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The septin Sept5/CDCrel-1 competes with α-SNAP for binding
to the SNARE complex
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SNARE (soluble N-ethylmaleimide-sensitive fusion protein at-
tachment protein receptor) proteins are supposed to mediate the
docking and/or fusion of the vesicle with the plasma membrane.
However, it is not clearly understood how this process is regu-
lated. In a search for potential SNARE regulators, we recently
identified septin 5 (Sept5) as a novel SNARE interacting protein.
Septins were first identified as filamentous proteins required for
cytokinesis in yeast. Several septins have now been identified in
mammals but little is known about their functions. We have pre-
viously shown that Sept5 is predominantly expressed in the brain,
where it associates with vesicles and membranes through its inter-
action with the SNARE domain of syntaxin 1A. Furthermore,

Sept5 appears to inhibit exocytosis, possibly by regulating vesicle
targeting and/or fusion events. To gain insight into the role of
Sept5, we have mapped the Sept5 domains important for syntaxin
binding. We also investigated the ability of Sept5 to bind to syn-
taxin when in various protein complexes. Although Sept5 cannot
bind an nSec1–syntaxin complex, it can bind syntaxin in a SNARE
complex. This interaction is occluded by the binding of α-SNAP,
suggesting that Sept5 may regulate the availability of SNARE
proteins through its interaction with syntaxin and the 7 S complex.

Key words: docking, filament, membrane fusion, secretion, septin,
SNARE complex.

INTRODUCTION

During the exocytosis of synaptic vesicles at the nerve terminal a
host of presynaptic proteins ultimately interact to allow release of
neurotransmitters into the synaptic cleft. Proteins found both on
the vesicle and the presynaptic membrane, called SNAREs (sol-
uble N-ethylmaleimide-sensitive fusion protein attachment pro-
tein receptors), are supposed to be the mediators of vesicle
fusion and are the central players in the SNARE hypothesis [1].
The SNARE hypothesis was first formulated in 1993 to describe
a general model of vesicle targeting and fusion [2]. The current
version of the SNARE hypothesis suggests that a VAMP (vesicle-
associated membrane protein) or vesicle (v)-SNARE associates
with its cognate target membrane (t)-SNARE, SNAP-25 (synapto-
some-associated protein of 25 kDa) and syntaxin, to form a ternary
complex with a sedimentation value of 7 S. These SNAREs, local-
ized on opposing membranes, form a tight connection between
the membranes in a trans conformation, which is proposed to
provide the driving force for membrane fusion. During fusion, the
SNARE transmembrane domains will become aligned in parallel
in a cis configuration on the same membrane. Once membrane
fusion has occurred, this 7 S complex serves as a target for soluble
NSF (N-ethylmaleimide-sensitive fusion protein) through its at-
tachment receptor (SNAP), and together they form a 20 S com-
plex. NSF is an ATPase, whose catalytic activity leads to the
disassembly of the SNARE complex [3], freeing the SNAREs for
subsequent rounds of exocytosis.

Despite the elegance of the SNARE hypothesis, the exact se-
quence of events underlying SNARE-mediated membrane fusion
has not yet been completely elucidated. Recent findings have
suggested that the pairing of vesicle and target membrane pro-
teins may not provide sufficient specificity to regulate docking.
Significant pools of the target membrane proteins SNAP-25 and
syntaxin 1 [4] have also been found on synaptic vesicles,

and while these may simply reflect missorted proteins, their abun-
dance suggests that they may also contribute in some way to the
specificity or regulation of the fusion process. Interestingly, a
recent study has shown that approx. 12% of the syntaxin 1A at
boutons is found in intracellular vesicular compartments, yet this
pool of syntaxin is present on vesicles that are not capable of
evoked release and recycling [5]. Clearly, additional proteins are
probably involved in controlling release properties of distinct
classes of vesicles in the nerve terminal.

We have recently identified Sept5 (previously called CDCrel-1,
see [6] for new nomenclature) in association with components
of the membrane fusion apparatus and showed that it may play
a role in regulating SNARE function [7]. Sequence analysis of
Sept5 reveals that it contains a GTP-binding motif as well as a
predicted coiled-coil domain and is homologous with a family
of filamentous proteins called septins. First identified as possible
components of the 10 nm filaments that surround the mother bud
neck in yeast [8], septin proteins have since been found in a wide
variety of organisms [9–11]. Near their N-termini, these 40–
70 kDa proteins contain a P-loop characteristic of GTP-binding
proteins and most of them also contain sequences near their C-ter-
mini predicted to form coiled-coils. In budding yeast, mutations
in any one of four septins, CDC3, CDC10, CDC11 or CDC12,
causes a failure in cell division, presumably through the absence
of the septin ring at the mother bud neck [12].

In mammals, the septins Sept2 (Nedd5) and Sept9 (MSF) are
concentrated at the cleavage furrow, and the injection of inhibitory
antibodies to Sept2 [13] or to Sept9 [14] led to incomplete cyto-
kinesis, implicating a role for both of these septins in this process.
Similar to their yeast counterparts, vertebrate septins can also
assemble into filaments in vitro [15], although the significance and
the regulation of this filamentous organization are not yet under-
stood. As in yeast, the filaments appear to exist as 8 nm wide
filaments of variable lengths [8].

Abbreviations used: GST, glutathione S-transferase; NSF, N-ethylmaleimide-sensitive fusion protein; SNAP, soluble NSF attachment protein; SNARE,
SNAP receptor; SNAP-25, synaptosome-associated protein of 25 kDa; VAMP, vesicle-associated membrane protein.
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In contrast to their yeast counterparts, few proteins interacting
with mammalian septins have been discovered. Of these, the exo-
cyst complex was reported to precipitate with a mammalian septin
complex [15]. Although a precise role for the mammalian exo-
cyst complex has not yet been elucidated, in yeast this complex
is thought to play a role in late stages of post-Golgi transport by
either acting as a tether for vesicles or by targeting them to sites of
release [16]. Interestingly, the application of dominant-negative
forms of exocyst components impaired neurite outgrowth in PC12
cells [17], as did the overexpression of a dominant-negative form
of Sept2 [18]. In Drosophila it has recently been found that flies
lacking functional copies of Sec5, a component of the exocyst
complex, die as first instar larvae [19]. Trafficking assays also
demonstrated that there was impairment in the addition of newly
synthesized proteins, carried in post-Golgi vesicles, to the plasma
membrane, whereas synaptic transmission, which requires the
fusion of vesicles to the membrane, was unaltered in the Sec5
mutants. This intriguing observation then suggests that although
the exocyst complex may tether or guide vesicles required for cell
growth, it does not play a role in transmitter release. Thus, unlike
yeast secretion, synaptic vesicle fusions may be mediated by
another system of tethers, linking vesicles to the presynaptic mem-
brane.

The only other non-septin interacting partners for mammalian
septins that have been identified thus far are the t-SNARE syntaxin
[7] and the CDC42p effector protein BORG [20]. We have pre-
viously shown, through the purification of synaptic vesicles from
rat brain, that a large fraction of Sept5 co-enriches with syn-
aptic vesicles [7]. Septins have also been shown to co-localize with
synaptic vesicles by both immunofluorescent microscopy [21]
and immunoelectron microscopy [22]. Sept5 is associated with
synaptic vesicles through its interaction with syntaxin. Deletion
analysis of syntaxin has demonstrated that Sept5 binds pre-
dominantly to the H3 coiled-coil region. Interestingly, this is the
region of syntaxin that binds to SNAP-25 and VAMP-2 to form
the docking–fusion complex, implying a role for Sept5 in exo-
cytosis. Indeed, we found that Sept5 inhibited regulated
exocytosis when overexpressed in HIT-T15 cells. Furthermore,
platelet secretion assays using platelets from Sept5NULL mice
resulted in an enhanced platelet secretion response confirming the
hypothesis that Sept5 exerts an inhibitory role in exocytosis [23].
In the present study, we first determine the regions of Sept5
that mediate the binary interaction with syntaxin. We then char-
acterize the ability of Sept5 to bind syntaxin in various protein
complexes involving syntaxin and other components of the
SNARE cycle. Although Sept5 does not bind to an nSec1–syn-
taxin complex, Sept5 can bind to syntaxin alone or when it is part
of the 7 S complex. However, the addition of α-SNAP to the
ternary complex of syntaxin–SNAP-25–VAMP-2 displaces Sept5
suggesting a role for Sept5 before α-SNAP/NSF-mediated
SNARE dissociation.

EXPERIMENTAL

Plasmid construction and protein expression

GST–Sept5 (where GST stands for glutathione S-transferase) en-
compassing residues 1–213 was constructed by digesting the full-
length GST–Sept5 [7] with PmlI and EcoRI. The overlapping end
created by EcoRI digestion was made blunt through the action
of DNA polymerase and the vector was religated. GST–Sept5
(residues 1–60) was digested with AccI and XhoI followed by
ligation. The other truncation mutants of GST–Sept5 (residues
110–213 and residues 235–368) were constructed using PCR fol-
lowed by subcloning into pGEX-KG. Fusion proteins were pre-

pared as described in [24] and affinity purified on glutathione–
agarose beads (Sigma).

Isolation of SNARE and SNAP–SNARE complexes

SNARE and SNAP–SNARE complexes were purified essentially
as described in [25] on GST–α-SNAP columns except that P2 frac-
tions from five frozen rat brains were used.

Glycerol gradient centrifugation of detergent extracts

Detergent solubilized P2 fractions of frozen rat brains or com-
plexes immunoisolated on GST-α-SNAP as described above
were layered on to a 10–35 % (w/v) glycerol gradient in buffer
A (25 mM Hepes/KOH, pH 7.5, 150 mM NaCl, 0.5% Triton
X-100, 1 mM dithiothreitol) plus protease inhibitors (1 mM
PMSF, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 2 mM benzamidine)
and subjected to centrifugation at 207000 g in a SW41 centrifuge
tube (Beckman Coulter, Mississauga, ON, Canada) for 16 h. Frac-
tions of 1 ml were collected from the top. Catalase (11.3 S) and
BSA (4.6 S) were used as sedimentation standards on a parallel
gradient.

In vitro protein-binding assay

For syntaxin-binding studies, GST alone or GST-fusion proteins
(0.1 nmol) bound to glutathione–agarose beads were incubated
at 4 ◦C for 1.5 h with purified soluble recombinant syntaxin
(0.2 nmol) in buffer A but with 0.1% Triton X-100. Beads
were then washed three times in buffer A, but with 0.1 % Triton
X-100. The remaining protein complexes bound to the beads were
then electrophoresed on a 10 % SDS/PAGE gel and detected by
Western blotting using ECL® (Amersham Biosciences).

For GST–Sept5 and either SNAP/SNARE or SNARE-binding
studies, the pooled fractions of the 7 S region of glycerol gradient-
sedimented SNARE or SNAP–SNARE complexes isolated from
a GST–α-SNAP column were incubated with GST alone or GST–
Sept5 (0.5 µM) for 2 h. The beads were then washed three times
in buffer A, and analysed for the presence of VAMP-2, syntaxin
and SNAP-25 by SDS/PAGE and immunoblotting.

For competition studies, GST–Sept5 (0.5 µM) and SNARE
complexes were preincubated for 2 h at 4 ◦C before the addition
of recombinant α-SNAP as indicated (0–5 µM). The mixture was
further incubated for 1 h and the beads were then washed in buffer
A. SNAREs remaining on the GST–Sept5 beads were then re-
solved by SDS/PAGE followed by Western blotting.

Immunoprecipitations

Anti-syntaxin antibodies (3 µl of HPC-1) were prebound to 15 µl
of Protein G–Sepharose beads and incubated with the collected
fractions from the glycerol gradient for 1.5 h in buffer A but with
0.1% Triton X-100 and supplemented with 0.1% BSA and 0.1%
gelatin (buffer B) plus protease inhibitors. The beads were then
washed in buffer B but lacking BSA and gelatin (buffer C) and
subjected to SDS/PAGE and Western-blotting analysis. For nSec1
immunoprecipitations, nSec1 antibodies (7.5 µg; StressGen Bio-
technologies, Victoria, BC, Canada) were preincubated with 30 µl
of Protein A beads in buffer B. Insoluble material from detergent
solubilized P2 fractions was first removed by centrifugation at
18500 g for 15 min and the supernatant (0.5 mg) was incubated
with the anti-nSec1 beads for 1.5 h at 4 ◦C with constant rotation.
The beads were then washed three times in buffer C and
prepared for SDS/PAGE by adding SDS/PAGE loading buffer
supplemented with 10 mM N-ethylmaleimide. Proteins bound to
the beads were resolved by SDS/PAGE followed by Western
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Figure 1 Specific interaction of truncation mutants of Sept5 with syntaxin
in vitro

GST alone or truncation mutants of Sept5 (0.1 nmol) were bound to glutathione–agarose and
incubated with soluble recombinant syntaxin 1A (0.2 nmol). After washing, syntaxin bound
to the various constructs was analysed by SDS/PAGE and immunoblotting with anti-syntaxin
antibodies. Whereas GST alone or GST–Sept5 truncations of residues 1–60 and 110–213 did
not appreciably bind syntaxin, the binding of the N-terminal region of Sept5 to syntaxin is
stronger than that of full-length or C-terminal region of Sept5.

blotting. For Sept5 immunoprecipitation, 5 µg of rabbit anti-
Sept5 was bound to Protein A beads and mixed with 1 mg of de-
tergent solubilized rat brain P2 fraction. Blots were probed with
monoclonal antibodies against syntaxin at 1:7500 (HPC-1),
SNAP-25 at 1:1000 and polyclonal rabbit antibody against
VAMP-2 (1–500).

RESULTS

Specific association of Sept5 and syntaxin

To understand further the molecular interactions that mediate the
formation of Sept5–syntaxin complexes, several Sept5 fusion pro-
teins were constructed (Figure 1). N- and C-terminal deletions
encompassing various domains of Sept5 were constructed and
expressed in bacteria as GST fusion proteins. The GST–Sept5
fusion proteins were immobilized on glutathione beads and the
binding of the cytosolic domain of syntaxin to these constructs
was analysed. Deletion of the N-terminal 235 amino acids of Sept5
did not abolish its binding to syntaxin suggesting that the C-ter-
minal coiled-coil domains may be involved in these interactions.
Surprisingly, proteins lacking the C-terminal 155 amino acids,
which included the coiled-coil domain, were also bound to
syntaxin. Further deletions within this N-terminal region reduced
the binding of syntaxin to levels comparable with the observed
background binding to GST, indicating that the intact GTP-
binding domain is necessary for syntaxin to bind. Indeed, we
had previously shown that the nucleotide-bound state of Sept5
influences binding as point mutations altering the GTP-binding
properties of the protein increased binding to syntaxin [24]. The
binding of syntaxin to both the N- and C-terminal halves of Sept5
indicates that Sept5 must have at least two syntaxin-binding sites.

Sept5 is absent from the nSec1–syntaxin complex

Although these GST-binding assays demonstrate that Sept5 can
bind directly to syntaxin in the absence of other proteins, syntaxin

Figure 2 Sept5 does not associate with the nSec1–syntaxin complex

Detergent extract of rat brain was incubated with anti-nSec1 antibodies (lane 3) or control IgG
(lane 2) as described in the Experimental section. The immunoprecipitated samples as well as
20 µg of the starting material were resolved by SDS/PAGE and immunoblotted with various
antibodies as indicated.

in the nerve terminal is known to be associated with many different
proteins, forming distinct complexes that probably regulate
specific steps in the fusion cycle. We had previously shown that
overexpression of Sept5 blocked secretion [7], suggesting an
effect on the interaction of syntaxin with components of the core
fusion machinery. Structural analyses involving syntaxin 1A frag-
ments have revealed two different structural motifs: a folded three-
helix bundle at the N-terminus and a long α-helix at the C-ter-
minus [26]. These two regions of syntaxin can interact
intramolecularly to form a closed conformation incapable of bind-
ing other SNARE proteins [26]. This closed default conform-
ation of syntaxin, however, is required for its binding to nSec1.
The displacement of nSec1 from syntaxin results in the dissoci-
ation of the syntaxin C-terminus from the N-terminus, permitting
the C-terminal helix to bind SNAP-25 and VAMP-2, thereby form-
ing the 7 S complex. A larger complex of 20 S subsequently forms
through the binding of α-SNAP and NSF to the 7 S complex.
Since the majority of syntaxin in the brain is present in a binary
complex with nSec1 [27], we first asked whether a complex
of Sept5, syntaxin and nSec1 could exist. To test this hypothesis
detergent solubilized synaptosomal membranes were immuno-
precipitated with either anti-nSec1 antibodies or control IgG anti-
body. As shown in Figure 2, the immunoprecipitates revealed
that only syntaxin but not Sept5 co-precipitated with nSec1. Con-
sistent with previous reports [28], neither SNAP-25 nor VAMP-2
was detected in the immunoprecipitates. This indicates that
Sept5–nSec1–syntaxin complexes either do not exist in vivo or
that they are too transient to be observed by immunoprecipi-
tation. Interestingly, no genetic interaction was seen between a
septin yeast mutant cdc12-6 and a mutant of the yeast homologue
of nSec1 (sec1-1), providing further evidence that these proteins
may not interact [29].

Sept5 is found in fractions enriched in SNAREs and α-SNAP

To examine the properties of Sept5 in the brain and determine
which syntaxin containing complexes it can associate with, we
set out to determine where Sept5 fractionates relative to nSec1
and SNARE components on glycerol gradients from brain. To
do this, rat brains were fractionated [7] and LP2 fractions were
isolated. These were then solubilized with Triton X-100, spun
down to remove insoluble material and the resulting supernatant
was layered on a 10–35 % glycerol gradient (Figure 3A). The
samples were then centrifuged at 207000 g for 16 h and 1 ml frac-
tions were collected and prepared for SDS/PAGE. The distri-
butions of several proteins were then visualized by Western
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Figure 3 Sedimentation of SNARE proteins

Rat brain P2 fractions were sedimented on a glycerol gradient (A) and then immunoprecipitated
(B) with anti-syntaxin antibodies or control IgG. Although Sept5 fractionated within the 7 S
region of the gradient-like syntaxin, SNAP-25 and VAMP-2, no Sept5, α-SNAP or nSec1 was
immunoprecipitated with the 7 S complex. The protein markers used were BSA (4.6 S) and
catalase (11.3 S).

blotting. Syntaxin, VAMP-2 and SNAP-25 were found to pre-
dominate in fractions migrating near the 7 S region as reported
previously [28]. nSec1 and Sept5 were found to migrate between
fractions 2 and 6, in the 4.6–11 S region as did α-SNAP (frac-
tions 2 and 5) [30,31]. To determine whether Sept5 associated with
7 S complexes isolated in this manner, anti-syntaxin antibodies
prebound to Protein G beads were incubated with each glycerol
gradient fraction. Since these antibodies can immunoprecipitate
components of the 7 S complex, immunoprecipitations of the
gradient fractions with anti-syntaxin antibodies revealed co-im-
munoprecipitation of SNAP-25 and VAMP-2, whereas Sept5, like
nSec1, was not co-immunoprecipitated (Figure 3B). However,
failure to co-immunoprecipitate Sept5 may be a function of the
binding site of the HPC-1 antibody since it can recognize syntaxin
in 7 S complexes but not when bound to nSec1 or α-SNAP [28].

7 S complexes purified on GST-α-SNAP bind Sept5

Although the immunoprecipitation of the 7 S complex with anti-
syntaxin antibodies suggested that neither nSec1 nor Sept5 was
present in the 7 S complex (Figure 3B), the possibility that the
immunoprecipitation with anti-syntaxin prevented their visual-
ization, as is the case with α-SNAP, prompted us to search for other
evidence that septins interact with the SNARE complex in vivo.
We therefore performed immunoprecipitations using anti-Sept5
antibodies. As shown in Figure 4, Triton X-100 extracts from
rat brain were immunoprecipitated with anti-Sept5 and probed
for VAMP-2, SNAP-25 or syntaxin. The first lane on each blot
represents the lysate sample boiled in Laemmli sample buffer
to break up the SDS-resistant core SNARE complex and the

Figure 4 Core SNARE complexes containing SNAP-25 and syntaxin 1A
co-immunoprecipitate with Sept5

Trition X-100 extracts of rat brain were incubated with anti-Sept5 antibodies bound to Protein A
beads. Immunoprecipitated material was suspended in Laemmli sample buffer and either loaded
directly or boiled (as indicated above each lane). The first two lanes of each blot represent 2 %
of the initial material (input) used for immunoprecipitation. The probing antibody is indicated
to the right of each blot and the bands detected by these antibodies are indicated with arrows.

second lane represents the unboiled sample. The SNARE complex
runs as a series of bands between 70 and 150 kDa. After immuno-
precipitation with anti-Sept5 antibody, syntaxin 1A, SNAP-25 and
VAMP-2 are found in the immunoprecipitates. Since SNAP-25
and VAMP-2 do not bind directly to Sept5 [6], their presence in
the immunoprecipitates is due to the binding to syntaxin.

As further evidence that Sept5 could in fact bind directly to the
7 S SNARE complex, we purified rat brain SNARE complexes
based on their α-SNAP-binding properties, since the core com-
plex of syntaxin, SNAP-25 and VAMP-2 [32] serves as a high-
affinity α-SNAP receptor. Complexes were isolated from rat
brains that were homogenized in high salt buffer to remove endo-
genous α-SNAP from the SNARE complexes. After extraction of
the brain membranes with Triton X-100, GST-α-SNAP fusion
proteins were incubated with the salt-washed and detergent-
solubilized rat brain extract and then affinity purified on gluta-
thione–agarose beads. Purified SNARE complexes bound to
GST–α-SNAP were then eluted from α-SNAP by incubation
with n-octylglucoside in high salt concentrations to release
SNARE complexes. Alternatively, α-SNAP–SNARE complexes
were eluted by incubating the beads with thrombin to cleave the
GST–α-SNAP, eluting purified complexes still bound to α-SNAP
[25]. These two pools were then sedimented on 10–35 % glycerol
gradients and resolved by PAGE. Parallel gradients were run using
catalase (11.3 S) and BSA (4.6 S) as S standard markers. SNARE
complexes (syntaxin, SNAP-25 and VAMP-2) released from the
GST–α-SNAP column by detergent and high salt washes migrated
between fractions 2 and 6, at the 7 S region (Figure 5A). How-
ever, in the presence of α-SNAP, the SNAP–SNARE complex
was more dense and sedimented to fractions 3–8 (Figure 5B).
Excess free α-SNAP was also eluted from these beads and is pre-
dominantly found in fractions 2–5. Of note, Sept5 did not purify by
affinity chromatography on a GST–α-SNAP column suggesting
(i) that Sept5 does not bind the SNARE complex, (ii) that the
initial preparative salt wash to remove endogenous α-SNAP had
also extracted Sept5 or (iii) that the SNARE complexes con-
taining Sept5 cannot be purified through a GST–α-SNAP column.
To determine if SNARE or SNAP–SNARE complexes can bind
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Figure 5 SNAREs but not SNAP–SNAREs associate with Sept5

GST-α-SNAP immobilized on glutathione–agarose beads were incubated with salt-washed
detergent extracts of rat brain and washed to remove unbound material. Precipitated complexes
still bound to beads were then either released by incubating with high salt and detergent
(A) to yield pure SNARE complexes or thrombin cleaved to yield SNARE complexes bound to
α-SNAP (B). These complexes were then sedimented on a glycerol gradient and analysed by
SDS/PAGE and immunoblotting with the indicated antibodies. To determine whether Sept5 can
bind to 7 S complexes in the absence of α-SNAP, the 7 S region of the gradients containing
either pure SNAREs (C) or SNAP–SNAREs (D) were incubated with GST–Sept5 as described
in the Experimental section. Whereas SNAREs bound to α-SNAP could not bind GST–Sept5
(D), the absence of α-SNAP allows SNAREs to bind GST–Sept5 (C). The last panel in blot
(C) was overexposed to show that no α-SNAP was present. Neither complexes bound GST
alone. Results in each panel are representative of three independent experiments.

Sept5, we first incubated SNARE or SNAP–SNARE fractions
from the above glycerol gradients with either GST–Sept5 fusion
proteins or GST alone as a control. Interestingly, SNARE
complexes lacking α-SNAP (Figure 5C) bound directly to Sept5
but not to GST alone. However, the presence of α-SNAP on these
complexes prevented this binding, as shown by the lack of syn-
taxin, VAMP-2 or SNAP-25 in the GST–Sept5 lane (Figure 5D).

α-SNAP displaces the 7 S complex from Sept5

The failure to observe binding of the SNAP–SNARE complex
to Sept5 suggested that α-SNAP may occlude the binding site of
Sept5 on syntaxin. To examine this further, we measured the abil-
ity of α-SNAP to displace SNARE complexes previously bound
to GST–Sept5. GST–Sept5–SNARE complexes were mixed with
increasing concentrations of recombinant α-SNAP, and the re-
maining amount of SNARE complexes bound was measured by
the presence of VAMP-2 remaining on the bead. As shown in Fig-
ure 6, SNARE complexes were readily released from GST–Sept5
as added α-SNAP bound to the SNARE complex. No binding of α-
SNAP to GST–Sept5 was detected (results not shown; Figure 5).
The results of three independent experiments are shown in
graphical form (Figure 6B). Together, these results imply that the
Sept5-binding site on syntaxin overlaps with the α-SNAP-bind-
ing site but not with those of VAMP-2 or SNAP-25. Since this
site is also the one recognized by HPC-1, this probably explains
the failure to detect Sept5 in the HPC-1 immunoprecipitates
of glycerol gradient fractions (Figure 3B). Furthermore, Sept5
would have been excluded from the α-SNAP purified SNARE
complexes (Figure 5) as was the case.

Figure 6 SNARE complexes are released from Sept5 in the presence of
α-SNAP

SNARE complexes immobilized on GST–Sept5 glutathione–agarose beads were incubated
with increasing concentrations of recombinant α-SNAP. SNARE complexes remaining bound
to GST–Sept5 were then detected by resolving the material on SDS/PAGE followed by
immunoblotting with anti-VAMP-2 antibodies to detect the presence of the SNARE complex
(A). The values expressed as percentages in (B) are quantifications of the blots from three
independent experiments, where 100 % VAMP-2 bound represents the amount bound in the
absence of α-SNAP.

DISCUSSION

In mammals, Sept5 is predominantly expressed in the brain in
post-mitotic neurons [33], suggesting that it is involved in mech-
anisms other than cytokinesis. In the mouse brain, Sept5 is expres-
sed in presynaptic axon terminals where it is densely distributed
near synaptic vesicles [22]. Indeed, we have previously shown
that Sept5 co-purifies with synaptic vesicles and is associated with
them because of its direct interaction with the t-SNARE syntaxin.
In the present study, we have used a combination of biochemical
approaches to characterize this interaction in detail since syntaxin
exists, in vivo, as part of a larger complex involved in exocytosis.
Our results show that monomeric syntaxin is not the only binding
partner for Sept5, it also binds to the ternary SNARE complex
composed of syntaxin, SNAP-25 and VAMP-2. Moreover, Sept5
is capable of discriminating between different SNARE com-
plexes: the addition of α-SNAP to the 7 S complex causes the
displacement of the ternary complex from Sept5. Interestingly,
the binding sites for Sept5 as well as those of VAMP-2,
SNAP-25 and α-SNAP are all located within the H3 coiled-coil
region of syntaxin. Deletion mutagenesis of Sept5 revealed that,
unlike SNAP-25 and VAMP-2, the coiled-coil region is not solely
responsible for its binding to syntaxin. The interaction of
αSNAP with the SNARE complex is largely through electrostatic
interactions [34] and Sept5 may bind by similar means. The fact
that syntaxin bound to both ends of Sept5, including the N-ter-
minal portion encompassing the GTP-binding region, correlates
with our previous observation that syntaxin binding was affected
by the nucleotide-bound state of Sept5 [24]. Interestingly, yeast
two-hybrid analysis of SPR28p interactions, a sporulation-
specific septin in yeast, showed that the binding of this protein with
other septins (Spr3p and Ccd11p) appeared to be independent of
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Figure 7 Models for Sept5 organization and role in secretion

(A) Septins may act as molecular tethers. By binding to 7 S complexes both on the vesicle and
the plasma membrane, Sept5 and associated septins (��) can physically restrict the movement
of vesicles towards the membrane. (B) Septins may create a physical barrier to the membrane.
Alternatively, septins may form networks parallel to the membrane demarcating inactive zones
where SNAREs are incompetent for fusion. (C) α-SNAP displaces the septins. In either scenario,
α-SNAP can then displace Sept5 from the 7 S complex, priming the SNAREs for fusion. The
formation of trans complexes would then lead to exocytosis.

the C-terminal coiled-coil regions [35], whereas yeast two-hybrid
analyses of the Drosophila septins using truncated constructs of
Pnut, Sep1 and Sep2 revealed that interactions between specific
septin pairs could be mediated by either N-terminal interactions
(Sep1–Sep2) and C-terminal interactions (Sep2–Sep2) or a com-
bination of N- and C-terminal-binding interactions (Sep2–Pnut)
[36].

The observation that both ends of Sept5 can bind syntaxin
suggests that this septin may play an important role in vesicle
dynamics through its interaction with syntaxin. We have pre-
viously shown that Sept5 inhibits secretion [7] and although Sept5
binds to SNAREs it is unlikely that it is involved in the assembly
of the ternary complex. However, Sept5 may recruit other late
acting proteins necessary for exocytosis to the fusion site. This
role for septins as local concentrating factors has been suggested
in yeast, where septins localize factors required for morphogenesis
(Spa2p) and exocytosis (Sec3p and Sec5p), maintain actin patches
[37] and serve as a template for a contractile ring of F-actin and
myosin II [38].

In view of the fact that septin proteins are capable of forming
filaments in vitro [15,39,40], an alternative possibility is that mam-
malian septins may play a negative role in secretion in one of two
ways. In one way, septin filaments could tether vesicles away from
the plasma membrane, holding vesicles in reserve by physically
restricting their movements and preventing the fusion of the
vesicle lipid bilayer to the presynaptic membrane (Figure 7A). It
is noteworthy that Sept5 co-localizes with the t-SNARE syntaxin
in PC12 cells [7] and immunogold labelling [22] of mice brain
terminals reveals the presence of Sept5 around synaptic vesicles
near the presynaptic terminals. Additionally, quick-freeze deep-
etch electron microscopy studies of the presynaptic terminal has
revealed filament-like strands linking vesicles to each other as
well as strands between synaptic vesicles and plasma membrane
[41] that remain unidentified. Septins are attractive candidates for
the protein composition of these filaments. In studies involving the

giant synaptic terminals of goldfish retinal bipolar neurons, newly
arrived vesicles from the reserve pools stopped approx. 20 nm
away from the cell membrane [42] suggesting that these vesicles
were physically restricted from the plasma membrane. Inter-
estingly, septin filaments isolated from rat brain have a subunit
size of 8.25 nm and filament lengths in multiples of 25 nm [15].
Since ternary complexes can be found both in the presynaptic
membrane and in the membranes of synaptic vesicles [43], Sept5
could bridge the space between vesicle and plasma membrane, by
forming filaments and binding to 7 S complexes, thereby confin-
ing the movement of the vesicle until the proper releasing signal
occurs. Interestingly, two SNARE family members have recently
been identified in the mid-body of mammalian cells during
cytokinesis: syntaxin 2 and VAMP-8 [44]. Since septins have
also been identified in the mid-body region during cell division
[14,24] and since Sept5 preferentially binds to syntaxins 1 and
2 but not to 3 or 4 [7], it is conceivable that the septin–syntaxin
interaction during cytokinesis regulates the delivery, or fusion, of
vesicles at the membrane, necessary for eventual cell separation.

An alternative version would describe Sept5 as a protein that
could physically restrict the fusion of lipid bilayers by creating
a grid-like barrier along the plasma membrane, preventing the
access of vesicles to specific domains on the plasmalemma (Fig-
ure 7B). In a recent study using chromaffin cells, the movement
of granules towards and away from the plasma membrane was
analysed [45]. As granules approached the membrane, they moved
more slowly. This restriction in movement was neither due to the
actin cytoskeleton nor to VAMP-2 or SNAP-25, since treatment
of the cells with Latrunculin A, tetanus toxin or botulinum toxin
respectively caused little change in the restricted motion of gran-
ules approaching the plasma membrane. Such septin filaments
may also play a role in determining the ‘non-active’ zones of the
plasmalemma.

Given the recent results of Mitchell and Ryan [5], who showed
that intracellular syntaxin is not localized in actively recycling
vesicles, this latter possibility seems more probable, although
the septin filaments could serve to exclude vesicles containing
syntaxin from the recycling pool. In either case, since α-SNAP can
displace Sept5, this displacement could be linked to the ‘priming’
step that may precede vesicle docking. Displacement of Sept5 by
α-SNAP would then allow binding of NSF, and the subsequent
dissociation of the cis 7 S complexes on the vesicle and membrane
(Figure 7C). The dissociated and thus primed SNAREs would
then be capable of forming trans SNARE complexes between the
vesicle and the membrane that would result in membrane fusion.

In summary, these results provide new insight into the role of
Sept5 in exocytosis. Given the diversity in the pattern of expres-
sion of eukaryotic septins, these proteins probably regulate events
of vesicle exocytosis not only in neuronal cells but also in various
cell types. Recently, it has been suggested that animal cytokinesis,
very much similar to plant cell division, may occur through the
transport of vesicles to the intercellular canal where they could
fuse and thus separate mother and daughter cells [46,47]. The
presence of both septins [13,48,49] and syntaxins [44] at areas of
cleavage furrow formation suggest that these two proteins could
co-operate to regulate the membrane fusion events required for
cytokinesis.
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