIN INTO LIPOSOMES

Dioleoylphosphatidylcholine (DOPC), brain sphingomyelin (al-
most exclusively CI18:0) and cholesterol were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further
purification. Chloroform solutions of DOPC and sphingomyelin,
with or without cholesterol (33 mol%), were dried down under a
stream of nitrogen. The lipids were re-hydrated overnight in dis-
tilled water to a final concentration of 2 mg/ml. The lipid mixture
was vortexed to produce large multi-lamellar vesicles, and small
unilamellar vesicles were then produced by mild sonication in a
bath sonicator (Decon, Hove, United Kingdom) for 30 min (Re-
viakine & Brisson, 2000). Syntaxin (5 pl of a 200 pg/ml solution in
HBS, containing 0.5% CHAPS) was added to 50 pl of lipid sus-
pension, and sonication was allowed to proceed for a further 30 s.
This dilution brought the concentration of CHAPS well below its
critical micellar concentration. Protein-free liposomes were pro-
duced in the same way, except that syntaxin was omitted.

The extent of syntaxin integration into liposomes was de-
termined by flotation of the liposomes on a discontinuous sucrose
density gradient. Samples (500 pl) of liposomes prepared in the
presence of syntaxin were added to 1.5 ml of 80% sucrose in HBS.
Onto this suspension (now 60% sucrose) was layered 1.5 ml of 50%
sucrose in buffer and then 1.5 ml of buffer alone. The gradient was
centrifuged at 140,000 x g for 2 h at 4°C. Fractions (500 pl) were
taken from the top of the gradient and analyzed by SDS-PAGE
and immunoblotting, as above.

ELECTRON MICROSCOPY OF LIPOSOMES

Protein-free liposomes prepared from an equimolar mixture of
DOPC, sphingomyelin and cholesterol were adsorbed onto glow-
discharged 300 mesh copper grids that had been coated with
Formvar and carbon, and negatively stained with 1% potassium
phosphotungstate at pH 7.0. They were viewed using a Philips
CM100 electron microscope operated at 80 kV, using a 50 pum ob-
jective aperture. Images were recorded on Kodak SO 143 cut film.

AFM IMAGING OF SYNTAXIN IN SUPPORTED LIPID
BILAYERS

Supported bilayers were formed by the deposition of 10 pl of vesicle
suspension onto mica, immediately followed by 50 ul of HBS,
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containing 2 mm CaCl,. After a 3-min incubation at room tem-
perature, the sample was gently rinsed with the same buffer and
transferred to the atomic force microscope. Protein-free bilayers
prepared in this manner were also incubated with 5 pl of syntaxin-
containing liposomes for 3 min at room temperature, rinsed and
imaged by AFM. AFM imaging was carried out as described above
in HBS containing 2 mm CaCl,. Where appropriate, bilayers were
stripped by addition of 10 pl of 1% Triton X-100 to the AFM fluid
cell (volume 100 pl) during scanning.

Results

The aim of this study was to examine the behavior of
syntaxin in lipid bilayers. Since single-molecule
analysis of syntaxin under near-physiological condi-
tions had not previously been attempted, we began
our study by imaging free syntaxin, in order to gain
an understanding of the state in which this protein
exists in solution. Recombinant rat syntaxin 1A, ei-
ther full-length or lacking its transmembrane region
(minus-TMR), were prepared as GST-fusion pro-
teins. Where appropriate, the GST tag was removed
by thrombin cleavage. As shown in Fig. 1, these
procedures resulted in the preparation of purified
proteins of the expected molecular masses (60 and 58
kDa for full-length and minus-TMR GST-tagged
protein, and 35 and 33 kDa for full-length and minus-
TMR untagged protein, respectively). Fig. 1 also
shows that untagged full-length syntaxin behaves as a
large species under non-reducing conditions, but as a
monomer after heating under reducing conditions. In
contrast, minus-TMR syntaxin runs as a monomer
under both conditions. This result indicates that full-
length, but not minus-TMR, syntaxin has a tendency
to aggregate, as reported previously (Laage et al.,
2000).

The four forms of syntaxin were first imaged
bound to mica. The majority (92%) of the particles
seen in images of GST-tagged full-length syntaxin
was small and globular (Fig. 2a). However, 8% of
the particles were rosette-like, consisting of a large
central core surrounded by a ring of smaller ‘petals’.
The average number of petals per rosette was five.
The rosette structure is more obvious in the gallery of
zoomed images shown in Fig. 2b. Sections through
the particles were used to calculate the molecular
volumes of the different features. The distribution of
these molecular volumes is shown in Fig. 2¢. The
volume of the small particles was 202 + 15 nm? (n =
30); the volume of the rosette core was 2450 + 200
nm® (n = 30), while the petals had a volume of 237 +
16 nm® (n = 30). Hence, the total molecular volume
of an average (5-petal) rosette was 3635 nm?>. Taking
into account the numbers and volumes of the parti-
cles detected, the rosettes accounted for approxi-
mately 60% of the total protein in the sample. The
predicted molecular volume for a single GST-syn-
taxin molecule (molecular mass 60 kDa) is 114 nm”.
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Fig. 1. Purification of syntaxin. Recombinant syntaxin 1A (both
full-length and minus-transmembrane region (TMR)) were pre-
pared as GST-fusion proteins. Where appropriate, the GST tag was
cleaved using thrombin. Purified proteins (1 pg) were analyzed by
either non-reducing or reducing SDS-PAGE, with Coomassie blue
staining. Note that untagged full-length syntaxin behaves as a large
species under non-reducing conditions, but as a monomer after
heating under reducing conditions. In contrast, minus-TMR syn-
taxin runs as a monomer under both conditions. Molecular mass
markers (kDa) are shown on the right.

Hence, the small particles most likely represent di-
mers, possibly produced by dimerization of the GST
tag. A typical rosette must contain approximately 30
protein molecules. This value might in fact be an
overestimate, since some of the volume of the particle
will be contributed by detergent (CHAPS) bound to
the syntaxin TMRs.

When the GST tag was removed from full-length
syntaxin, many small particles were again seen;
however, the rosette-like structures disappeared (Fig.
2d, e), leaving large core structures. The mean mo-
lecular volume of the particles was 1480 + 210 nm?
(n = 93; Fig. 2f). Bearing in mind the likely contri-
bution of TMR-bound detergent, this volume corre-
sponds to a maximum of 22 syntaxin molecules of
expected molecular volume 66 nm?. This result indi-
cates that the rosette structure depended on the
presence of the GST tag, although the petals are too
large to represent single GST molecules. It should
also be noted that the broad distribution of molecular
volumes (Fig. 2f), and the relatively large standard
error on the molecular volume for untagged syntaxin
(14% of the mean, compared with 8% for GST-syn-
taxin) reflects a larger range in particle size of the
untagged protein, which in turn suggests that it
adopts a more heterogeneous structure than the GST-
tagged protein. Taken together, these AFM images
confirm the propensity of syntaxin containing a TMR
to aggregate.
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Fig. 2. AFM imaging of full-length syntaxin bound to mica. Pro-
teins were adsorbed onto mica, and imaged under fluid using tap-
ping-mode AFM. (a) GST-tagged full-length syntaxin. Note the
presence of two types of feature: small, globular particles and larger
rosettes. (b) Gallery of images of GST-tagged full-length syntaxin,
illustrating the structure of the rosette-like particles. (¢) Distribu-
tion of the molecular volumes of the various features seen in images
of GST-tagged full-length syntaxin. Hatched bars: small particles;
black bars: rosette petals; grey bars: rosette cores. Note that the bin
size changes from 50 nm> to 500 nm? at the point indicated by the
arrow. Only alternate bins are labeled. (d) Untagged full-length
syntaxin. (e) Gallery of images of full-length syntaxin. (f) Distri-
bution of the molecular volumes of the various features seen in
images of untagged full-length syntaxin. Only alternate bins are
labeled. Shade-height scales are shown at the right. Scale bars, 500
nm (a and d), and 33 nm (b and e).
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GST-tagged minus-TMR syntaxin appeared as
smaller particles than the full-length form, and no
rosettes were visible (Fig. 3a, b). The molecular vol-
ume of these particles (116 + 8 nm?®, n = 69; Fig. 3¢)
was in close agreement with the expected value of 110
nm® for a protein of molecular mass 58 kDa, indi-
cating that the particles are monomers. Particles of
untagged minus-TMR syntaxin were smaller still
(Fig. 3d, e), and the molecular volume (72 + 4 nm?>, n
= 79; Fig. 3f) was again consistent with the presence
of protein monomers of molecular mass 33 kDa
(expected molecular volume 62 nm?).

The large range in particle size of untagged full-
length syntaxin observed by AFM was also apparent
in its behavior on a continuous sucrose density gra-
dient. As shown in Fig. 44, syntaxin migrated either
at the top or the bottom of the gradient in approxi-
mately equal proportion. When samples from frac-
tions 2 and 10 were recentrifuged on identical
gradients, some degree of drift in the migration of
syntaxin was seen (Fig. 4b, ¢); that is, some of the
small particles became larger while some of the large
aggregates broke up. When fraction 2 was imaged by
AFM, the majority of the particles was small, and
their molecular volume (164 + 20 nm®, n = 30) in-
dicated that they consisted on average of 2—-3 syntaxin
molecules (molecular volume 66 nm? for a syntaxin
monomer), although some larger particles were seen
(Fig. 4d). In fraction 10 most of the particles were
large (molecular volume 3020 + 337 nm®, n = 30),
although some smaller particles were also present
(Fig. 4e). The persistence of the two populations of
syntaxin during gradient centrifugation indicates that
both represent relatively stable structures.

GST-tagged full-length syntaxin was routinely
eluted from the glutathione-Sepharose beads by in-
cubation in 10 mm glutathione, according to the
manufacturer’s instructions. We reasoned that it
might be possible to generate samples enriched in
syntaxin in different aggregation states by varying the
elution conditions. Specifically, we predicted that
syntaxin particles anchored by multiple GST tags
might be more resistant to elution than syntaxin
monomers. Accordingly, we used successive elutions
at increasing glutathione concentrations (2, 5, 10 and
15 mwm). Fig. 5a, b show AFM images of samples of
GST-syntaxin eluted at 5 mm and 15 mwm glutathione,
respectively. It is clear that, as expected, elution at 5
mM glutathione yields predominantly small particles
(molecular volume 369 + 25 nm® (n = 30), equiva-
lent to a maximum of three monomers per particle),
whereas large rosettes are clearly visible after elution
with 15 mwm glutathione (Fig. 2a, b).

The cytosolic protein munc-18 is known to play a
key role in neuronal exocytosis (Yang et al., 2000;
Misura, Scheller & Weis, 2000). Biochemical studies
have shown that it binds to a ‘closed’ conformation
of syntaxin, thereby controlling its entry into the
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Fig. 3. AFM imaging of minus-TMR syntaxin bound to mica.
Proteins were adsorbed onto mica, and imaged under fluid using
tapping-mode AFM. (a) GST-tagged minus-TMR syntaxin. (b)
High-magnification view of GST-tagged minus-TMR syntaxin. (c)
Distribution of the molecular volumes of the various features seen
in images of GST-tagged minus-TMR syntaxin. Only alternate bins
are labeled. (d) Untagged minus-TMR syntaxin. (¢) High-magni-
fication view of untagged minus-TMR syntaxin. (f) Distribution of
the molecular volumes of the various features seen in images of
untagged minus-TMR syntaxin. Only alternate bins are labeled.
Shade-height scales are shown at the right. Scale bars, 500 nm (a
and d), and 33 nm (b and e).

SNARE complex (Yang et al., 2000; Misura et al.,
2000). When bead-attached GST-syntaxin was incu-
bated with a cytosolic extract from rat brain, it spe-
cifically recruited munc-18, and elution with 5 mm
glutathione yielded complexes of approximately 1:1
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Fig. 4. Visualization of syntaxin in different states of aggregation.
(a) Purified full-length syntaxin was centrifuged on a linear (5-20%)
sucrose density gradient. Fractions (1-10) were collected from the
top of the gradient and analyzed by SDS-PAGE followed by im-
munoblotting using a mouse monoclonal anti-syntaxin antibody.
Fractions 2 (b) and 10 (¢) from the gradient shown in (a) were re-
centrifuged on identical sucrose density gradients, which were an-
alyzed as in (a). Fractions 2 (d) and 10 (e) from the sucrose density
gradient in a were adsorbed onto mica and imaged under fluid
using tapping-mode AFM. A shade-height scale is shown at the
right. Scale bars, 500 nm.

stoichiometry (Fig. 5¢). When the complex was im-
aged by AFM, the mean molecular volume of the
particles detected (177 + 12 nm?®, n = 30) was lower
than the predicted volume (246 nm®) for a 1:1 com-
plex of 60-kDa plus 70-kDa proteins, consistent with
the presence of a mixture of single protein molecules
and 1:1 complexes. Hence, the binding of munc-18
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Fig. 5. Manipulation of the aggregation state of syntaxin. GST-
tagged full-length syntaxin was eluted from the GSH-Sepharose
beads with either 5 mm (a) or 15 mm (b) glutathione, adsorbed to
mica and imaged under fluid using tapping-mode AFM. (¢) An
approximately 1:1 complex of GST-tagged full-length syntaxin and
munc-18 was eluted from GSH-Sepharose beads using 5 mwm
glutathione. The complex was adsorbed onto mica and imaged as
in (a, b). A shade-height scale is shown at the right. Scale bar, 200
nm. Insets show Coomassie-stained protein bands on SDS-poly-
acrylamide gels.

significantly reduces the degree of aggregation of full-
length syntaxin. The larger aggregates seen after
elution with 15 mm glutathione (Fig. 5b) persisted
after incubation with munc-18 (data not shown), in-
dicating that these syntaxin complexes are formed
before bead-binding.

Initially, we attempted to prepare liposomes
containing integrated syntaxin by mixing lipids and
protein in the presence of detergent (CHAPS) and
then removing the detergent by extensive dialysis.
Unfortunately, this method did not result in the
successful integration of syntaxin into the liposomes,
in agreement with a previous report (Weber et al.,
1998). Consequently, we decided to produce unila-
mellar liposomes first, and then to introduce syntaxin
in a small volume of detergent solution, so that the
concentration of detergent fell well below its critical
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fraction

1 10 syntaxin buffer
- FL  HBS
- oS FL NaCO,
«dS | TVMR HBS
SBananal | -TVMR Na,CO,
-~ @MEBEREN| FL HBS
@RS FL HBS

micellar concentration. To assist integration of the
syntaxin, the mixture was subjected to a brief period
of sonication using a bath sonicator. The sonication
used was very mild, and is unlikely to have had a
deleterious effect on the protein. The efficiency of
integration of untagged full-length syntaxin into
liposomes was determined by discontinuous sucrose
density gradient centrifugation. After sonication of
an equimolar mixture of DOPC, sphingomyelin and
cholesterol in the presence of syntaxin, liposomes
were produced that floated above 50% sucrose, to
fractions 2—4 of the gradient illustrated in Fig. 6 (data
not shown; Hodel et al., 2001). Densitometric analysis
of the immunoblot showed that 19% of full-length
syntaxin migrated into these fractions. When the
gradient was prepared in 0.1 M Na,COs, to prevent
peripheral association of proteins with the liposomes,
the percentage of the syntaxin migrating in fractions
24 fell to 8%, which represents the proportion of the
added syntaxin that became integrated into the lipo-
somes. A small proportion (1%) of minus-TMR
syntaxin floated to fractions 2—4 (Fig. 6); however,
this flotation was abolished in Na,CO;, indicating
that no integration of the minus-TMR protein had
occurred. Interestingly, full-length syntaxin did not
integrate into the liposomes when the brief sonication
step in the presence of both lipids and protein was
omitted. Finally, as would be expected, full-length
syntaxin did not float in the gradient in the absence of
lipids.

When protein-free liposomes containing equi-
molar DOPC and sphingomyelin were deposited on a
mica support and allowed to collapse to form bilay-
ers, raised islands of lipid were evident both in the
absence (Fig. 7a) and presence (Fig. 7b) of cholesterol
(33 mol%), as reported previously (Saslowsky et al.,
2002).

+
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Fig. 6. Integration of syntaxin into liposomes.
+ Lipids (equimolar DOPC, sphingomyelin and

cholesterol) were incubated with syntaxin (either
full-length or minus-TMR), sonicated briefly and
then floated on discontinuous sucrose density

+ gradients. Gradients were prepared in either HBS
or Na,COs, as indicated. Fractions (1-10) were
taken from the top of the gradients, and syntaxin
was detected by SDS-PAGE and immunoblot-
ting using a mouse monoclonal anti-syntaxin
antibody. The majority of the lipids were recov-
ered in fractions 2—4 (data not shown). In control
experiments either the brief sonication or the li-
pids were omitted.

Sphingomyelin-enriched domains protrude from
the surrounding bilayer by 6-9 A, because the
sphingomyelin molecule is longer than the DOPC
molecule (Sprong et al., 2001; Saslowsky et al., 2002).
When cholesterol-free supported bilayers were pro-
duced from liposomes containing equimolar DOPC
and sphingomyelin, together with integrated full-
length syntaxin, an array of globular features was
seen, in addition to the raised lipid domains (Fig. 7¢).
Analysis of the distribution of these features indi-
cated that approximately half were associated with
the sphingomyelin-enriched domains (47%; mean of
322 features from 10 images, obtained in four inde-
pendent experiments). Although the distribution of
the features within the sphingomyelin-enriched do-
mains was not studied in detail, inspection of images
such as that shown in Fig. 7¢ appeared to show that
they tended to sit close to the domain boundaries;
however, some of the features were also located close
to the centers of the domains. When the bilayer also
contained cholesterol (33 mol%), the globular fea-
tures were again seen, but now they were almost
completely (96%; mean of 450 features from 7 images
obtained in four independent experiments) excluded
from sphingomyelin-enriched domains (Fig. 7d). The
raised features fell into two categories—a relatively
homogeneous population of molecular volume 425 +
26 nm® (n 30), and a more heterogeneous popu-
lation of larger structures. Most likely, the smaller
features represent syntaxin clusters (containing on
average six monomers) in the supported bilayer,
whereas the large features are vesicles docked onto
the bilayer through the formation of syntaxin com-
plexes in trans. The section through the scan shown in
Fig. 7d indicates the dimensions of the major features
associated with the bilayer: the height of the
sphingomyelin-enriched domain above the back-
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Fig. 7. Exclusion of syntaxin from rafts in
supported lipid bilayers. Liposomes were allowed
to collapse onto mica, and the resulting bilayers
were imaged by AFM using tapping mode under
fluid. (a) DOPC/sphingomyelin liposomes
without syntaxin. (b) DOPC/sphingomyelin/
cholesterol liposomes without syntaxin.

(¢) DOPC/sphingomyelin liposomes with
integrated full-length syntaxin. Arrows and

= _.II arrowheads indicate syntaxin/vesicles excluded
1

from or located in rafts, respectively. (d) DOPC/

ground bilayer was 0.7 nm; a typical vesicle had a
height of 7.6 nm, and a half-height diameter of 48
nm; and the depth of a defect in the bilayer was 5.5
nm. Note that the height of the vesicles is consider-
ably less than their diameter, indicating a degree of
‘squashing’ of the vesicles by the scanning tip. A
higher-magnification scan, illustrating the two cate-
gories of bilayer-associated particles, is shown in

sphingomyelin/cholesterol liposomes with
integrated full-length syntaxin. The vertical
section below the panel was taken at the position
of the line. Vertical scale bar, 5 nm. Dimensions
determined from the scan were as follows: raft
height above the background bilayer, 0.7 nm;
typical vesicle height, 7.6 nm; typical vesicle
diameter at half-height, 48 nm; depth of defect in
bilayer, 5.5 nm. (¢) Higher-magnification image
of an area of bilayer containing full-length
syntaxin. Arrowheads indicate small features
that are likely to be syntaxin clusters; arrows
indicate large features that are likely to be
docked vesicles. (f) Electron micrograph of a
sample of liposomes, for comparison with the
AFM image in (e). (g) DOPC/sphingomyelin
liposomes pre-incubated with minus-TMR
syntaxin. (/) Supported bilayer prepared using
protein-free DOPC/sphingomyelin/cholesterol
liposomes, and then incubated with liposomes
containing integrated full-length syntaxin. Note
that no liposomes have become attached to the
bilayer. Shade-height scales are shown at the
right. Scale bars, 250 nm (a, b, ¢, d, g and h), and
50 nm (e, f).

Fig. 7e. The electron micrograph (Fig. 7f) indicates
that the liposomes are predominantly unilamellar,
and have a typical diameter of 25-60 nm, consistent
with the size of the larger particles found attached to
the supported bilayer in the AFM image (Fig. 7e).
Very few globular features were seen when liposomes
were incubated with minus-TMR instead of full-
length syntaxin (Fig. 7g), indicating that the cytosolic
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region of syntaxin cannot by itself mediate docking of
vesicles onto the supported bilayer. In addition,
liposomes containing integrated full-length syntaxin
did not attach to pre-formed protein-free bilayers
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Fig. 8. Co-localization of syntaxin complexes with docked vesicles.
DOPC/sphingomyelin liposomes containing full-length syntaxin
were allowed to collapse onto mica, and the resulting bilayer was
imaged by AFM using tapping mode under fluid. (a) Initial scan,
showing docked vesicles. (b) Scan during which Triton X-100
(0.1%) was added at the point indicated by the arrowhead. (The
scan began at the bottom of the image). The arrow indicates rafts
at a point just before disintegration of the bilayer. (¢) Higher-
magnification view of the boxed area in (b). A vertical section at
the position of the dotted line illustrates the difference in height
between the bilayer and the mica support (4.8 nm). Arrowheads
indicate corresponding positions in the image and the section.
(d) Subsequent scan of the same area, showing residual syntaxin
particles attached to the mica. Arrows indicate points of coinci-
dence between docked vesicles (in @) and syntaxin particles (in d).
A shade-height scale is shown at the bottom right. Horizontal scale
bars, 250 nm (a, b and d) and 20 nm (c). Vertical scale bar in c,
1 nm.

(Fig. 7h). Hence, vesicle docking required trans-
pairing of syntaxin molecules integrated into both
vesicles and bilayer.

To investigate further the nature of the raised
features seen in bilayers containing syntaxin, and
specifically to test whether they do indeed represent
docked vesicles, detergent (Triton X-100, final con-
centration 0.1%) was added to the bilayer during a
scan. As shown in Fig. 8, the large globular features
docked onto the bilayer rapidly disappeared after
detergent addition. After solubilization of the bilayer,
a spread of particles remained attached to the mica.
These particles closely resembled the structures seen
when full-length syntaxin was imaged bound to mica
(Fig. 2b). Significantly, many of the particles were
found in the positions where the putative vesicles had
been docked. This result supports our suggestion that
the vesicles are docked onto the supported bilayer
through the formation of frans syntaxin complexes
(Fig. 9), and also indicates that the syntaxin in the
bilayer must be tightly bound to the mica support.
The exclusion of vesicles from the sphingomyelin-
enriched domains would then be a consequence of
the preferential localization of syntaxin in the
DOPC-enriched fluid phase of the supported bilayer.
Our data also indicate that this exclusion from
sphingomyelin-enriched domains of the bilayer de-
pends on the presence of cholesterol.

Discussion

Our AFM study has revealed dramatic differences in
the aggregation states of minus-TMR and full-length
syntaxin. Specifically, minus-TMR syntaxin is almost
exclusively monomeric, whereas the full-length pro-
tein exists in a variety of sizes, from monomers to
large multi-molecular aggregates. This tendency of
full-length syntaxin to aggregate has already been
reported (Laage et al., 2000), although in this previ-
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Fig. 9. Model for the behavior of syntaxin in a
lipid environment. Rafts contain sphingomyelin
and the majority of the cholesterol in the

K = = cholesterol bilayer. Syntaxin is excluded from the rafts, and
resides in the DOPC phase of the bilayer.
Proteoliposomes are docked to the non-raft

“ = sphlngomyelm TMR {' = syntaxin regions of the bilayer by syntaxin complexes

ous study, the aggregation state of the protein was
investigated using ‘mild SDS-PAGE’, and only di-
mers were detected. The interactions of syntaxin with
its many protein partners (Jahn & Siidhof, 1999) have
been extensively studied in detergent solutions, and
differences have been reported between the binding
properties of the minus-TMR and full-length protein.
For instance, bead-bound GST-syntaxin was shown
to bind efficiently, via its cytoplasmic domain, to sy-
naptotagmin, o/B-SNAP and synaptobrevin, and
truncations or deletions of the TMR significantly
reduced binding (Lewis et al., 2001). We suggest that
at least some of these TMR-dependent interactions
might involve the production of syntaxin aggregates,
which are likely to have different binding character-
istics from the monomeric protein.

An inhibitory effect of munc-18 on the aggrega-
tion of full-length syntaxin was clearly demonstrated
in our study. This effect may well be replicated in the
neuron, where munc-18 is known to act as a mole-
cular chaperone for syntaxin (Yang et al., 2000; Mi-
sura et al., 2000). We hoped to be able to exploit the
anti-aggregatory effect of munc-18 to insert syntaxin
monomers into the lipid bilayers. However, the
syntaxin-munc-18 complexes appeared relatively
unstable, and the images obtained after bilayer
insertion were indistinguishable from those given by
syntaxin alone (data not shown).

Syntaxin-containing lipid bilayers were found to
contain two types of features—protein molecules
(probably aggregates) and attached vesicles. No
vesicles were seen either when liposomes were pre-
pared in the presence of minus-TMR syntaxin or
when liposomes containing integrated full-length
syntaxin were added to a pre-formed protein-free
supported bilayer. Hence, the vesicles must have
docked through the formation of syntaxin complexes
in trans. The principal aim of this study was to ex-
amine the sorting of syntaxin between domains in
bilayers containing mixtures of lipids. We found that
syntaxin was efficiently excluded from sphingomye-

formed in trans.

lin-rich domains, provided cholesterol was also pre-
sent. This behavior is the reverse of that shown by the
glycosylphosphatidylinositol-anchored protein pla-
cental alkaline phosphatase, which we have shown
recently is almost exclusively targeted into sphingo-
myelin-enriched domains, but in a cholesterol-inde-
pendent manner (Saslowsky et al., 2002). The results
of the present study are largely in agreement with
those of Lang et al. (2002), who found that syntaxin
was clustered in a cholesterol-dependent manner in
the plasma membranes of PC12 cells, but that the
protein was excluded from rafts. In contrast, Cham-
berlain et al. (2002) reported that all three SNAREs
are raft-associated in PC12 cell membranes. In neu-
rons, both syntaxin and SNAP-25 are found
throughout the axonal plasma membrane and not
just at the nerve terminal, where exocytotic mem-
brane fusion occurs (Garcia et al., 1995). Further-
more, the patching of syntaxin and SNAP-25 in the
PCI12 cell plasma membrane has been shown to be
overlapping but not coincident (Lang et al., 2002). It
is possible, therefore, that the different SNAREs in-
teract closely only when the SNARE complex is being
formed. Why the two studies on PC12 cells should
have produced such discrepant results, however, is at
present unclear.

What would be the advantage of clustering syn-
taxin in a sub-domain of the plasma membrane? It is
well established that syntaxin and SNAP-25 combine
with the synaptic vesicle protein synaptobrevin to
form the SNARE complex, which is a key component
of the membrane fusion machine. Viral membrane
fusion shows striking similarities with SNARE-
mediated fusion. For instance, both require the for-
mation of stable helical bundles, and both involve
conformational changes that cause close membrane
apposition. Influenza hemagglutinin, a model viral
fusion protein, is a homotrimer (Skehel & Wiley,
1998), and it has recently been shown that the effi-
ciency of its low pH-triggered conformational change
depends on the density of hemagglutinin molecules in



D.E. Saslowsky et al.: Exclusion of Syntaxin from Lipid Rafts

the membrane (Markovic et al., 2001). It was pro-
posed that this concerted activation of adjacent pro-
teins might represent the mechanism by which a
group of fusion proteins coordinate their activity at
the fusion site. The similarities between the viral
proteins and the SNAREs suggest that SNARE-
mediated fusion might also involve the action of a
number of SNARE complexes. In fact, evidence has
recently been presented that three SNARE complexes
act together to trigger a membrane fusion event in
PC 12 cells (Hua & Scheller, 2001). The clustering of
the SNARE proteins into particular membrane do-
mains might therefore increase the likelihood that a
number of trans-SNARE complexes could form in
close proximity, thereby increasing the probability of
a membrane fusion event.

The detergent solubility of influenza hemagglu-
tinin falls as the protein migrates through the secre-
tory pathway towards the plasma membrane,
consistent with its recruitment into rafts (Skibbens,
Roth & Matlin, 1989). This raft association appears
to be involved in the delivery of the protein specifi-
cally to the apical surface of polarized epithelial cells
(Prydz & Simons, 2002). The non-neuronal syntaxin
isoform, syntaxin 3, has also been shown to be en-
riched in a Triton X-100-insoluble membrane frac-
tion from Madin-Darby canine kidney cells (Lafont
et al., 1999), and in a Lubrol-insoluble fraction of
pancreatic zymogen granules (Kalus et al., 2002). In
both cell types, this syntaxin isoform is apically tar-
geted, suggesting that here, too, the purpose of raft
association is to ensure correct intracellular sorting of
the protein. The C-terminal tail of hemagglutinin
contains three cysteine residues. All three of these
residues are normally palmitoylated (Naim et al.,
1992), and mutation of any one of these residues al-
most abolishes raft association (Melkonian et al.,
1999), but has no effect on membrane fusion, in-
dicating that raft association is not required for fu-
sion. There is also evidence for the requirement for
sphingolipids and cholesterol in the target membrane
for viral membrane fusion; furthermore, the ectodo-
main of the Semliki Forest virus fusion protein El
associates with sterol-rich domains (Ann, Gibbins &
Kielian, 2002). Nevertheless, there appears to be no
requirement for the presence of rafts in the target
membrane for membrane fusion, since Semliki Forest
virus, for example, fuses with liposomes irrespective
of the presence or absence of Triton X-100-insoluble
microdomains (Waarts, Bittman & Wilschut, 2002).
In PC12 cells, depletion of cholesterol, using methyl-
B-cyclodextrin, causes a reduction in the efficiency of
exocytotic membrane fusion (Lang et al., 2002). Al-
though membrane rafts are likely to be dispersed by
this treatment, it is possible that the inhibition of
syntaxin clustering is the prime cause of the func-
tional effect. The requirement for sterols in mem-
brane fusion extends to yeast. Here, ergosterol is
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required at the priming stage of homotypic fusion
between yeast vacuoles (Kato & Wickner, 2001).
Clearly, then, sterols are required for a variety of very
different membrane fusion events. However, the ac-
tual involvement of rafts in these fusion events, and
the arrangement of SNARE proteins with respect to
the rafts, still needs to be elucidated. In fact, a sterol-
dependent exclusion of SNAREs from the more or-
dered raft domains, and their consequent clustering
in the more fluid non-raft region of the membrane,
might actually be conducive to fusion.
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