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ABSTRACT N-type Ca21 channels mediate Ca21 inf lux,
which initiates fast exocytosis of neurotransmitters at syn-
apses, and they interact directly with the SNARE proteins
syntaxin and SNAP-25 (synaptosome-associated protein of 25
kDa) through a synaptic protein interaction (synprint) site in
the intracellular loop connecting domains II and III of their
a1B subunits. Introduction of peptides containing the synprint
site into presynaptic neurons reversibly inhibits synaptic
transmission, confirming the importance of interactions with
this site in synaptic transmission. Here we report a direct
interaction of the synprint peptide from N-type Ca21 channels
with synaptotagmin I, an important Ca21 sensor for exocy-
tosis, as measured by an affinity-chromatography binding
assay and a solid-phase immunoassay. This interaction is
mediated by the second C2 domain (C2B) of synaptotagmin I,
but is not regulated by Ca21. Using both immobilized recom-
binant proteins and native presynaptic membrane proteins,
we found that the synprint peptide and synaptotagmin com-
petitively interact with syntaxin. This interaction is Ca21-
dependent because of the Ca21 dependence of the interactions
between syntaxin and these two proteins. These results pro-
vide a molecular basis for a physical link between Ca21
channels and synaptotagmin, and suggest that N-type Ca21
channels may undergo a complex series of Ca21-dependent
interactions with multiple presynaptic proteins during neu-
rotransmission.

During synaptic transmission, exocytosis of synaptic vesicles in
neurons is initiated by the rapid influx of Ca21 through
voltage-gated Ca21 channels within 200 msec. Major progress
has been made toward the understanding of the molecular
mechanisms that underlie Ca21-dependent exocytosis by iden-
tifying proteins that are involved in this process and analyzing
their interactions (1, 2). Vesicle docking and fusion are me-
diated by a core complex of proteins including the synaptic
vesicle protein VAMPysynaptobrevin (3) and the plasma-
lemmal proteins syntaxin and synaptosome-associated protein
of 25 kDa (SNAP-25) (4–11). The synaptic vesicle protein p65
or synaptotagmin (12) binds Ca21 (13, 14) and interacts with
syntaxin in a Ca21-dependent manner (15, 16). It is thought to
serve as a Ca21 sensor for fast, Ca21-dependent neurotrans-
mitter release (17–22).
N-type Ca21 channels are localized in nerve terminals

(23–25) and participate in neurotransmitter release in central
and peripheral synapses (26–28). They are coimmunoprecipi-
tated and copurified with proteins of the synaptic core complex
in immunochemical studies (4, 5, 29), and they are closely
associated with sites of transmitter release in physiological
experiments (30). The a1B subunits of N-type Ca21 channels
(31, 32) interact with the synaptic core complex through a

synaptic protein interaction (synprint) site in the intracellular
loop connecting domains II and III (33, 34) in a Ca21
-dependent manner with maximum binding in the range of
10–30 mM (35). Peptides containing the synprint site of N-type
Ca21 channels reversibly inhibit synaptic transmission in cul-
tured sympathetic neurons, suggesting that synprint peptides
compete with N-type Ca21 channels for binding to syntaxin
andyor SNAP-25 in vivo (36). These results implicate direct
interactions of N-type Ca21 channels with syntaxin and
SNAP-25 in the docking and exocytosis of synaptic vesicles.
In addition to their interactions with syntaxin and SNAP-25,

N-type Ca21 channels are coimmunoprecipitated with synap-
totagmin (5, 9, 29, 37, 38), suggesting a possible interaction
between them. Here we report that the synprint site of N-type
Ca21 channels interacts with the second C2 domain (C2B) of
synaptotagmin I (syt I) and competes with synaptotagmin for
interaction with syntaxin in a Ca21-dependent manner. Our
results provide a molecular basis for the close association of
N-type Ca21 channels with the Ca21 sensor and suggest the
possibility that N-type Ca21 channels may undergo Ca21-
dependent, sequential interactions with several presynaptic
proteins during the synaptic vesicle dockingyfusion processes.

EXPERIMENTAL PROCEDURES

Construction and Expression of Fusion Proteins. Recom-
binant glutathione S-transferase (GST)-synaptotagmin fusion
proteins were synthesized from the expression plasmids in the
vector pGEX-2T (Pharmacia) (13, 39): GST-syt I and II,
full-length cytoplasmic domains containing residues 80–421
and 88–422 of syt I and syt II, respectively; GST-syt I–C2A,
residues 128–269; GST-syt I–C2B, residues 262–385. GST-
syntaxin fusion protein encoding full-length syntaxin 1A,
His-fusion proteins containing the syntaxin- and SNAP 25-
binding region of the intracellular loop between domains II
and III of the Ca21 channel a1B subunit [LII–III(718–963)], and
as a control, the corresponding region of the L-type Ca21
channel a1S subunit, LII–III(670–800), were expressed and
purified as described (36). All recombinant proteins were
expressed in Escherichia coli BL26 cells, a protease-deficient
strain (Novagen). The fusion proteins were extracted by mild
sonication in PBS (50 mM sodium phosphate, pH 8.0y300 mM
NaCl plus protease inhibitors), and His-fusion proteins were
purified by binding to Ni21-charged nitrilotriacetic acid aga-
rose columns (Qiagen, Chatsworth, CA), and eluted with 500
mM imidazole in PBS. The eluates were concentrated with
Centriprep-10 filtration units (Amicon) and dialyzed in a
10,000 mw cutoff dialysis cassette (Pierce) against PBS with
0.1% Triton X-100 and 0.1% glycerol. Amounts of proteins
used were standardized based on Coomassie blue stained SDS
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gels or estimated with a standard curve relating the intensity
of the immunoblotting signal to the amount of a standard
fusion protein applied.
Immunoprecipitation. Immunoprecipitation was performed

in TBS buffer with a Ca21-buffering system (50 mM TriszHCly
140 mM NaCly50 mM Hepes, pH 7.2y5 mM N-hydroxyethyl-
ethylenediaminetriacetic acidy0.3% Triton X-100yCaCl2),
which produced indicated free [Ca21] as calculated using the
MAX CHELATOR software (version 6.63). After a 15 hr incu-
bation at 48C, the precipitates immobilized to protein A-
Sepharose beads were washed three times with the TBS–Ca21
buffer. Proteins bound to the beads were solubilized with SDS
sample buffer at 958C for 5 min, separated by 10% SDSyPAGE
or 10–20% SDSytricine gradient gel electrophoresis (Novex),
and blotted with monoclonal antibodies 10H5, against syntaxin
1, and 1D12 (5) against synaptotagmin.
Measurement of Synprint Binding by Affinity Chromatog-

raphy. GST-fusion proteins were bound to glutathione-
Sepharose beads (Pharmacia) in TBS–Ca21 buffer, incubated
at 48C for 1 hr with constant agitation, and washed with
incubation buffer to remove unbound proteins. Glutathione-
Sepharose beads coupled with similar amounts of GST-fusion
protein were added to the lysates containing His-tagged
LII–III(718–963) fusion protein and incubated with gentle
mixing for 3 hr at 48C. The binding reactions were carried out
in a Ca21 buffering system, TBS–Ca21with 0.1%Triton X-100.
The beads were washed three times with incubation buffer and
bound proteins were eluted in 15 mM reduced glutathione and
50 mM TriszHCl (pH 8). Eluates were separated from the
beads by centrifugation at 10,000 3 g for 1 min and processed
for 10–20% SDSytricine gradient gel electrophoresis and
immunoblotted with the T7.Tag antibody (Novagen), a mono-
clonal antibody (mAb) against the leader peptide sequence of
His-tagged fusion proteins. For competition studies with re-
combinant and native proteins, the cytoplasmic domain (80–
421) of syt I was expressed as a GST-fusion protein, purified
by affinity chromatography on glutathione-Sepharose, and
cleaved from the GST tag with thrombin (Novagen). Synap-
tosomes from rat brain were solubilized in buffer containing 10
mM Hepes (pH 7.4), 150 mM NaCl, 2 mM MgCl2, and 1.2%
Triton X-100, and insoluble proteins were removed by cen-
trifugation.
Measurement of Synprint Binding by Solid-Phase Immu-

noassay. Purified fusion proteins were quantitated by the
bicinchoninic (BCA) method (Pierce). Binding calibration
curves were generated by coating 96-well MaxiSorp microtiter
plates (Nunc) with 5 mgyml LII–III(718–963) in buffer B (10
mM TriszHCl, pH 8.0y150 mM NaCl) followed by blocking in
the same solution supplemented with 1% gelatin and 0.1%
Tween-20. Plates were washed three times with buffer B,
incubated for 2 hr at 378C with 2-fold serial dilutions of the
GST-fusion proteins in buffer A, and washed three times in the
same buffer. Protein complexes were then incubated with a
mouse IgG-2b anti-GST mAb (Zymed) at 2.25 mgyml in buffer
B supplemented with 0.1% Tween-20, followed by three
washes, incubation for 2 hr at 378C with an anti-mouse
IgG-2b-specific alkaline phosphatase-conjugated mAb
(Zymed) at 2.25 mgyml in buffer B with 0.1% Tween-20, and
six washes. Colorimetric reactions were initiated with p-
nitrophenyl phosphate (Sigma), terminated at 10 min with 2 N
NaOH, and absorbance was measured at 410 nm (A410) on an
MR 650 plate reader using IMMUNOSOFT 2.2 for Macintosh
(Dynatech). Duplicate measurements for each sample were
averaged, and nonspecific binding of the GST-control protein
was subtracted. A reference curve relating A410 to picomoles
of the anti-mouse IgG-2b-specific alkaline phosphatase-
conjugated mAb was generated in solution and read on the
same microtiter plate with the same developing time and
reagents as for the adsorbed test samples. The reference plot
was linear for A410 from 0 to 1.5, corresponding to 0 to 8 pmol

of anti-mouse IgG-2b-specific alkaline phosphatase-conju-
gated antibody bound. It was used to calibrate the amount of
bound 1:1:1 ternary complex of GST-fusion protein:anti-GST
antibody:anti-mouse IgG-2b alkaline phosphatase-conjugated
antibody. A 90% adsorption efficiency for LII–III(718–963) on
the MaxiSorp microtiter plate was estimated by Western blot
analysis of a postadsorbed sample compared with a series of
preadsorbed standards, and stoichiometry estimates were cor-
rected for this adsorption efficiency.

RESULTS

Binding of the N-Type Ca21Channel Synprint Protein to the
C2B Domain of Synaptotagmin. To determine whether the
synprint site of N-type Ca21 channels can bind to synaptotag-
min, we performed in vitro binding studies using recombinant
fusion proteins. Full-length syt I, syt II, and syntaxin 1A were
expressed as GST-fusion proteins, immobilized by binding to
glutathione-Sepharose, and incubated with a constant concen-
tration of the His-tagged synprint peptide, LII–III(718–963).
After extensive washing, binding of LII–III(718–963) was de-
termined by immunoblot analysis using an antibody against the
leader peptide sequence of His-tagged fusion protein. As
shown in Fig. 1A, LII–III(718–963) specifically bound to immo-
bilized full-length syt I, syt II, and syntaxin 1A, but did not bind
to GST alone.
The cytoplasmic portion of synaptotagmin contains the two

highly conserved Ca21-binding domains, C2A and C2B, which
are related in amino acid sequence to the C2 regulatory motif
of protein kinase C. LII–III(718–963) bound specifically to
immobilized GST-syt I-C2B, but little or no binding was
observed to GST-syt I-C2A (Fig. 1B). Because these two
domains are similar in structure and function, these results
provide further evidence that the synprint site of N-type Ca21
channels specifically associates with synaptotagmin and impli-
cate the C2B motif in that interaction.
The C2B domain of synaptotagmin mediates its interac-

tion with the clathrin adaptor protein AP-2 (38) and inositol
polyphosphates (40, 41) in a Ca21-independent manner, but
is responsible for Ca21-dependent binding of synaptotagmin
to the synaptic vesicle protein SV2 (42). To determine the
effect of Ca21 on the interaction between LII–III (718–963)
and syt I, we measured binding using fusion proteins in the
absence or presence of various buffered free Ca21 concen-
trations. As shown in Fig. 1C, Ca21 has a biphasic effect on
the binding of LII–III(718–963) to immobilized GST-syntaxin,
with maximal binding at 15 mMof free Ca21 (34). In contrast,
we did not observe a significant effect of Ca21 on the binding
of LII–III(718–963) to GST-syt I up to 1 mM Ca21.
To test whether native N-type Ca21 channels interact with

synaptotagmin through the synprint site, coimmunoprecipita-
tion experiments were carried out in the presence and absence
of synprint peptide (Fig. 1D). Anti-CNB-3, directed against the
COOH-terminal of a1B (24), coimmunoprecipitated synapto-
tagmin, while control IgG did not. Coimmunoprecipitation
was inhibited by the synprint peptide LII–III(718–963) from the
N-type Ca21 channel but not by the corresponding peptide
segment from an L-type Ca21 channel, consistent with specific
interaction of synaptotagmin at the synprint site on a1B.
Binding of Synaptotagmin, Syntaxin, and SNAP-25 to Im-

mobilized Synprint Peptide in a Solid-Phase Immunoassay.
To confirm the specific interaction of the synprint peptide with
synaptotagmin, syntaxin, and SNAP-25 in a different experi-
mental system, we developed a solid-phase immunoassay in
which synprint peptide is immobilized on the surface of an
assay dish and bound ligands are detected by labeling with an
alkaline phosphatase-conjugated antibody. Binding of GST
was considered background and subtracted from the results for
test proteins. Under these conditions, syntaxin, SNAP-25, and
synaptotagmin bound specifically to immobilized synprint pep-
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tide (Fig. 2). At saturating concentrations of the probe ligand,
the stoichiometry of binding was 0.31 mol syntaxin per mol of
synprint, 0.55 mol SNAP-25 per mol of synprint, and 0.94 mol
synaptotagmin per mol of synprint. The level of binding at
saturating concentrations of probe ligand in a solid-phase assay
is influenced by the fraction of the immobilized acceptor
protein, which is available for binding, as well as by the
stoichiometry of interaction between the two proteins, so these
values represent a lower limit of the true binding stoichiom-
etry. Apparent KD values were approximately 50 nM for
syntaxin, 40 nM for SNAP-25, and 25 nM for synaptotagmin,
respectively, in the solid-phase immunoassay. This apparent
KD value for syntaxin is approximately 5-fold lower than
estimated in previous experiments using the affinity-
chromatography method for binding measurements (35), but
this is likely due to differences in experimental conditions in
the two assay systems. These solid-phase immunoassay results
provide independent support for the specificity of interaction

of these three SNARE proteins with the synprint site of N-type
Ca21 channels. The high affinity and stoichiometry of inter-
action in vitro are consistent with the hypothesis that all three
proteins bind to the synprint site of N-type Ca21 channels in
vivo. Inhibition of synaptic transmission by microinjected
synprint peptide in intact neurons supports an important role
for these interactions in exocytosis (36).
Displacement of Synaptotagmin Binding to Syntaxin by

Synprint Peptide. We have previously shown that synprint
peptides from both N-type and PyQ-type Ca21 channels bind
to a GST-syntaxin deletion construct containing only the
C-terminal one-third (amino acids 181–288) of syntaxin 1A
(33, 34). Interestingly, the same region of syntaxin 1A also
mediates its interaction with synaptotagmin (16, 43). We
investigated whether the synprint peptide and synaptotagmin
occupy the same or overlapping binding sites in competition
binding assays. GST-syntaxin 1A was bound to glutathione-
Sepharose beads and incubated with a constant amount of the
purified recombinant cytoplasmic domain (residues 80–421)
of syt I, along with increasing amounts of LII–III(718–963). As
shown in Fig. 3A, the signal intensity of syt I(80–421) (upper
band) diminishes progressively, whereas the signal intensity of
LII–III(718–963) of the N-type channel (lower band) increases.
These results indicate that the synprint peptide and synapto-
tagmin compete for binding to syntaxin.
To exclude possible experimental artifacts from use of

recombinant fusion proteins in our competition binding assays,
we measured competitive binding using native synaptic pro-
teins from solubilized synaptosome preparations. Immobilized
GST-VAMPysynaptobrevin 2 was incubated with a constant
amount of solubilized synaptosomes and increasing amounts of
LII–III(718–963) as indicated in Fig. 3B. Syntaxin and SNAP-25
in solubilized synaptosomes associate with GST-VAMPy
synaptobrevin 2 on glutathione-Sepharose beads to form an
SDS-resistant complex (9). This complex can serve as an
acceptor for binding either recombinant LII-III(718–963) or
native synaptotagmin from solubilized extracts of synapto-
somes under these experimental conditions (35). In the ab-
sence of synprint peptide, synaptotagmin is bound to the core
complex (Fig. 3B). However, increasing concentrations of the
synprint peptide LII-III(718–963) displace native synaptotag-

FIG. 1. Binding of the N-type Ca21 channel synprint peptide to the
C2B domain of synaptotagmin. (A) Binding of the synprint peptide
[LII–III(718–963)] to GST-fusion proteins containing the full-length
cytoplasmic domains of syt I and syt II, full-length syntaxin 1A, and
GST alone. (B) Synprint peptide binding to the C2B domain but not
the C2A domain of syt I. (C) Ca21 independence of the interaction
between the synprint peptide and syt I. GST-fusion proteins (2 mg)
were immobilized on glutathione-Sepharose and incubated with His-
LII–III(718–963) (31 nM). The binding reactions were performed in a
Ca21 buffering system (5 mMN-hydroxyethylethylenediaminetriacetic
acid-Ca21y50mMHepes, pH 7.2y150mMNaCl) containing free Ca21
concentrations estimated using the MAX CHELATOR software (version
6.63) as described. The concentrations of free Ca21 in the binding
buffers were 15 mM in A and B, and 0, 10, 20, 50, 100 mM, and 1 mM,
as indicated, in C. After extensive washing with the incubation buffers,
the proteins bound to the beads were eluted with 15 mM reduced
glutathione in 50 mM TriszHCl (pH 8), and subjected to electrophore-
sis and immunoblotting. The bound His-LII-III(718–963) was detected
using the T7.Tag antibody. (D) N-type Ca21 channels were solubilized
from synaptosomal membranes and immunoprecipitated with the
anti-CNB3 antibody (24) as described in Experimental Procedures with
the additions indicated. The immunoprecipitates were resolved by
SDSyPAGE and immunoblotted with antibody 1D12 against synap-
totagmin. The label IgG indicates the position of the heavy chain of
IgG that is labeled by the secondary antibody reagent used in the
immunoblot.

FIG. 2. Measurement of synprint interactions in a solid-phase
immunoassay. Stoichiometric interaction of the synprint peptide with
syntaxin 1A, SNAP-25, and syt I. Picomoles of specific, bound
GST-syntaxin 1A (F), GST-syt I (80–421) (å), or GST-SNAP-25 (m)
are plotted as a function of the concentration of GST-fusion protein
added. Microtiter plates were coated with 6.4 pmol of purified
LII–III(718–963) (corrected for adsorption efficiency) followed by
incubation with 2-fold serial dilutions of purified GST-syntaxin 1A,
GST-syt I (80–421), GST-SNAP-25, or a GST control protein, and
detection with a mouse IgG-2b anti-GST mAb and an anti-mouse
IgG-2b-specific mAb conjugated to alkaline phosphatase. Absorbance
readings were converted to molar concentrations of boundGST-fusion
protein via a reference curve relating A410 to pmol of the anti-mouse
IgG-2b-specific alkaline phosphatase conjugated mAb. Stoichiome-
tries are calculated as the molar ratio of bound GST-fusion protein to
adsorbed LII–III(718–963).
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min from its binding site on native syntaxin (Fig. 3B). These
results confirm that the synprint peptide from N-type Ca21
channels and native synaptotagmin do indeed compete for the
same binding region on native syntaxin.
The Synprint Peptide Blocks Coimmunoprecipitation of

Native Synaptotagmin with Syntaxin. Binding of synaptotag-
min to recombinant syntaxin or to native synaptic core com-
plexes in vitro is prevented by a fusion protein containing the
synprint site of the a1B subunit (Fig. 3 A and B). However, it
is not known whether synprint peptides can cause dissociation
of preformed complexes of syntaxin and synaptotagmin. We
tested whether purified synprint fusion protein can disrupt the
interaction between the native syntaxin and synaptotagmin
bound to the synaptic complex solubilized from synaptosomes
using a specific anti-syntaxin 1 antibody, 10H5 (5), to precip-
itate the complex. Antibody 10H5 specifically coimmunopre-
cipitated synaptotagmin with syntaxin under control condi-
tions (Fig. 4). This coimmunoprecipitation was partially
blocked by incubation with 0.25 mM synprint peptide, and this
block appears to be concentration-dependent since increasing
the synprint peptide to 1.25 mM almost completely inhibits the
association of syntaxin with synaptotagmin. A control fusion
protein, LII–III(670–800) from the a1S subunit of an L-type

Ca21 channel, did not block coimmunoprecipitation of synap-
totagmin at even higher concentrations. These results provide
further support for the conclusion that syntaxin associates with
synaptotagmin and show that this interaction can be disrupted
specifically by excess fusion protein containing the synprint site
of N-type Ca21 channels.
Since the same region of syntaxin mediates interactions with

both synaptotagmin and N-type Ca21 channels in a Ca21
dependent manner (15, 16, 35, 43), it is interesting to deter-
mine the effect of Ca21 on the inhibition of coimmunopre-
cipitation of syntaxin and synaptotagmin by the synprint
peptide. As shown in Fig. 5, Ca21 dramatically increased the
level of synaptotagmin associated with syntaxin as shown
previously (15, 16, 43). In contrast, the blocking efficiency of
the synprint peptide was maximal at low Ca21 (10–20 mM),
which is in the same range of Ca21 concentration for maximal
binding of N-type Ca21 channels to syntaxin (35), and was
reduced at higher concentration. The synprint peptide (0.5
mM) reduced synaptotagmin binding to syntaxin by approxi-
mately 50% at low Ca21 or at 1 mMCa21, but inhibited binding
by approximately 90% at 10 mM and 80% at 20 mM, respec-
tively. These results suggest that the increased affinity for
binding of the synprint peptide for syntaxin in the presence of
10–20 mM Ca21 (35) results in the most efficient dissociation
of the complex of syntaxin and synaptotagmin.

DISCUSSION

Multiple Presynaptic Proteins Interact with the Synprint
Site. Our results show that at least three presynaptic proteins
interact directly with N-type Ca21 channels via the synprint
site: syntaxin, SNAP-25, and synaptotagmin. However, it is
unlikely that all of these interactions take place at the same
time. Instead, these multiple interactions described for N-type
Ca21 channels may reflect functionally distinct stages in the
complex processes of docking, priming, and fusion of synaptic
vesicles. We previously demonstrated that the affinity of
N-type Ca21 channels for binding to syntaxin is modulated by
the Ca21 concentration, with maximal binding in the range of
10–30 mM near the threshold for neurotransmitter release
(35). In contrast, maximum binding of syntaxin to syt I and syt
II requires higher concentrations of Ca21 in the range from 100
mM to 1 mM (15, 16, 43). As the Ca21 concentration increases
beyond 30 mM, interaction of syntaxin with the synprint site
will be weakened and interaction with synaptotagmin will be
stengthened. Thus, these studies provide potential biochemical

FIG. 3. Displacement of synaptotagmin binding to syntaxin by the
synprint peptide. (A) Synprint peptide competes with the binding of
recombinant syt I to syntaxin 1A. GST-syntaxin 1A bound to gluta-
thione-Sepharose beads was incubated with a constant amount of the
purified recombinant cytoplasmic domain (residues 80–421) of syt I
and increasing amounts of His-LII–III(718–963) as indicated, in a
binding buffer containing 20mMof free Ca21. Beads were washed, and
bound proteins were eluted with 15 mM reduced glutathione in 50 mM
of TriszHCl (pH 8), and analyzed by immunoblotting with 1D12, a mAb
against the carboxyl terminals of both syt I and syt II, and T7.Tag
antibody as described. (B) The synprint peptide competes for the
interaction of native synaptotagmin with syntaxin. GST-VAMPy
synaptobrevin 2 bound to glutathione-Sepharose beads was incubated
with a constant amount of solubilized synaptosomes and an increasing
amount of His-LII–III(718–963) as indicated, in a binding buffer with
20 mM free Ca21. Syntaxin and SNAP-25 from solubilized synapto-
somes were associated with GST-VAMPysynaptobrevin 2 bound to
glutathione-Sepharose as described (35) to form an SDS-resistant
complex, which serves as an acceptor for binding either recombinant
LII–III(718–963) or native synaptotagmin from solubilized synapto-
somes. After extensive washing with incubation buffer, GST-VAMPy
synaptobrevin 2-bound protein complexes were eluted with reduced
glutathione and analyzed by immunoblotting with T7.Tag, 1D12, and
10H5, a syntaxin 1 antibody. Each lane contains an equivalent amount
of GST-syntaxin 1A (A) and GST-VAMPysynaptobrevin 2 (B), bound
to beads, as confirmed by anti-GST immunoblotting (data not shown).

FIG. 4. Block of coimmunoprecipitation of native synaptotagmin
with syntaxin by synprint peptide. Concentration-dependent inhibition
of the association of native synaptotagmin with syntaxin by the synprint
peptide His-LII–III(718–963). The complex of syntaxin with synapto-
tagmin was coimmunoprecipitated from solubilized rat brain synap-
tosomes with a monoclonal anti-syntaxin antibody (10H5) in the
presence or absence of an increasing amount of His-LII–III(718–963),
as indicated, or in the presence of 1.7 mM of a control fusion protein,
LII–III(670–800), from the rat skeletal muscle L-type calcium channel
a1S.
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correlates for the sequence of events during Ca21-dependent
synaptic vesicle exocytosis.
Functional Competition Between Synaptotagmin and the

Synprint Site. Previous studies have shown that a complex of
N-type Ca21 channels, syntaxin, and synaptotagmin can be
isolated from brain membranes (5, 29, 38), suggesting that
syntaxin can bind N-type Ca21 channels and synaptotagmin at
the same time. However, our results demonstrating competi-
tion between the Ca21 channel synprint peptide and synapto-
tagmin for binding to syntaxin suggest that the ternary complex
of Ca21 channels, synaptotagmin, and syntaxin is not stable.
Therefore, it is likely that these isolated preparations con-
tained a mixture of binary complexes of N-type Ca21 channels
with either synaptotagmin or syntaxin bound to them, but not
both. Alternatively, a quaternary complex containing
SNAP-25 may have been isolated in which the N-type Ca21
channel was bound to SNAP-25 through its synprint site,
syntaxin was bound to SNAP-25, and synaptotagmin was
bound to syntaxin. In either case, the previous biochemical
experiments are not in conflict with our results.
On the basis of the available data, we speculate that se-

quential interactions between syntaxin, synaptotagmin, and
N-type Ca21 channels play a role in priming and fusion
processes of docked vesicles. Free synprint peptides inhibit
fast, synchronous synaptic transmission and enhance asynchro-
nous transmission (36), consistent with the hypothesis that
Ca21 channels must bind to presynaptic proteins via the
synprint site for efficient synaptic transmission. The Ca21-
dependent displacement of synaptotagmin by the synprint
peptide observed in these experiments supports the conclusion
that the binding of N-type Ca21 channels to syntaxin is
physiologically significant and implies that synaptotagmin
competes with the Ca21 channel for binding to a common site
on syntaxin. Thus, one of the roles of the synprint site on the
Ca21 channel may be to bind syntaxin after vesicle docking to
prevent the core complex from gaining access to synaptotag-
min. Higher levels of Ca21 (above 30 mM) may be needed to
enable displacement of syntaxin from the Ca21 channel and
efficient binding of synaptotagmin in order for fusion to
proceed. Thus, sequential Ca21-dependent interactions of
multiple proteins with syntaxin may serve to order the bio-
chemical events leading to membrane fusion.
The efficiency of synaptic transmission could also be regu-

lated by modulating the binding interactions of these proteins.
Synaptic transmission is regulated by multiple receptor path-

ways that act through G proteins and protein phosphorylation.
Further studies on the regulation of the interactions between
Ca21 channels and presynaptic proteins in in vitro and in vivo
systems should help to elucidate the regulatory mechanisms of
synaptic transmission at the molecular level.
Functions of the C2B Domain of Synaptotagmin. The C2A

domain of native synaptotagmin contributes to Ca21-
dependent phospholipid and syntaxin binding (13–16, 43).
Surprisingly, the C2B domain is ineffective in binding to
phospholipid and syntaxin despite a high degree of sequence
similarity with C2A. Although recent results show that the C2B
domain of syt I is capable of Ca21-triggered self-association
(44) and Ca21-dependent binding to SV2 (42), it binds AP-2
(14, 45), inositol polyphosphates (40), and the synprint site of
N-type Ca21 channels in a Ca21-independent manner, sug-
gesting a functional specialization of C2A and C2B domains in
synaptotagmins. Current evidence indicates that the C2A
domain of synaptotagmin may be directly related to the fusion
of synaptic vesicles that results in transmitter release (18, 19,
46), through a mechanism involving Ca21-triggered binding of
phospholipid and syntaxin. In contrast, the C2B domain seems
to be required for the recycling of vesicles by interacting with
the clathrin adaptor protein AP-2 (41, 45). Our results suggest
that it may also direct synaptic vesicles to dock in the vicinity
of Ca21 entry sites through the interaction with the synprint
site of N-type Ca21 channels, which likely presents a strategic
advantage for the triggering of rapid transmitter release.
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