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ABSTRACT Neurotransmitter release requires the spe-
cific docking of synaptic vesicles to the presynaptic plasma
membrane followed by a calcium-triggered fusion event.
Herein we report a previously unsuspected interaction of the
synaptic vesicle protein and likely calcium sensor synaptotag-
min with the plasma membrane t-SNARE SNAP-25. This
interaction appears to resolve the apparent paradox that
synaptic vesicles are capable of docking even when VAMP
(vesicle-associated membrane protein) or syntaxin is cleaved
or deleted and suggests that two species of v-SNAREs (VAMP
and synaptotagmin) and two species of t-SNAREs (SNAP-25
and syntaxin) interact to functionally dock synaptic vesicles.

The assembly of vesicle (v-SNARE) and target-localized (t-
SNARE) SNARE proteins is critical for the docking of
transport vesicles to target membranes to enable fusion to
occur (1-3). For example, in the endoplasmic reticulum and
Golgi transport pathways, mutation of SNARE (SNAP recep-
tor) proteins or addition of neutralizing antibodies in cell-free
systems prevents SNARE complex assembly and blocks vesicle
docking (4-6). By contrast, when corresponding SNARE
proteins are inactivated in neuronal synapses, docking still
appears to occur and unfused vesicles accumulate at the
plasma membrane whether transmission is blocked by proteo-
lytic neurotoxins that cleave the synaptic v-SNARE VAMP
(vesicle-associated membrane protein)/synaptobrevin or the
plasma membrane t-SNARE syntaxin (7-9) or whether the
gene for syntaxin is deleted (10). This apparent contradiction
to the SNARE hypothesis for vesicle docking (1) has led some
to conclude that SNARE proteins are exclusively involved in
vesicle fusion and not in docking (7, 11).

However, another possibility is that, in the case of the
synapse and other instances of regulated exocytosis, additional
proteins are used in docking (in connection with regulation)
that are not used in the constitutively operating systems like
the endoplasmic reticulum and Golgi, perhaps involving ad-
ditional SNARE proteins that, for example, are not cleaved by
toxins. Recently, it was found that the likely calcium sensor for
exocytosis, the synaptic vesicle membrane protein synaptotag-
min I (tagmin) (11, 12), is also a specialized v-SNARE capable
of binding the brain-specific form of SNAP (soluble NSF
attachment protein) (8-SNAP) but not the ubiquitous SNAP
(a-SNAP) and entering complexes containing VAMP, syn-
taxin, and SNAP-25 (synaptosome-associated protein of 25
kDa), another t-SNARE (13). This suggested a means by
which a calcium sensor could be incorporated into docking and
fusion complexes and led us to suspect that tagmin could be
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part of an additional docking mechanism that could resolve the
apparent paradox mentioned above.

Herein we provide biochemical evidence for a direct, high-
affinity interaction of tagmin with the plasma membrane
t-SNARE SNAP-25. This interaction helps to explain why
vesicles can dock, though not fuse, when either syntaxin or
VAMP are inactivated. Tagmin and SNAP-25 form a stoichi-
ometric complex both in the absence and in the presence of
calcium. In the absence of calcium, this binary complex binds
the other two synaptic SNARES, syntaxin and VAMP, with
high efficiency, thus connecting the likely calcium sensor
tagmin with the core complex of the docking and fusion
machinery (2, 14).

MATERIALS AND METHODS

Immunoprecipitation. Native tagmin was immunoprecipi-
tated from octyl B-D-glucopyranoside extract of bovine brain
cortex (13) with an anti-tagmin mAb (M48) (15) covalently
coupled to protein G-Sepharose Fast Flow (Pharmacia) (1) in
the presence of 2 mM EGTA. After incubation for 3 h at 4°C,
the beads were washed extensively with buffer A (25 mM
Hepes-KOH, pH 7.6/100 mM KC1/0.8% octyl B-D-glucopy-
ranoside/0.2 mM dithiothreitol) containing 2 mM EGTA.
Bound proteins were eluted with 600 ul of 200 mM
glycine:HCl, pH 2.5/1% N,N-bis[3-(D-gluconamido)propyl]-
cholamide and precipitated with 6.5% trichloroacetic acid.
Samples were then analyzed by SDS/PAGE, and the proteins
were transferred to nitrocellulose or alternatively stained with
Coomassie blue R. Western blots were immunodecorated with
rabbit polyclonal antibodies against VAMP 2 (amino acids
1-20; Wako Biochemicals, Osaka), SNAP-25 (amino acids
195-206), syntaxin (amino acids 4-260), and synaptotagmin
(amino acids 79-421).

Binding of SNAP-25, Syntaxin, and VAMP to Tagmin and
Its Fragments. Native tagmin (5 pg/sample) was immunopre-
cipitated as above, and then the beads were washed extensively
with buffer A containing 1.0 M NaCl and finally were rinsed
in buffer A alone. Purified glutathione S-transferase (GST)
fusion proteins containing the cytoplasmic domain of tagmin
I (amino acids 79-421; 5 ug) or GST alone (3 ug) were
immobilized on 20 ul of 50% glutathione—agarose beads
(Sigma). Native or recombinant tagmin was incubated for 1 h
at 4°C with Hise—SNAP-25 (0.5-32 pug) in buffer A containing
1 mg/ml ovalbumin in the presence or absence of 200 uM

Abbreviations: SNAP-25, synaptosome-associated protein of 25 kDa;
SNARE, SNAP receptor; v-SNARE, vesicle SNARE; t-SNARE,
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associated membrane protein; GST, glutathione S-transferase; NSF,
N-ethylmaleimide-sensitive fusion protein; SNAP, soluble NSF attach-
ment protein; BoNT/A, botulinum neurotoxin serotype A; BoNT/E,
botulinum neurotoxin serotype E.
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Fic. 1. Native tagmin is associated with SNARE proteins in brain extract. Tagmin was immunopurified from brain cortex detergent extract in
association with SNARE proteins, as revealed by Western blot analysis (4) using specific antibodies against syntaxin (lane 1), SNAP-25 (lane 2),
and VAMP (lane 3). The analysis of the Coomassie blue-stained gels (B) reveals that an excess of SNAP-25 over syntaxin and VAMP is associated

with tagmin (lane 4). For comparison, a sample containing only anti-tagmin antibody incubated in the absence of brain extract is shown in lane
5 (the asterisk indicates the position of the antibody L chain).

calcium buffered with 2 mM EGTA. Substitution of octyl VAMP-Hisg cytoplasmic domain (amino acids 1-96; 2 ug) in
B-D-glucopyranoside for Triton X-100 (0.5%) did not alter the presence or absence of 200 uM calcium buffered with 2
significantly the SNAP-25/tagmin interaction. For Fig. 3, GST- mM EGTA. For Fig. 4B, GST-tagmin was incubated for 1 h
tagmin was incubated for 1 h at 4°C with Hisc—SNAP-25 (16) at 4°C with Hisc—SNAP-25 (5 pg) which had been pretreated
(2.5 pg) and/or full-length syntaxin 1B (17) (3 wg) and/or for 30 min at 37°C with 100 nM activated botulinum neurotoxin
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Fic. 2. Native as well as recombinant tagmin binds SNAP-25 in a saturable and stoichiometric manner. Native tagmin immunopurified from
brain cortex (4) and the recombinant cytoplasmic domain of tagmin (B) were incubated with increasing amounts of Hisse—SNAP-25 in the presence
or absence of 200 uM free calcium as indicated. As control, beads containing the anti-tagmin antibody used for immunoprecipitation (15) (4,
Control Ab) or GST (B, GST Control) were incubated with the maximal amount of Hiss—~SNAP-25 (32 pg) in the presence or absence of calcium.
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serotype A or E (BoNT/A or BoNT/E) (18). Under these
conditions, the cleavage of Hise—SNAP-25 was complete.
Alternatively, the GST-tagmin/SNAP-25 complex, formed by
incubating 12 ug/sample Hise—SNAP-25 with GST-tagmin
beads for 1 h at 4°C, was treated for 5 min at 37°C with 150 nM
of activated botulinum neurotoxin A or E (18) (see Fig. 44).
Subsequently, the immobilized proteins were washed three
times with the same buffer without ovalbumin. Beads contain-
ing the recombinant tagmin or its fragments were prepared for
SDS/PAGE. In contrast, beads containing native tagmin im-
mobilized on anti-tagmin antibody were treated with 200 mM
glycine-HCl, pH 2.5/1% N,N-bis[3-(D-gluconamido)propyl]-
cholamide and the eluate was precipitated with trichloroacetic
acid as described before. Proteins were analyzed by SDS/
PAGE and stained with Coomassie blue R. The GST-tagmin/
Hisg—SNAP-25 molar ratio at saturation was determined in the
presence and absence of calcium by comparing scans of
Coomassie blue-stained gel, as in Fig. 2B with GST-tagmin
and Hise—SNAP-25 titration curves.

RESULTS AND DISCUSSION

Although the binding of tagmin to many ligands has been
described (11, 13, 17, 19-28), potential additional partners in
cell extracts might have been obscured by the major bands of
the light and heavy chains of IgG present in standard immu-
noprecipitates. To minimize such technical problems, we used
antibodies covalently coupled to beads. As expected, when
tagmin is immunoprecipitated from crude detergent extracts
of brain cortex, VAMP, syntaxin, and SNAP-25 all coprecipi-
tate, as revealed in a qualitative manner by Western blot
analysis (16) (Fig. 14, lanes 1-3). Unexpectedly, however,
Coomassie blue-stained SDS gels (Fig. 1B, lane 4) revealed
that SNAP-25 was present in considerable molar excess over
both VAMP and syntaxin, suggesting that tagmin and
SNAP-25 may form a complex that is even more abundant than
that of tagmin with the previously described equimolar
SNARE complex of SNAP-25, syntaxin, and VAMP.
Indeed, saturable and high-affinity binding of SNAP-25 to
tagmin could be easily demonstrated. Soluble (nonacylated)
recombinant Hise—SNAP-25 bound to both native tagmin (Fig.
2A) and to GST fusion protein containing the entire cytoplas-
mic domain of tagmin (GST-tagmin; Fig. 2B), forming a
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complex with ~1:1 stoichiometry, as determined by scanning
of Coomassie blue-stained gels and comparison with standard
GST-tagmin and Hise—SNAP-25 titration curves (not shown).
Saturable binding was achieved when a 5- to 8-fold molar
excess of the free protein over the GST-bound protein was
used. Calcium slightly promoted the binding of SNAP-25 to
tagmin (Fig. 2B), and, at saturation, an additional 30% (in
mol/mol) of Hisse—SNAP-25 bound to GST-tagmin. The reason
for this additional binding is unclear. The recombinant cyto-
plasmic domain of tagmin (cleaved from the GST fusion
protein by thrombin) also bound to GST-SNAP-25 (not
shown). In all cases, the tagmin—-SNAP-25 complexes were
resistant to extraction with KCI up to at least 250 mM (not
shown). The specificity of the binding of tagmin to SNAP-25
was underscored by the fact that binding occurred exclusively
to the C2B portion of the cytoplasmic domain of tagmin (not
shown).

The ability of the tagmin-SNAP-25 complex to interact with
the other SNAREs was tested (Fig. 3). No significant inter-
action of tagmin with VAMP (in the absence or the presence
of either SNAP-25 or syntaxin) was detectable, regardless of
whether calcium was present (Fig. 3, lanes 11, 12, and 14) or
not (Fig. 3, lanes 4, 5, and 7). Syntaxin has been reported to
bind tagmin in a calcium-dependent manner (26, 27). While we
could repeat this observation (Fig. 3, lane 9 vs. lane 2), we also
found that, even in the absence of calcium, syntaxin will form
a complex with tagmin provided that SNAP-25 is also added
(Fig. 3, lane 6 vs. lane 2). This complex, now containing tagmin,
SNAP-25, and syntaxin, constitutes a scaffold for VAMP
binding (Fig. 3, lane 8), thus illustrating the synergistic nature
of interactions among the two t-SNAREs and the two v-
SNARE:s. The formation of a complex between SNAP-25 and
tagmin at resting calcium concentrations could be a key event
in linking a calcium sensor to the docking and fusion machin-
ery (13), containing NSF (N-ethylmaleimide-sensitive fusion
protein), SNAREs, and SNAPS. Recent findings indicate that
SNAP-25 and syntaxin directly interact with the N-type Ca>*
channel in a calcium-dependent way (29, 30) and that this
interaction profoundly modifies the gating properties of the
channel (31). These evidences, together with our results,
further support the idea of a strict link among the components
of the SNARE complex, the Ca?* channel, and the likely
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FiG. 3.

SNAP-25 promotes the assembly of the SNARE complex on tagmin. GST-tagmin was incubated alone (lane 1) or with Hiss—SNAP-25

(lanes 3, 6-8, 10, and 13-15) and/or full-length syntaxin 1B (lanes 2, 5, 6, 8, 9, 12, 13, and 15) and/or VAMP-Hiss (lanes 4, 5, 7, 8, 11, 12, 14, and
15) in the presence of 2 mM EGTA (A4) or 200 uM free calcium (B). The empty arrow indicates a contamination of GST from the recombinant
syntaxin 1B preparation that interacts with glutathione—agarose beads. No nonspecific binding of SNARE proteins was observed by incubating them

with GST-containing beads under the same conditions.
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calcium sensor synaptotagmin at the active zone of the nerve
terminal.

SNAP-25 is also known to be the target of proteolytic
neurotoxins (BoNT/A and BoNT/E) that block neurotrans-
mission in vivo (9). Cleavage with BONT/A or BoNT/E releases
9 and 26 amino acids, respectively, from the carboxyl terminus
of SNAP-25. In contrast to SNAP-25 in a complex with VAMP
and syntaxin 1 (32), SNAP-25 bound to tagmin was accessible
to both BoONT/A and BoNT/E. The resulting cleaved amino-
terminal fragments of SNAP-25 remained associated with
tagmin (Fig. 44, lanes 3 and 4). In addition, the SNAP-25
fragments missing 9 or 26 amino acids at the carboxyl terminus
still bound to tagmin (Fig. 4B, lanes 5-7). These results are
consistent with the reports that show that the inhibitory effects
of BoNT/A and BoNT/E, of carboxyl-terminal SNAP-25
peptides, and of anti-SNAP-25 antibodies on regulated exo-
cytosis are at a postdocking stage after the ATP-dependent
priming step (33, 34). Likewise, the inability of synaptic vesicles
that accumulate when syntaxin or VAMP are cleaved and/or
deleted to fuse with the plasma membrane could mean that the
integrity of these SNARE proteins is necessary for NSF to
disrupt the proposed synaptic docking and fusion particle
(containing tagmin, VAMP, syntaxin, and SNAP-25, a-SNAP,
B-SNAP, and NSF) (13), or this inability could mean that these
SNARE proteins are needed for bilayer fusion after particle
disruption; or, both of these possibilities might apply.

Our finding that tagmin and SNAP-25 form a high-affinity,
stoichiometric complex can explain why the inactivation or
deletion of individual SNAREs can accumulate unfused,
docked vesicles in synapses. If VAMP was the only tether of a
synaptic vesicle to the synaptic plasma membrane, then cleav-
age of VAMP by toxins would be expected to prevent docking
(11), but it does not do so (7). Similarly, syntaxin is required
to hold SNAP-25 and VAMP in a ternary complex (32), so
synaptic vesicles would not be expected to dock efficiently
when syntaxin is deleted or cleaved by a neurotoxin. However,
with tagmin as an additional tether, these expectations no
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Fic. 4. SNAP-25 in complex with tagmin is cleaved by botulinum
neurotoxins. (4) Hiss—SNAP-25 prebound to GST-tagmin was incu-
bated with buffer only (lane 2) or with activated BoNT/A (lane 3) or
activated BoNT/E (lane 4). Under these conditions, the BoNT-
generated amino-terminal fragments of SNAP-25 remain bound to
tagmin. Botulinum neurotoxin treatment does not abolish the de novo
formation of the tagmin/SNAP-25 complex (B). GST-tagmin was
incubated with Hiss~SNAP-25 (lane 5) or Hiss—SNAP-25 pretreated
with activated BoNT/A (lane 6) or activated BoNT/E (lane 7) in the
presence of 200 uM calcium.
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longer hold because the interaction of tagmin with SNAP-25
that we uncovered was independent of both syntaxin and
VAMP. Furthermore, SNAP-25 proteolytically cleaved by
BoNT/A and BoNTJE still interacted efficiently with tagmin,
and thus vesicle fusion should be abolished by these toxins, but
membrane attachment should not be. In such cases, the vesicle
would be bound to the target membrane but unable to proceed
to fuse. In other words, it would be nonfunctionally docked.
Given the network of interactions documented among all four
of these SNARE proteins, it now seems apparent that no single
alteration of a SNARE could prevent membrane attachment
of the synaptic vesicle, but any alteration could prevent
functional docking. The interactions known to form stoichio-
metric subcomplexes are as follows: SNAP-25-syntaxin (35);
syntaxin-SNAP-25-VAMP (1, 35); syntaxin-tagmin (in the
presence of calcium) (26, 27); and now SNAP-25-tagmin.

The binding of SNAP-25 to tagmin also raises the possibility
of a multistep mechanism needed to achieve functional dock-
ing because the bulk of syntaxin in membranes is known to be
complexed with unc-18/N-Sec 1 (36), in which state syntaxin
cannot bind either SNAP-25 or VAMP (37). With syntaxin
thus inactive, the specialized v-SNARE tagmin could poten-
tially dock the synaptic vesicle by binding the t-SNARE
SNAP-25. Blockade at this step would result in nonfunctional
docking. Functional docking would result when unc-18/N-Sec
1is released (by a process still unknown but perhaps involving
a rab protein) (2), allowing syntaxin to join SNAP-25-tagmin
to form a ternary complex that can recruit the other v-SNARE,
VAMP (as shown in Fig. 34).

Tagmin I is known to form stoichiometric complexes with
(using mainly its C2B domain) PInsP, (phosphatidylinositol
bisphosphate) in the presence of calcium above 5-20 uM (28),
PInsP; (phosphatidylinositol trisphosphate) in the absence of
calcium (28), phosphatidylserine above 5 uM calcium (C2A
domain) (22, 24, 38), syntaxin in the presence of calcium above
200 uM (C2A domain) (26, 27), B-SNAP in the presence or
absence of calcium (C2B domain) (13), and now SNAP-25 in
the presence or absence of calcium. Tagmin also has been
shown to bind N-type calcium channels (17, 20, 21), neurexins
(19), and the clathrin AP-2 adaptor complex (25, 39) although
these interactions have not been shown to be direct or only
have been reported using extremely sensitive immunological
methods, making it unclear if they are efficient high-affinity
interactions like those cited above, which are likely to be
physiologically relevant.

What emerges is a picture of a protein machinery with
specific calcium-dependent subreactions in which tagmin plays
a central role in adapting a general NSF-SNAP-SNARE
docking and fusion mechanism to calcium regulation. Deeper
understanding of the various subcomplexes and partial (bind-
ing) reactions to calcium-regulated docking and fusion awaits
a functional reconstitution using defined components.
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