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ABSTRACT Soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) play a key role in membrane
fusion in the secretory pathway. In vitro, SNAREs spontaneously assemble into helical SNARE complexes with the transmem-
brane domains at the C-terminal end. During fusion, SNARESs are thought to bridge the two membranes and assemble in a zipper-
like fashion, pulling the membranes together and initiating fusion. However, it is not clear to what extent SNARE assembly
contributes to membrane attachment and membrane fusion. Using the neuronal SNAREs synaptobrevin (VAMP), SNAP-25, and
syntaxin as examples, we show here that liposomes containing synaptobrevin firmly attach to planar surfaces containing
immobilized syntaxin. Attachment requires the formation of SNARE complexes because itis dependent on the presence of SNAP-
25. Binding is competed for by soluble SNARE fragments, with noncognate SNAREs such as endobrevin (VAMP8), VAMP4, and
VAMP7 (Ti-VAMP) being effective but less potent in some cases. Furthermore, although SNAP-23 is unable to substitute for
SNAP-25 in the attachment assay, it forms complexes of comparable stability and is capable of substituting in liposome fusion
assays. Vesicle attachment is initiated by SNARE assembly at the N-terminal end of the helix bundle. We conclude that SNAREs
can indeed form stable frans-complexes that resultin vesicle attachment if progression to fusion is prevented, further supporting the

zipper model of SNARE function.

INTRODUCTION

Intracellular membrane fusion in the secretory pathway of
eukaryotic cells is mediated by conserved protein families,
indicating that the basic mechanisms of vesicle docking and
fusion are similar in all trafficking steps (1). Among these
proteins, the soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptors (SNAREs) have emerged as
key players in the final steps of fusion (2). SNARE proteins
are characterized by a conserved stretch of 60—70 amino
acids arranged in heptad repeats (referred to as a SNARE
motif) that is usually connected by a short linker to a single
C-terminal transmembrane domain. Some SNARES, such as
the neuronal SNARE SNAP-25, lack transmembrane do-
mains and possess two SNARE motifs separated by a linker
that may be palmitoylated and serve as a membrane anchor.
Furthermore, some subfamilies contain independently folded
N-terminal domains that probably exert a regulatory function
(for review see Jahn and Scheller (2) and Rizo et al. (3).
SNARESs spontaneously associate into SNARE complexes
of very high stability, and the concerted action of the AAA-
ATPase NSF and SNAP-cofactors is required for disassem-
bly. Association is mediated by the SNARE motifs. The
crystal structures of SNARE complexes that are only dis-
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tantly related to each other show a remarkable degree of
structural conservation (4-7), allowing the deduction of basic
features shared by all SNAREs. Each SNARE complex is
represented by a heterooligomeric bundle of four parallel
a-helices. The helices form a coiled coil that is stabilized by
16 stacked layers of interacting amino acid side chains. Al-
though most of these side chains are hydrophobic, the central
layer (“°0”’ layer) is formed by one arginine (R) and three
glutamine (Q) residues that are all highly conserved. Ac-
cordingly, SNAREs are classified into Q- and R-SNAREs,
with the Q-SNARE:s being further subdivided into Qa-, Qb-,
and Qc-SNAREs (8,9). Sequence analysis has revealed that
these four subfamilies are conserved and probably diverged
very early in eukaryotic evolution, lending further support to
the view that all SNARE complexes that function in mem-
brane fusion have a QaQbQcR composition (2,10,11).
Fusion requires complementary SNARE:s to be present on
both membranes that are destined to fuse, and assembly of
SNARE:s into SNARE complexes is supposed to play a key
role in fusion. According to the now widely accepted *‘zipper
model,”” the SNARE motifs initiate assembly at their
N-terminal ends (‘‘frans’’-complex), bridging the mem-
branes (12). Assembly then progresses toward the C-ter-
minal membrane anchors, thus forming a tight connection
between the membranes that may overcome the energy
barrier for fusion. Although this model is supported by a
large body of evidence, including both biochemical in vitro
studies and analysis of SNARE mutants in living cells (for
review see Sgrensen [13]), the mechanistic details of the
assembly pathway and the structure of the intermediates are
less well understood. For instance, it was recently shown that,
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at least for the SNARE:s that function in neuronal exocytosis,
assembly is not the result of random collisions between four
independent SNARE motifs, but rather proceeds via defined
intermediates. Detailed studies of the SNAREs syntaxin
1 (Qa), SNAP-25 (Qbc), and synaptobrevin (VAMP) (R) have
revealed that an unstable acceptor complex, consisting of the
three Q-SNARE motifs, is a mandatory intermediate for
SNARE assembly (14). In vitro, this complex readily recruits
a second syntaxin that fills the position of the R-SNARE,
resulting in a functionally inactive (and probably non-
physiological) QaQaQbc complex, which explains why SNARE
assembly is very slow in vitro (15).

One of the most controversial issues under discussion is
whether SNARE assembly results primarily in membrane
attachment before fusion with fusion being brought about by
other factors, or whether it mediates fusion whereas mem-
brane attachment involves other proteins. Reconstitution of
SNARE:S into liposomes results in spontaneous fusion that is
dependent on the formation of SNARE complexes (16),
which suggests that SNAREs function as fusion factors.
Whereas this assay is widely used as a reduced in vitro model
for fusion (see, e.g., Parlati et al. [17], Bacia et al. [18], and
Tucker et al. [19]), other studies argue that fusion in such
systems is partially relying on nonspecific fusogenic prop-
erties of the liposomes and thus does not represent a valid
model for the fusion pathway in biological membranes
(20,21) (see Rizo et al. [3] for a comprehensive discussion).
Unfortunately, it is experimentally not easy to capture short-
lived intermediates such as trans-SNARE complexes and to
differentiate between docking and fusion. In neuronal exo-
cytosis, indirect evidence indicates an interaction of syn-
aptobrevin with syntaxin and SNAP-25 before exocytosis,
such as differential sensitivity to cleavage by clostridial
neurotoxins or to inhibition by antibodies (22,23). More di-
rect evidence for frans intermediates was recently obtained
for SNARESs involved in the fusion of yeast vacuoles, using
an assay that is based on coprecipitation of tagged SNAREs
from docked vesicles (24).

In liposome fusion assays, the frequency of collisions be-
tween liposomes is so high that docking is not rate-limiting
(25), although in some systems the need for preincubation at
low temperature seems to indicate that SNARE-mediated
docking must precede fusion (16). Furthermore, recent studies
have suggested that a binary interaction between synaptobrevin
and syntaxin is sufficient for docking and subsequent fusion of
artificial vesicles to planar lipid bilayers (26,27). However, fu-
sion of liposomes requires the presence of all three SNAREs, and
no stable binary interaction between syntaxin and synaptobrevin
has been detected. Interestingly, two studies (21,28) showed that
although docking of liposomes occurred in the presence of
synaptobrevin and syntaxin, an interaction between these pro-
teins as measured by fluorescence resonance energy transfer
was only detectable in the presence of SNAP-25.

In this study we investigated whether SNARE: are capable
of docking vesicles to a planar solid surface. To this end, we
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immobilized syntaxin on gold-coated glass in a functionally
active form. Binding of synaptobrevin liposomes then occurs
in a SNAP-25-dependent manner. Further characterization
revealed that docking correlates well with the formation of
SNARE complexes, as observed in both solution studies and
liposome fusion assays, but differences in stability are un-
covered when cognate SNARES are exchanged for non-
cognate SNARE:S.

MATERIALS AND METHODS

Molecular cloning, expression, and purification
of recombinant proteins

The following constructs of SNARE proteins from Rattus norvegicus, as
described previously (14,15,29), were used in this study: synatobrevin full
length (aal-116), synaptobrevin cytosolic part (aal-96), syntaxin la cyto-
solic part (aal-262), syntaxin la H3 domain (aal80-262), N-terminally
truncated syntaxin (aal83-288), SNAP23 full length (aal-210), SNAP25a
full length (aal-206) mutant in which all cysteines were substituted for
serines (30), SNAP25a C-terminal BotNT/A fragment (aal-197), and
SNAP25a C-terminal BoNT/E (aal-180) fragment. Syntaxin la cytosolic
part and H3 domain with N-terminal cysteine (aal-262 263Cys and 180-262
263Cys, respectively) were generated using site-directed mutagenesis (31).
Recombinant proteins were expressed as 6xHis fusion proteins in BL21DE
Escherichia coli strain from pET28 vector and purified on nickel-nitrilotri-
acetic acid (Ni-NTA) agarose, followed by further purification with an Akta
system (GE Healthcare, Freiburg, Germany) on MonoS or MonoQ columns
(GE Healthcare). Protein purification was carried out essentially as described
previously (32). The 6xHis tag was removed by thrombin cleavage after the
Ni-NTA purification step. For the purification of proteins containing the
transmembrane domain, sodium cholate was used for membrane solubilization
and was present at 1.5% in all buffers during the purification procedure.

Atomic force microscopy (AFM)

Coverslips were coated for 1 h with 1 mg/mL BSA (fraction V, protease-free;
Sigma-Aldrich, Taufkirchen, Germany), extensively washed with phos-
phate-buffered saline (PBS; 40 mM sodium phosphate pH 7.3, 150 mM
NaCl) and incubated for 30 min with 5 nm colloidal gold at room temper-
ature. After the coverslips were washed with HPLC-grade water free from
particulate matter (Merck, Darmstadt, Germany), they were dried and imaged
on a NanoScope MultiMode Illa scanning probe microscope (Veeco, Mann-
heim, Germany). The images (1 wm X 1um) were recorded in air with an
RTESP cantilever (Veeco Probes, Mannheim, Germany; tip radius < 10 nm)
in tapping mode.

Preparation of proteoliposomes

Proteoliposomes were prepared essentially as previously described (25).
Briefly, lipids (Avanti Polar Lipids, Alabaster, AL) were mixed in chloro-
form to yield (molar ratios) phosphatidylcholine (5), phosphatidylethanola-
mine (2), phosphatidylserine (1), phosphatidylinositol (1), and cholesterol
(1). The lipid mix for the liposomes used in the docking assay contained 2%
(n/n) 1,2-dioleyl-sn-glycero-3-phosphoethanolamine-N-lissamine Rhoda-
mine B sulfonyl. For preparation of the NBD/Rhodamine-labeled liposomes
used in the fusion assay, 1.5% (n/n) 1,2-dioleyl-sn-glycero-3-phosphoeth-
anolamine-N-lissamine Rhodamine B sulfonyl, 1.5% (n/n) 1,2-dioleyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl), and
17% (n/n) phosphatidylethanolamine were used instead of 20% (n/n). After
drying, the liposomes were resuspended in 20 mM Hepes/KOH pH 7.4, 100
mM KCl, 5 mM dithiothreitol, and 5% (w/v) sodium cholate at a total lipid
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concentration of 13.5 mM. SNARE proteins in 1.5% sodium cholate were
added to yield a lipid/protein molar ratio of 160:1.

Liposomes were formed via detergent removal on a G-25 superfine Se-
phadex (GE Healthcare) column equilibrated either in PBS for the liposome
docking assay or in 20 mM Hepes pH 7.4, 140 mM KClI for the liposome
fusion assay by using a sample/column volume ratio of 1:30. Liposomes for
the docking assay were diluted 1:20 in PBS and snap-frozen in liquid ni-
trogen. After thawing, they were kept on ice and not frozen again. Liposomes
for the fusion assay were prepared fresh each time, kept on ice, and used
undiluted.

Liposome fusion assay

Fusion of liposomes was measured by fluorescence dequenching at 30°C in a
FluoroMax II fluorometer (HORIBA Jobin Yvon, Edison, NJ) essentially as
previously described (25). Unlabeled syntaxin (aal83-288) liposomes were
mixed with equal amounts of synaptobrevin-containing liposomes labeled
with NBD/Rhodamine in a total volume of 30 ul (final buffer concentrations:
20 mM Hepes/KOH pH 7.4, 140 mM KCl). The final lipid concentration was
~0.3 mM. Fluorescence dequenching was measured using 460 nm for ex-
citation and 538 nm for emission. Fluorescence intensities were normalized
to the initial fluorescence intensity.

Liposome binding assay

Glass coverslips (12 mm diameter) were sonicated for 10 min in 2%
Hellmanex II (Helma, Miillheim, Germany) in an ultrasound bath, washed
extensively, and sonicated in water for another 10 min. Then the water was
exchanged with 100% methanol and the coverslips were sonicated again for
10 min to remove the remaining traces of Hellmanex detergent. Methanol
was washed away with water and the coverslips were dried for 3 h at 80°C or
overnight at 50°C. For coating, each coverslip was incubated with a 120 ul
drop of 1% bovine serum albumin (BSA) in PBS, ensuring compete coverage
of the surface. After 1 h at room temperature, the coverslips were rinsed
extensively. Next, a 120 ul drop of colloidal gold suspension (5-nm particle
size; BB International, Cardiff, UK) was placed on the coverslip and incu-
bated for 30 min. To ensure binding of the gold particles, complete removal
of nonadsorbed BSA in the preceding rinsing steps was essential. Then the
coverslips were washed with PBS and incubated with 0.7 mg/mL syntaxin
(H3 domain containing a C-terminal cysteine) at 37°C for 2 h (standard assay
conditions) unless indicated otherwise. The coverslips were rinsed again with
PBS and then used in the binding assay.

For liposome binding, the coverslips were placed upside down on a
drop with synaptobrevin-containing liposomes diluted 1:20 in PBS con-
taining 1 mg/mL and SNAP2S5 or its mutants/homologs at a final con-
centration of 1 mg/mL. Unless indicated otherwise, incubation was carried
out for 15 min at room temperature (standard assay conditions). The
coverslips were then washed with PBS, incubated for 5 min with green
fluorescent beads (200 nm, 2% solids diluted 1:10,000 in PBS; Molecular
Probes) as markers for adjusting the focal plane. Coverslips were imaged
on a Zeiss Axiovert 200M fluorescence microscope (Carl Zeiss, Oberko-
chen, Germany) with a 1.4 numerical aperture 63X objective and appro-
priate filter sets. For each experiment, two coverslips were analyzed in
parallel, three images per coverslip were obtained, and the average of the
six values was calculated.

RESULTS

Exocytosis of synaptic vesicles involves the SNARE syn-
aptobrevin (VAMP) located in the membrane of the synaptic
vesicle, and the SNARESs syntaxin 1 and SNAP-25 located in
the presynaptic plasma membrane. To study the role of these
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SNARE:s in vesicle docking in a reduced in vitro system, we
developed an assay that enables one to monitor the binding of
liposomes reconstituted with purified synaptobrevin to a
planar surface containing immobilized syntaxin. The planar
surfaces to be used in such assays need to meet several re-
quirements, including low nonspecific binding of liposomes
and a cross-linking chemistry for immobilization that leaves
the SNARE motif free to interact with the partner SNARE:s.
After screening a variety of approaches, we resorted to cov-
erslips coated with colloidal gold as solid support. The sur-
face of gold particles is negatively charged, and proteins can
be firmly attached to gold via cysteine side chains; however,
noncovalent hydrophobic and ionic interaction may also
contribute to binding (33). For deposition of colloidal gold on
glass surface, the coverslips were first coated with BSA (see
Materials and Methods). Analysis of the resulting surface
with AFM revealed a dense monolayer of individual, mostly
nonaggregated gold particles (Fig. 1).

The principle for the vesicle binding assay is depicted in
Fig. 2 A. Coated coverslips were placed on top of a drop of
salt solution containing synaptobrevin liposomes that were
labeled with the fluorescent dye Rhodamine. At the end of the
reaction, the solution was washed off and the amount of
liposomes bound per area was quantitated by fluorescence
microscopy. As shown in Fig. 2 B, liposomes (visible as
individual fluorescent dots) were randomly scattered on the
surface. When SNAP-25 was present during the incubation,
the number of bound liposomes was significantly increased,
indicating that efficient binding requires the presence of a full
complement of SNARESs and thus involves the formation of
SNARE complexes.

As discussed above, it is essential to differentiate between
specific and nonspecific binding in such assays. Therefore,
we investigated both surface treatment and incubation con-
ditions in a systematic manner. When the gold surface was
left untreated, a high degree of nonspecific binding was ob-
served (Fig. 3 A). This may be due to an ionic interaction
between synaptobrevin (exhibiting an overall positive
charge) with the negatively charged colloidal gold, since
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FIGURE 1 Imaging by AFM of glass coverslips coated with BSA alone
(right panel) or with BSA and 5 nm colloidal gold (left panel). The images
were recorded in tapping mode and represent the height range in false colors
with maximal height of 10 nm (brightness scale on the right). Notice that
gold particles appear slightly bigger than their actual size of 5 nm due to the
resolution limits of the cantilever. Scale bar = 100 nm.
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FIGURE 2 Docking of liposomes reconstituted with synaptobrevin to
immobilized syntaxin is dependent on the presence of SNAP-25. (A)
Cartoon showing the experimental setup of the SNARE-mediated docking
assay used in this study. (B) Typical fluorescent image of synaptobrevin
liposomes docked to syntaxin-coated coverslips in the absence (left panel) or
presence (right panel) of SNAP-25. The experiment was carried out under
standard assay conditions (see Materials and Methods for details).

syntaxin-containing liposomes do not show such pronounced
unspecific binding (data not shown). Treatment of the surface
with BSA, which is known to bind to colloidal gold, reduced
the unspecific binding. Furthermore, nonspecific binding was
reduced in the presence of SNAP-25, probably due to addi-
tional surface shielding. When the gold surface was first re-
acted with a fragment of syntaxin encompassing the SNARE
motif, binding was dependent on the presence of SNAP-25. It
is interesting that SNAP-25-dependent binding was also ob-
served when a cysteine-free variant of syntaxin was used,
which suggests that adsorption of syntaxin by noncovalent
interactions does not interfere with its ability to engage in

Vites et al.

SNARE complexes. Under these conditions, however, back-
ground binding was higher (Fig. 3 A). Binding increased over
time (Fig. 3 B). Similarly, a SNAP-25-dependent increase in
bound liposomes was observed when the entire cytoplasmic
domain was used instead of the H3 domain, but the degree of
binding was considerably lower (Fig. 3 C), probably because
of the well-known inhibitory effect of the N-terminal Habc
domain on SNARE complex formation (34). In all subse-
quent experiments, for immobilization we used the fragment
of syntaxin that contained the SNARE motif plus C-termi-
nally attached cysteine (H3-Cys), and incubation with lipo-
somes was carried out for 15 min (standard assay conditions).

To confirm that docking depends on interaction between
SNARE proteins, we performed competition experiments
with soluble variants of syntaxin 1 and synaptobrevin 2 (Fig.
4 A). Micromolar amounts of either syntaxin or synaptobrevin
were sufficient to decrease the binding to background levels.
Moreover, soluble fragments of noncognate synaptobrevin
homologs, such as cellubrevin, endobrevin, VAMP4, and
VAMP7, were capable of competition at concentrations com-
parable to that of synaptobrevin but with different potencies,
with VAMP7 being the weakest binding inhibitor and endo-
brevin the strongest (Fig. 4 B). VAMP7 is the most distantly
related synaptobrevin homolog of the four R-SNARE:S tested,
suggesting a certain degree of preference for cognate
SNARE:S.

As discussed in the Introduction, syntaxin 1 and SNAP-25
are capable of forming a binary complex at a 2:1 stoichi-
ometry. This complex is also represented by a four-helix
bundle, which is structurally similar to the fully assembled
SNARE complex (35,36) but significantly less stable (37),
and is not capable of fusing liposomes (C. Schuette, per-
sonal communication, 2003). Thus, we sought to determine
whether this complex is capable of mediating liposome
docking. For this purpose, we incorporated syntaxin-H3 con-
taining its transmembrane domain into liposomes and measured
binding in parallel to synaptobrevin-containing liposomes.
As shown in Fig. 5 A, no binding was observed over back-
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FIGURE 3 (A) Binding of synaptobrevin liposomes to colloidal gold-coated coverslips that were preincubated as indicated (standard assay conditions, see
Materials and Methods for details). (H3) syntaxin fragment encompassing the SNARE motif (syX;g0.262); (H3-Cys) as before but with an additional cysteine in
position 263 (n = 2, bars indicate range of values). (B and C) Time dependence of the binding of synaptobrevin liposomes to surfaces coated with either
SNARE domain only (B, H3) or with full-length soluble syntaxin (C, syx) in the absence or presence of SNAP-25 (SN25).
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FIGURE 4 Competition by soluble
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ground, suggesting that the binary complex is not sufficient
to achieve stable liposome docking. Similarly, no binding
was observed when the coverslips were preincubated with
excess SNAP-25, and SNAP-25 was left out during the sub-
sequent liposome incubation. These results, together with
the fact that SNAP-25 was used in excess in the first exper-
iment, show that the lack of binding cannot be explained by
a saturation of binding sites on the liposomes due to the
formation of inactive 2:1 complexes between syntaxin and
SNAP-25.

The light chains of botulinum neurotoxins are metallo-
endoproteases that specifically cleave synaptic SNAREs.
These toxins cannot cleave SNAREs when they are fully
assembled. Two of them, botulinum neurotoxin (BoNT) A
and E, act on SNAP-25. BoNT A cleaves between positions
197 and 198, resulting in the deletion of nine amino acids
involved in the formation of the two C-terminal layers in the
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membrane protein 7 (n = 2, bars indi-
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SNARE complex. BoNT E cleaves between residues 180 and
181 next to the +2 layer (38). In intact synapses, poisoning
with BoNT A can be partially rescued by elevation of intra-
cellular calcium concentration (39,40), showing that the
function of the SNARE complex in fusion is impaired but not
abolished. Correspondingly, the SNAP-25 fragment arising
from cleavage with BoNT A forms a stable SNARE complex.
In contrast, BONT/E fragments are no longer capable of
forming stable complexes, and BoNT/E poisoning cannot be
rescued (41). However, it is unclear whether these fragments
are still capable of interacting with their partner SNAREs in a
manner that may stabilize docking but may be insufficient for
fusion. We therefore expressed and purified SNAP-25 frag-
ments corresponding to the BoONT/A and BoNT/E cleavage
products and tested them for their ability to support lipo-
some docking. Only the BoNT/A fragment (SNAP-25,_197)
(and not the BoNT/E fragment [SNAP-25,_;50]) was able to

FIGURE 5 Binary complexes be-
tween SNAP-25 and syntaxin, or sub-
stitution of SNAP-25 with SNAP-23,
are unable to dock liposomes. (A) Dock-
ing of liposomes containing N-termi-
nally truncated syntaxin (syXjgz.ogg) in
comparison with liposomes containing
synaptobrevin. SNAP-25 was either
added in solution (/eft), or the coverslips
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min, followed by washing. (B) Docking
of synaptobrevin liposomes in the pres-
ence of full-length SNAP-25, the BONT/
A fragment of SNAP-25 (SN25;_197),
the BoNT/E-fragment of SNAP-25
(SN25,_1g0), or SNAP-23. (For A and
B, n 2 and bars indicate range of
values.) (C) Formation of ternary
SNARE complexes (TC) between
SNAP-25 and SNAP23 (SN) in solu-
tion, monitored by the appearance of
high-molecular-weight bands in SDS-
PAGE, indicating SDS-resistance typi-
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cal of SNARE complexes. (D) Fusion of
liposomes containing synaptobrevin
and a truncated variant of syntaxin 1

(syX1g3.288) mediated by SNAP-25 or SNAP-23. Fusion was monitored using a standard dequenching assay (see Materials and Methods). All binding
experiments were normalized to the binding of synaptobrevin-containing liposomes in the presence of SNAP-25 under standard assay conditions.)
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promote liposome docking (Fig. 5 B). We also tested whether
light chains of neurotoxins cleaving synaptobrevin (BoNT/D
and tetanus toxin) were able to detach bound liposomes.
These toxins are known to cleave free synaptobrevin and
probably also loose trans-complexes (42). Accordingly,
preincubation of liposomes with either of the toxins prevents
binding. However, no dissociation of bound liposomes was
observed even after extended toxin treatment (not shown).

We then tested whether SNAP-25 can be substituted by
SNAP-23, a ubiquitously expressed SNAP-25 homolog in-
volved in constitutive nonregulated fusion. In chromaffin
cells, it has been shown that SNAP-23 can substitute for
SNAP-25 in calcium-triggered exocytosis, but with reduced
efficiency (29). As shown in Fig. 5 B, no docking above
background was observed under these conditions. Neither a
prolonged incubation time of 1 h nor preincubation of syn-
taxin-coated coverslips with SNAP-23 resulted in binding
significantly higher then background (not shown). Contrary
to this, incubation of SNAP-23 with synaptobrevin 2 and
syntaxin 1 in solution yielded an SDS-resistant SNARE
complex that formed with kinetics similar to that formed in
the presence of SNAP-25 (Fig. 5 C, and data not shown).
Additionally, SNAP-23 supported fusion between synapto-
brevin and H3-containing liposome, although with a slower
kinetics than SNAP-25 (Fig. 5 D). Together, these experi-
ments suggest that the reduced efficiency of SNAP-23 is
primarily due to an impaired nucleation or to a reduced sta-
bility of the frans-complex that forms before the fusion re-
action is carried out (see Discussion).

In the final series of experiments, we investigated whether
docking, as measured in our assay, requires formation of a
trans-complex that nucleates at the N-terminal end of the
SNARE motif, as predicted by the zipper hypothesis. It was
recently shown that in both solution and liposome fusion,
synaptobrevin binding is greatly accelerated if a preassem-
bled acceptor complex of syntaxin and SNAP-25 is present
that exhibits a free N-terminal binding site for synaptobrevin
(15). To prevent binding of a second syntaxin, a SNARE
complex was formed that contained an N-terminally truncated
synaptobrevin, allowing full-length synaptobrevin to bind
with fast kinetics and subsequently displace the fragment
(15). In view of these results, we investigated whether the
trans-complex that mediates liposome docking follows the
same assembly mechanism. We preformed SNARE com-
plexes on coverslips with different C- and N-terminal syn-
aptobrevin truncations and investigated liposome docking
(Fig. 6). As expected, the preformed complex containing full-
length synaptobrevin (second column) completely prevented
liposome docking (first column). The C-terminal fragment
sbryg_gg (fifth column), which has been shown to increase the
rates of assembly and liposome fusion by orders of magnitude
(15), increased liposome binding almost 10-fold. In contrast,
C-terminally truncated synaptobrevin fragments (sbr;_g3 and
sbry_gs, second and third columns) led to reduced binding,
which nevertheless was still higher than that observed when
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FIGURE 6 Docking of synaptobrevin liposomes to immobilized preas-
sembled complexes containing syntaxin (SyX;so.oe2cys = H3-Cys), SNAP-
25, and fragments of synaptobrevin that are either C- or N-terminally
truncated as indicated (n = 2, bars indicate range of values).

the binding site was blocked with full-length synaptobrevin,
again corresponding to the findings made in assembly and
fusion assays (15). Taken together, these results indicate that
liposome docking is mediated by a trans-SNARE complex
that nucleates at the N-terminal end, and thus further support
the zipper hypothesis of SNARE function.

DISCUSSION

In the study presented here we have shown that SNARE as-
sembly results in the binding of vesicles if one of the SNARE
partners is immobilized on a solid support. Using the neuronal
SNAREs as an example, our data show that docking re-
quires the formation of a trans-complex that is initiated at the
N-terminal end, in accordance with the zipper model of
SNARE function. Furthermore, our data show that docking,
similarly to in vitro assembly and fusion, displays a certain
degree of promiscuity, although some of the tested noncognate
SNARE:S are less efficient in competing or substituting for the
cognate neuronal SNARESs.

As discussed in the Introduction, the extent to which
SNARE proteins contribute to vesicle attachment before fu-
sion is still a matter of controversy. In neurons and neuroen-
docrine cells, the number of vesicles present in active zones is
increased rather than decreased upon SNARE cleavage by
clostridial neurotoxins (see Neale et al. (43) and references
therein), suggesting that at least in these specialized cell types,
vesicle docking is mediated primarily by other, still unknown
factors. On the other hand, it is possible that in neurons
SNARE assembly may contribute to the residence time of a
vesicle in an active zone. Evidence for dynamic exchange of
docked vesicles in the absence of exocytosis was recently
obtained for the neuromuscular junction (44). In nonregulated
fusion events, there is no evidence for accumulation of docked
vesicles, which suggests that SNARE assembly, once estab-
lished, normally proceeds toward full fusion.

Our data provide a new experimental approach toward the
study of trans-SNARE complexes. Although formation of
trans-complexes in conjunction with SNARE-mediated
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docking of liposomes (21) or to supported bilayers (28) has
been described previously, to our knowledge this is the first in
vitro system that clearly demonstrates the requirement of all
three neuronal SNAREs for SNARE-mediated attachment of
vesicles, as expected for a SNARE-dependent step leading to
fusion. In our assay, the vesicles are frozen in a docked state
because they cannot proceed to fusion as a result of the ab-
sence of the second membrane. Whereas the structure of
these trans-complexes remains to be established, some con-
clusions can be drawn. First, synaptobrevin is expected to be
bent and probably strained, thus resembling the status ex-
pected from a docked vesicle engaged in trans-SNARE in-
teractions. In contrast, syntaxin, while being linked to the
gold surface at the C-terminal end with a sulfur-mediated
dative bond of a strength resembling covalent bonds (33),
may also be adsorbed via noncovalent forces. This view is
supported by the fact that vesicle docking is also observed
when there is no C-terminal cysteine. Thus, syntaxin and the
trans-complex may be bound to the gold surface over part or
even the entire length of the SNARE motifs. Consequently,
we cannot exclude the possibility that despite oriented at-
tachment via the terminal cysteine, the SNARE motif is
conformationally constrained due to extended surface con-
tact, although it is evidently still capable of engaging in
SNARE complexes. Since the concentration of syntaxin on
the coverslip surface is probably high, both 1:1 and 2:1
complexes form after the addition of SNAP-25, with syn-
aptobrevin binding nucleating at the N-terminal end of these
acceptor complexes (14). Second, complete zippering is not
needed for vesicle docking, although we do not know at
present to which of the interacting layers the assembly pro-
ceeds during vesicle docking. C-terminal truncation of
SNAP-25 by nine amino acids still results in vesicle docking,
although the two C-terminal layers cannot form anymore.
Further shortening of SNAP-25 then results in the loss of
binding, suggesting that zippering must proceed beyond the
““0”’ layer for stable binding. These conclusions are still
preliminary, and our assay may be useful in mapping the
required regions more precisely using site-directed muta-
genesis.

Third, docking of liposomes strictly requires all three
SNARE molecules: syntaxin, synaptobrevin, and SNAP-25.
No docking was observed when syntaxin instead of syn-
aptobrevin was present in the liposome membrane. Although
it is difficult to completely exclude the possibility that SNAP-
25 bound to both vesicular and surface-bound syntaxin in our
experiments, it appears that the binary 2:1 complex between
syntaxin and SNAP-25, although rather stable in vitro (37),
does not provide sufficient strength for docking. Since the
stability of the binary complex is lower than the stability of
the ternary complex as measured by melting temperature and
SDS sensitivity, this observation suggests that docking, as
monitored by our assay, is (at least initially) reversible and
depends on the strength of the interaction between the
bridging molecules. Furthermore, omission of SNAP-25
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from the assay, competition with soluble synaptobrevin or
syntaxin, or cleavage of synaptobrevin on liposomes with
toxins reduces liposome binding to background levels. Since
our assay has a low time resolution, and no monitoring of
single vesicles was performed, we cannot exclude the pos-
sibility that some short-lived SNARE-dependent interactions
occurred. This may explain the differences between our ob-
servations and those of others who measured SNARE-
dependent vesicle interactions with planar membranes
(21,27,28). The fact that no docking is observed in the ab-
sence of SNAP-25 agrees with the finding that without
SNAP-25, syntaxin and synaptobrevin do not interact with
each other in solution (32).

Our findings agree with the notion that a partially zippered
trans-complex forms a metastable intermediate during fu-
sion, which may represent an energy minimum in the reaction
path toward fusion. The fact that SNAP-23 cannot substitute
for SNAP-25 in docking, although complexes formed in vitro
with neuronal SNARESs exhibit similar thermal stability (D.
Fasshauer, personal communication, 2003), suggests that the
interactions within the trans-complex are considerably
weaker, exposing differences between SNARESs that are not
obvious in the thermodynamic properties of fully assembled
complexes. However, the findings agree well with the ob-
servation that in contrast to SNAP-25, SNAP-23 is not able to
fully rescue exocytosis in chromaffin cells derived from
SNAP-25 deficient mice. In fact, the lack of an exocytotic
burst is explained by a high depriming rate of SNAP-23
complexes that may be due to a higher dissociation constant
of the complex in #rans configuration (29).
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