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Neurotransmitter release is triggered by Ca2� binding to a
low affinity Ca2� sensor, mostly synaptotagmin-1, which cata-
lyzes SNARE-mediated synaptic vesicle fusion. Tomosyn nega-
tively regulates Ca2�-dependent neurotransmitter release by
sequestering target SNAREs through the C-terminal VAMP-
like domain. In addition to the C terminus, the N-terminal
WD40 repeats of tomosyn also have potent inhibitory activity
toward Ca2�-dependent neurotransmitter release, although
the molecular mechanism underlying this effect remains elu-
sive. Here, we show that through its N-terminal WD40 repeats
tomosyn directly binds to synaptotagmin-1 in a Ca2�-depen-
dent manner. The N-terminal WD40 repeats impaired the ac-
tivities of synaptotagmin-1 to promote SNARE complex-medi-
ated membrane fusion and to bend the lipid bilayers.
Decreased acetylcholine release from N-terminal WD40 re-
peat-microinjected superior cervical ganglion neurons was
relieved by microinjection of the cytoplasmic domain of synap-
totagmin-1. These results indicate that, upon direct binding,
the N-terminal WD40 repeats negatively regulate the synapto-
tagmin-1-mediated step of Ca2�-dependent neurotransmitter
release. Furthermore, we show that synaptotagmin-1 binding
enhances the target SNARE-sequestering activity of tomosyn.
These results suggest that the interplay between tomosyn and
synaptotagmin-1 underlies inhibitory control of Ca2�-depen-
dent neurotransmitter release.

Neurotransmitter release arises from Ca2�-dependent exo-
cytosis of synaptic vesicles (1). At the presynaptic active zone,
synaptic vesicles are docked beside Ca2� channels and primed

to become fusion-competent. Upon reaching presynaptic
nerve terminals, action potentials open Ca2� channels. The
resulting Ca2� influx triggers fusion of primed synaptic vesi-
cles to the presynaptic plasma membrane. Exocytotic efficacy
of synaptic vesicles is adequately controlled (1–3). The num-
ber of synaptic vesicles in the readily releasable pool (RRP)2 is
extremely small (1–2% of the total number of vesicles in a
presynaptic terminal) (4–6), and the vast majority of synaptic
vesicles reside in the presynaptic nerve terminal despite regu-
lar Ca2� influx (2, 3). A subset of the residing vesicles (10–
20% of the total vesicles) constitutes the recycling pool (7, 8),
which undergoes exo- and endocytosis under stimulation at
physiological frequency (2, 3). The synaptic vesicles in the
recycling pool are accordingly mobilized to prevent depletion
of the RRP (2, 3, 9), thereby enabling neurons to respond to
an appropriate frequency of action potentials.
The vesicle fusion process is catalyzed by three soluble N-

ethylmaleimide-sensitive fusion protein attachment protein
(SNAP) receptors (SNAREs), syntaxin-1, SNAP-25, and
VAMP2 (10, 11). Syntaxin-1 and SNAP-25 are localized
within the presynaptic plasma membrane as target SNAREs
(t-SNAREs), and VAMP2 resides in synaptic vesicles as a ve-
sicular SNARE (v-SNARE). The three SNARE proteins are
thought to assemble in a zipper-like fashion and form a stable
SNARE complex. As a consequence, the synaptic vesicles and
the presynaptic plasma membrane are pulled into close appo-
sition, leading to mixing of the two lipid bilayers (10–13). In
this process, synaptotagmin-1, a synaptic vesicle protein with
two C2 domains that both bind to Ca2�, serves as a Ca2� sen-
sor (14–20). Upon Ca2� binding, synaptotagmin-1 binds to
the SNARE complex (21) and induces positive curvature of
the target membrane by inserting the hydrophobic loops
in the C2 domains into the membrane (22–25). This synapto-
tagmin-1-mediated membrane bending leads to the fast syn-
aptic vesicle fusion that occurs in response to Ca2� influx
(22–30). On the other hand, it is largely unknown how synap-
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totagmin-1 is adequately inactivated to control the exocytotic
efficacy of synaptic vesicles.
Tomosyn, a syntaxin-1-binding protein that we originally

identified (31), sequesters t-SNAREs on the presynaptic
plasma membrane through the C-terminal VAMP-like do-
main and thereby inhibits SNARE complex formation (31–
36). Consistent with an inhibitory activity toward SNARE
complex formation, the genetic ablation of tomosyn in mice
and Caenorhabditis elegans leads to enhancement of neuro-
transmitter release (34, 37, 38), and its overexpression in su-
perior cervical ganglion (SCG) neurons inhibits neurotrans-
mitter release induced by an action potential (39).
Accumulating evidence suggests that tomosyn controls the
exocytotic efficacy of synaptic vesicles. Paired pulse facilita-
tion at mossy fiber synapses of hippocampi is decreased in the
tomosyn-deficient mice (34). In response to repetitive presyn-
aptic action potentials, tomosyn-overexpressing neurons
show severe synaptic depression in contrast to the remarkable
synaptic facilitation seen in control neurons (39). However, it
is unclear how tomosyn controls Ca2�-dependent exocytosis
because the C-terminal VAMP-like domain sequesters
t-SNAREs in a Ca2�-independent manner.

The N-terminal WD40 repeats of tomosyn are also respon-
sible for potent inhibition of neurotransmitter release. We
have demonstrated that acetylcholine release from SCG neu-
rons is potently inhibited by microinjecting a tomosyn frag-
ment encompassing the N-terminal WD40 repeats (34). It has
been demonstrated that catecholamine secretion is potently
inhibited in chromaffin cells by overexpressing the N-termi-
nal WD40 repeats of tomosyn (40). Intriguingly, the inhibi-
tory activity of the N-terminal WD40 repeats in chromaffin
cells was dependent on Ca2� concentration (40, 41). Similarly,
we reported that the inhibitory activity of tomosyn in SCG
neurons is influenced by Ca2� concentration (39). Although
we have shown that tomosyn oligomerizes the SNARE com-
plex through its N-terminal WD40 repeats (34), this does not
account for the Ca2�-dependent inhibitory activity of the N-
terminal WD40 repeats because the oligomerization takes
place in a Ca2�-independent manner. Therefore, the N-ter-
minal WD40 repeats must functionally interact with a Ca2�-
responsive protein(s) involved in the regulation of synaptic
vesicle fusion. In C. elegans, tomosyn associates with synaptic
vesicles through the N-terminal WD40 repeats (38), raising
the possibility that the N-terminal WD40 repeats may nega-
tively regulate the function of synaptic vesicles. However, the
binding partner(s) on synaptic vesicles for the N-terminal
WD40 repeats remains unknown. To understand the molecu-
lar mechanism by which tomosyn controls neurotransmitter
release, it is crucial to elucidate how the N-terminal WD40
repeats inhibit neurotransmitter release.
In this study, we demonstrate that tomosyn directly binds

to synaptotagmin-1 through the N-terminal WD40 repeats, in
a Ca2�-dependent manner, and impairs synaptotagmin-1 ca-
talysis. These results indicate that tomosyn negatively regu-
lates the synaptotagmin-1-mediated step of Ca2�-dependent
neurotransmitter release through the N-terminal WD40 re-
peats. We also demonstrate that this binding positively regu-
lates the activity of the C-terminal VAMP-like domain of to-

mosyn to form the tomosyn-SNARE complex. These results
raise the possibility that the interplay between tomosyn and
synaptotagmin-1 underlies the inhibitory control of Ca2�-de-
pendent neurotransmitter release.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—The MBP-fused full-length tomo-
syn-1 (amino acids 1–1116) (MBP-tomosyn) and the MBP-
fused large N-terminal fragment of tomosyn-1 (amino acids
1–949) (MBP-tomosyn-N) were expressed in Sf21 cells and
purified as described previously (34). The MBP-fused frag-
ment encompassing both the tail domain and the VAMP-like
domain (amino acids 933–1116) (MBP-tomosyn-C) was ex-
pressed in Escherichia coli and purified as described previ-
ously (35). Full-length syntaxin-1 (amino acids 1–289), the
cytoplasmic domain of syntaxin-1 (syntaxin-1-�TM) (amino
acids 1–265), full-length SNAP-25 (amino acids 1–206), full-
length VAMP2 (amino acids 1–116), and the cytoplasmic do-
main of synaptotagmin-1 (�TM-synaptotagmin-1) (amino
acids 80–421) were expressed in E. coli as GST fusion pro-
teins and purified as described previously (34, 35). To remove
the GST tags, the GST fusion proteins were digested with
PreScission protease (GE Healthcare) or thrombin and then
further purified as described previously (34, 35).
Immunoprecipitation of Tomosyn from Synaptosomes—Syn-

aptosomes were isolated from rat brains as described previ-
ously (42). One milligram of the synaptosomes was solubilized
with Buffer A containing 10 mM HEPES/NaOH, pH 7.4, 140
mM NaCl, 5 mM NaHCO3, 1.2 mM NaH2PO4, 1 mM MgCl2, 10
mM glucose, 5 mM KCl, 1 mM EGTA, 1.3 mM CaCl2, and 1%
(w/v) Triton X-100 at 4 °C for 60 min followed by ultracentri-
fugation at 100,000 � g at 4 °C for 20 min. The supernatant
was incubated with an anti-tomosyn pAb immobilized on
protein A-Sepharose at 4 °C for 60 min. The immobilized
antibodies were washed with Buffer A three times, and the
bound proteins were solubilized in SDS sample buffer with
boiling. The samples were subjected to SDS-PAGE followed
by immunoblotting with an anti-tomosyn pAb, an anti-synap-
totagmin-1 mAb, and an anti-VAMP2 mAb.
Direct Binding of Synaptotagmin-1 to Tomosyn—�TM-

synaptotagmin-1 (3400 pmol) was incubated with 80 pmol of
MBP-tomosyn or MBP immobilized on 20 �l of amylose
beads in Buffer B containing 20 mM Tris/HCl, pH 7.5, 150 mM

NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), and 0.5%
(w/v) Nonidet P-40 at 4 °C for 5 h. After the beads had been
extensively washed with Buffer B three times, the bound pro-
teins were eluted in the SDS sample buffer with boiling. The
samples were subjected to SDS-PAGE followed by CBB
staining.
Direct Binding of Synaptotagmin-1 to N-terminal WD40

Repeats of Tomosyn in Response to Ca2�—�TM-synaptotag-
min-1 (2000 pmol) was incubated with 100 pmol of MBP-
tomosyn-N, MBP-tomosyn-C, or MBP immobilized on 20 �l
of amylose beads in 1 ml of Buffer B or 1 ml of Buffer C con-
taining 20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM CaCl2, 1
mM DTT, and 0.5% (w/v) Nonidet P-40 at 4 °C overnight. Af-
ter the beads had been extensively washed with Buffer B or
Buffer C three times, the bound proteins were eluted in SDS
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sample buffer with boiling. The samples were subjected to
SDS-PAGE followed by CBB staining. To obtain the Kd value
for the binding of synaptotagmin-1 to N-terminal WD40 re-
peats, �TM-synaptotagmin-1 was titrated in Buffer C, and the
amounts of bound and free �TM-synaptotagmin-1 were
quantified and plotted. The Kd value was calculated by Scat-
chard analysis.
Direct Bindings of t-SNAREs to N-terminal WD40 Repeats

of Tomosyn and Full-length Tomosyn—For analysis of the
binding of syntaxin-1 or SNAP-25 to the N-terminal WD40
repeats of tomosyn, various concentrations of syntaxin-1-
��� or SNAP-25 were incubated with 100 pmol of MBP-
tomosyn-N immobilized on 20 �l of amylose beads in 1 ml of
Buffer C at 4 °C overnight. After the beads had been exten-
sively washed with Buffer C three times, the bound proteins
were eluted in the SDS sample buffer with boiling. The sam-
ples were subjected to SDS-PAGE followed by CBB staining
or immunoblotting with an anti-syntaxin-1 mAb or an anti-
SNAP-25 mAb. The amounts of bound and free syntaxin-1-
��� or SNAP-25 were quantified and plotted. The Kd values
were calculated by Scatchard analysis. For analysis of the
binding of syntaxin-1 and SNAP-25 to full-length tomosyn,
equal concentrations of syntaxin-1-��� and SNAP-25 were
incubated with 100 pmol of MBP-tomosyn immobilized on 20
�l of amylose beads at various concentrations in 1 ml of
Buffer C at 4 °C overnight. The bound proteins were eluted
in the same manner as described above, and the Kd value
was calculated. To compare the binding of t-SNAREs to
tomosyn and the binding of synaptotagmin-1 to tomosyn,
equal concentrations of syntaxin-1-���, SNAP-25, and
�TM-synaptotagmin-1 were incubated with 100 pmol of
MBP-tomosyn immobilized on 20 �l of amylose beads at
various concentrations in 1 ml of Buffer C at 4 °C over-
night, and the bound proteins were eluted in the same
manner as described above.
Liposome Preparation—All lipids were purchased from

Avanti Polar Lipids, and the SNARE-bearing liposomes were
prepared as reported previously with a slight modification
(13). Briefly, for preparation of t-SNARE vesicles, 150 �l of a
10 mM lipid mixture composed of 85 mol % 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) and 15 mol %
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) dissolved
in chloroform was dried down in 10 � 75-mm test tubes by a
gentle stream of N2 gas, and any remaining traces of chloro-
form were then removed under vacuum for more than 30
min. The lipid films were dissolved in 500 �l of liposome
buffer A (50 mM Tris/HCl, pH 8.0, 100 mM KCl, 10% (w/v)
glycerol, 1 mM DTT, and 0.8% (w/v) n-octyl �-D-glucopyrano-
side) containing 0.8 mg/ml syntaxin-1 and 0.8 mg/ml
SNAP-25 for the t-SNARE vesicles by gentle agitation for 15
min at room temperature (RT). For preparation of fluores-
cently labeled v-SNARE vesicles, 100 �l of a 3 mM lipid mix-
ture composed of 82 mol % POPC, 15 mol % DOPS, 1.5 mol %
N-(7-nitro-2,1,3-benzoxadiaziole-4-yl)-1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (NBD-DPPE), and 1.5 mol %
N-(lissamine rhodamine B sulfonyl)-1,2-dipalmitoyl-sn-glyc-
ero-3-phophoethanolamine (rhodamine-DPPE) dissolved in
chloroform was dried in 10 � 75-mm test tubes in the same

manner as described above. The lipid film was dissolved in
100 �l of liposome buffer B (50 mM Tris/HCl, pH 8.0, 100 mM

KCl, 10% (w/v) glycerol, 1 mM DTT, and 1% (w/v) n-octyl
�-D-glucopyranoside) containing 0.4 mg/ml VAMP2 by gentle
agitation for 15 min at RT. The samples were diluted 3-fold
with reconstitution buffer (25 mM HEPES/KOH, pH 7.4, 100
mM KCl, 10% (w/v) glycerol, and 1 mM DTT) so that the level
of n-octyl �-D-glucopyranoside was below its critical micellar
concentration. Then the samples were dialyzed against 4 liters
of reconstitution buffer supplemented with 4 g of Biobeads
SM-2 (Bio-Rad) using 7-kDa cutoff membranes at RT for 1 h.
The dialysis was continued at 4 °C overnight with no buffer
change. The dialysates were mixed with equal volumes of 80%
(w/v) Nycodenz (Sigma) dissolved in reconstitution buffer.
For the t-SNARE vesicles, 1.3 ml of the sample was overlaid
with 1 ml of 30% (w/v) Nycodenz dissolved in reconstitution
buffer followed by 1 ml of reconstitution buffer lacking glyc-
erol. For the v-SNARE vesicles, 700 �l of the sample was over-
laid with 1 ml of 30% (w/v) Nycodenz dissolved in reconstitu-
tion buffer followed by 1.5 ml of reconstitution buffer lacking
glycerol. The samples were centrifuged at 200,000 � g at 4 °C
for 4 h. The vesicles were harvested from the 0/30% Nycodenz
interface.
Liposome Fusion Assay—�TM-synaptotagmin-1 (120

pmol), MBP-tomosyn-N (120 pmol), MBP-tomosyn-C (120
pmol), the mixture of �TM-synaptotagmin-1 (120 pmol) and
MBP-tomosyn-N (120 pmol), and the mixture of �TM-synap-
totagmin-1 (120 pmol) and MBP-tomosyn-C (120 pmol) were
incubated in 30 �l of reconstitution buffer supplemented with
1 mM CaCl2 at 4 °C for 1 h, respectively. Then the t-SNARE
vesicles, within which 60 pmol of each of t-SNAREs was em-
bedded, were added to each sample and incubated in 50 �l of
reconstitution buffer supplemented with 1 mM CaCl2 at 4 °C
for 1 h. As positive and negative controls, the t-SNARE vesi-
cles and liposomes with no t-SNARE proteins (control vesi-
cles) were simply incubated in 50 �l of reconstitution buffer
supplemented with 1 mM CaCl2 at 4 °C for 1 h, respectively.
The samples were mixed with 8 �l of fluorescently labeled
v-SNARE vesicles on ice, and immediately 50 �l of each of the
samples was placed in a 96-well plate (Nunc) on an ice-cold
metal block followed by overlaying with 50 �l of mineral oil
(Sigma). The increase in NBD fluorescence upon lipid mixing
was monitored at 1-min intervals for 60 min at 37 °C using a
fluorometer (Fluoroskan Ascent FL, Thermo Scientific) with
the filters set at 460 (excitation) and 538 nm (emission). Then
10 �l of 2.5% (w/v) Triton X-100 was added to terminate the
fusion reactions and dequench the NBD fluorescence. To nor-
malize the fusion-dependent fluorescence, the lowest NBD
fluorescent signals and the maximum signals after Triton
X-100 addition were set to 0 and 100% fluorescence,
respectively.
Liposome Tubulation Assay—Brain lipid extract (Folch

fraction I) was dried and resuspended at 1 mg/ml in a buffer
containing 50 mM HEPES/KOH, pH 7.4, and 100 mM KCl.
Folch liposomes were produced by sonication. �TM-synapto-
tagmin-1 (9 �M), MBP-tomosyn-N (9 �M), and a mixture of
�TM-synaptotagmin-1 (9 �M) and MBP-tomosyn-N (9 �M)
were incubated in a buffer containing 25 mM HEPES/KOH,
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pH 7.4, 100 mM KCl, 1 mM CaCl2, and 1 mM DTT at 4 °C for
3 h, respectively. Folch liposomes (0.2 mg/ml) were added to
each sample and incubated at RT for 30 min. For the control
reaction, 0.2 mg/ml Folch liposomes were simply suspended
in buffer. The samples were loaded on a carbon-coated grid
(glow-discharged) and stained with 2% (w/v) uranyl acetate.
Negatively stained samples were viewed on an H-7650 trans-
mission electron microscope (Hitachi, Tokyo, Japan) operated
at 80 kV, and images were recorded at a nominal magnifica-
tion of 20,000 using a 1024 � 1024 charge-coupled device
camera (Tietz Video and Image Processing Systems, Gauting,
Germany).
Synaptic Transmission between SCG Neurons—Postnatal

day 7 Wistar ST rats were decapitated under diethyl ether
anesthesia according to the guidelines of the Physiological
Society of Japan. Isolated SCG neurons were maintained in
culture for 5–6 weeks as described (43, 44). In brief, SCGs
were dissected, desheathed, and incubated with collagenase
(0.5 mg/ml; Worthington) in L-15 (Invitrogen) at 37 °C for 10
min. Following enzyme digestion, semidissociated ganglia
were triturated gently through small pore glass pipettes until a
cloudy suspension was observed. After washing by low speed
centrifugation at 1300 rpm for 3 min, the collected cells were
plated onto coverslips in plastic dishes (Corning; 35-mm di-
ameter; approximately one ganglion per dish) containing a
growth medium of 84% Eagle’s minimal essential medium
(Invitrogen), 10% fetal calf serum (Invitrogen), 5% horse se-
rum (Invitrogen), 1% penicillin/streptomycin (Invitrogen),
and 25 ng/ml nerve growth factor (2.5 S, grade II; Alomone
Laboratories). The cells were maintained at 37 °C in a 95% air,
5% CO2-humidified incubator, and the medium was changed
twice per week. Excitatory postsynaptic potential (EPSP) re-
cordings and injection of the recombinant proteins were per-
formed as described previously (45–47). Electrophysiological
data collected using software written by the late L. Tauc (Cen-
tre National de la Recherche Scientifique, Gif-sur-Yvette,
France) were analyzed with Origin (Microcal Software Inc.).
Statistical significance was determined by Bonferroni post hoc
test after one-way analysis of variance.
Assay for Synaptotagmin-1-enhanced Tomosyn-SNARE

Complex Formation—Various concentrations of �TM-synap-
totagmin-1 were incubated with 220 pmol of MBP-tomosyn
or MBP-tomosyn-N immobilized on 50 �l of amylose beads
in Buffer B or Buffer C at 4 °C for 5 h to allow synaptotagmin-
1-tomosyn complex formation. After the beads had been ex-
tensively washed, the beads were incubated with 220 pmol of
syntaxin-1-�TM and 220 pmol of SNAP-25 in Buffer B or
Buffer C at 4 °C for 3 h to allow tomosyn-SNARE complex
formation. After the beads had been extensively washed with
Buffer B or Buffer C three times, the bound proteins were
eluted in SDS sample buffer with boiling. Then the samples
were subjected to SDS-PAGE followed by CBB staining or
immunoblotting with the anti-syntaxin-1 mAb or the anti-
SNAP-25 mAb.

RESULTS

Direct Binding of Tomosyn to Synaptotagmin-1—In this
study, we sought to elucidate the molecular mechanism by

which the N-terminal WD40 repeats of tomosyn inhibit neu-
rotransmitter release in response to Ca2�. In C. elegans,
TOM-1, a tomosyn orthologue, has been shown to be associ-
ated with synaptic vesicles through its N-terminal WD40 re-
peats, although the binding partner(s) on synaptic vesicles
remains unknown (38). In addition, a proteomics analysis of
synaptic vesicles isolated from rat brain identified tomosyn
(48). Therefore, we first examined whether mammalian tomo-
syn associated with a synaptic vesicle protein(s). Synapto-
somes isolated from rat brains were extracted with Triton
X-100 and immunoprecipitated with the anti-tomosyn pAb or
a control IgG followed by immunoblotting with the anti-to-
mosyn pAb and various antibodies against synaptic vesicle
proteins. Of the synaptic vesicle proteins we tested, synapto-
tagmin-1 was efficiently co-immunoprecipitated with tomo-
syn (Fig. 1A and data not shown). We next assessed the bind-
ing of tomosyn to synaptotagmin-1 using purified
recombinant proteins. MBP-fused full-length tomosyn (MBP-
tomosyn) and MBP alone were immobilized on amylose resin
and incubated with the cytoplasmic domain of synaptotag-
min-1 (�TM-synaptotagmin-1). �TM-synaptotagmin-1 spe-
cifically bound to the immobilized MBP-tomosyn but not to
MBP (Fig. 1B). These results indicate that tomosyn directly
binds to synaptotamin-1. Cultured hippocampal primary neu-
rons at 15 days in vitro were doubly immunostained with the
anti-tomosyn pAb and the anti-synaptotagmin-1 mAb. In
agreement with the association of tomosyn with synaptic vesi-
cles in C. elegans, a subset of tomosyn co-localized with syn-
aptotagmin-1 (Fig. 1C). In addition, we observed that tomo-
syn co-localized with a subset of synaptotagmin-1 in the CA3
area of mouse hippocampus (supplemental Fig. 1).
Binding of Tomosyn to Synaptotagmin-1 through N-termi-

nal WD40 Repeats—We sought to determine which region of
tomosyn was responsible for binding to synaptotagmin-1. We
made two kinds of MBP-fused fragments of tomosyn, a frag-
ment encompassing the N-terminal WD40 repeats (MBP-
tomosyn-N) and a fragment encompassing the tail domain
and the C-terminal VAMP-like domain (MBP-tomosyn-C)
(Fig. 2A). MBP-tomosyn-N, MBP-tomosyn-C, and MBP alone
were immobilized on amylose beads and incubated with
�TM-synaptotagmin-1. �TM-synaptotagmin-1 specifically
bound to MBP-tomosyn-N but not to MBP-tomosyn-C or
MBP (Fig. 2B). These results indicate that, through its N-ter-
minal WD40 repeats, tomosyn binds to synaptotagmin-1.
Ca2�-dependent Binding of N-terminal WD40 Repeats of

Tomosyn to Synaptotagmin-1—We next examined the effect
of Ca2� on synaptotagmin-1 binding. MBP-tomosyn-N im-
mobilized on amylose beads was incubated with �TM-synap-
totagmin-1 in the presence and absence of Ca2�, and the
amounts of bound synaptotagmin-1 were compared. In the
presence of Ca2�, �TM-synaptotagmin-1 bound to MBP-
tomosyn-N 2.5-fold more than in the absence of Ca2� (Fig.
3A). The apparent Kd value for the binding in the presence of
Ca2� was estimated to be 133 nM (Fig. 3B). These results indi-
cate that, upon Ca2� binding, synaptotagmin-1 potently binds
to tomosyn.
We previously reported that the N-terminal WD40 repeats

directly bind to syntaxin-1 and SNAP-25, thereby catalyzing
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oligomerization of the SNARE complex (34). Therefore, we
assessed the binding between tomosyn-N and syntaxin-1 or
SNAP-25 in the same manner as for �TM-synaptotagmin-1
except that the cytoplasmic domain of syntaxin-1 (syntaxin-1-
�TM) or SNAP-25 was used instead of �TM-synaptotag-
min-1. Although binding of syntaxin-1-�TM and SNAP-25 to
MBP-tomosyn-N was easily detected by immunoblotting, it
was hard to detect the bound proteins by CBB staining (sup-
plemental Fig. 2, A and B). These results indicate that syn-
taxin-1 and SNAP-25 bind to the N-terminal WD40 repeats
much less strongly than synaptotagmin-1. It has been shown
that the C-terminal VAMP-like domain of tomosyn, syn-
taxin-1, and SNAP-25 assemble into a SNARE complex-like
structure (33). Therefore, we also assessed binding between
full-length tomosyn and t-SNAREs. MBP-tomosyn immobi-
lized on amylose beads was incubated with various concentra-
tions of syntaxin-1-�TM and SNAP-25, and the bound
proteins were subjected to SDS-PAGE followed by CBB stain-
ing. The apparent Kd value for the binding of MBP-tomosyn
to t-SNAREs was estimated to be 285 nM (supplemental Fig.

2C). Furthermore, we incubated MBP-tomosyn immobilized
on amylose beads with equal amounts of t-SNAREs and
�TM-synaptotagmin-1 at various concentrations. t-SNAREs
bound to MBP-tomosyn as much as �TM-synaptotagmin-1
did (supplemental Fig. 3). These results indicate that assembly
of t-SNAREs and the C-terminal VAMP-like domain is com-
parable in affinity to the binding of synaptotagmin-1 to the
N-terminal WD40 repeats.
Inhibition of Synaptotagmin-1 Functions by N-terminal

WD40 Repeats of Tomosyn—Upon Ca2� binding, synaptotag-
min-1 promotes SNARE-mediated membrane fusion (22–25).
Therefore, we examined the effects of tomosyn on the func-
tion of synaptotagmin-1 in Ca2�-dependent membrane fu-
sion. Syntaxin-1 and SNAP-25 were incorporated into lipo-
somes (referred to as t-SNARE vesicles), and VAMP2 was
incorporated into liposomes containing a quenched mixture
of NBD-labeled phosphatidylethanolamine and rhodamine-
labeled phosphatidylethanolamine (referred to as v-SNARE
vesicles) as reported previously (13). The t-SNARE vesicles
and the v-SNARE vesicles were incubated in a buffer contain-

FIGURE 1. Direct binding of tomosyn to synaptotagmin-1. A, co-immunoprecipitation (IP) of synaptotagmin-1 with tomosyn from synaptosomes. The
synaptosomes isolated from rat brains were solubilized with Triton X-100 and immunoprecipitated with anti-tomosyn pAb. Control IgG was used as a nega-
tive control. The immunoprecipitates were subjected to SDS-PAGE followed by immunoblotting with the respective antibodies. The results shown are rep-
resentative of three independent experiments. B, direct binding of tomosyn to synaptotagmin-1. MBP-tomosyn or MBP alone was immobilized on amylose
beads and incubated with �TM-synaptotagmin-1. The bound proteins were eluted with SDS sample buffer and subjected to SDS-PAGE followed by CBB
staining. The asterisk indicates degraded MBP-tomosyn. The result shown is representative of three independent experiments. C, co-localization of tomosyn
and synaptotagmin-1 in cultured hippocampal primary neurons. The cultured hippocampal primary neurons were double immunostained with anti-tomo-
syn pAb and anti-synaptotagmin-1 mAb at 15 days in vitro. Insets are enlarged images of the boxed areas. The arrowheads indicate the representative areas
where tomosyn co-localizes with synaptotagmin-1. Bar, 20 �m.
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ing Ca2�, and SNARE-mediated liposome fusion was moni-
tored by measuring the increase in NBD fluorescence upon
dilution of the fluorescent lipids. Consistent with the find-
ings of previous reports (22–25), performing the reaction
in the presence of �TM-synaptotagmin-1 increased the
NBD fluorescence much more than was seen with reac-
tions in which the t-SNARE vesicles were simply incubated
with the v-SNARE vesicles (Fig. 4A), indicating that synap-
totagmin-1 promotes SNARE-mediated liposome fusion. In
the presence of MBP-tomosyn-N, the reaction showed a
profile of NBD fluorescence increase similar to that of the
reaction of t-SNARE vesicles with v-SNARE vesicles, indi-
cating that the N-terminal WD40 repeats of tomosyn have
no effect on SNARE-mediated liposome fusion in the ab-
sence of synaptotagmin-1. Importantly, in the presence of
both �TM-synaptotagmin-1 and MBP-tomosyn-N, the
reaction showed a much lower increase in NBD fluores-
cence than the reaction in the presence of �TM-synapto-
tagmin-1 alone. These results indicate that the N-terminal
WD40 repeats of tomosyn decrease the activity of synapto-
tagmin-1 to promote SNARE-mediated membrane fusion.
We also examined the effect of tomosyn-C on SNARE-me-
diated membrane fusion. Consistent with the findings of

our recent report (49), an excess amount of MBP-tomo-
syn-C inhibited liposome fusion due to t-SNARE seques-
tering of the VAMP-like domain (supplemental Fig. 4A). In
the presence of both MBP-tomosyn-C and �TM-synapto-
tagmin-1, the reaction also showed potent inhibition of
liposome fusion, indicating that �TM-synaptotagmin-1 has
no effect on the inhibitory activity of tomosyn-C. These
results support no binding of tomosyn-C to synaptotag-
min-1 as shown in Fig. 2B.
Upon Ca2� binding, synaptotagmin-1 induces positive

membrane curvature by inserting the hydrophobic loops of
the C2 domains into the target membrane (22, 25). This mem-
brane bending activity underlies the promotion of SNARE-
mediated membrane fusion by synaptotagmin-1. Therefore,
we next examined the effect of tomosyn on the membrane
bending activity of synaptotagmin-1. Various combinations of
�TM-synaptotagmin-1 and MBP-tomosyn-N were incubated
with Folch liposomes in the presence of Ca2� followed by
negative staining with uranyl acetate. Consistent with the
findings of previous reports (22, 25), �TM-synaptotagmin-1
deformed the liposomes into tubules (Fig. 4B). MBP-tomo-
syn-N did not affect the morphology of the liposomes. Impor-
tantly, �TM-synaptotagmin-1 did not induce tubulation of
liposomes in the presence of MBP-tomosyn-N. These results
indicate that the N-terminal WD40 repeats of tomosyn in-
hibit the membrane bending activity of synaptotagmin-1 and
are in good agreement with the results of the liposome fusion
assays as shown in Fig. 4A. In addition, consistent with no
binding of tomosyn-C to synaptotagmin-1, MBP-tomosyn-C
could not inhibit the liposome tubulation induced by �TM-
synaptotagmin-1 (supplemental Fig. 4B). Collectively, these
results indicate that tomosyn inhibits the synaptotagmin-1-
mediated step of synaptic vesicle fusion through the direct
binding between the N-terminal WD40 repeats and
synaptotagmin-1.
Role of Binding of N-terminal WD40 Repeats of Tomosyn to

Synaptotagmin-1 in Neurotransmitter Release—We validated
the inhibitory activity of the WD40 repeats of tomosyn to-
ward synaptotagmin-1 function at the cell level. In agreement
with the partial co-localization observed in hippocampal neu-
rons (Fig. 1C and supplemental Fig. 1), a subset of tomosyn
co-localized with synaptotagmin-1 in SCG neurons in culture
as shown by double immunostaining with the anti-tomosyn
pAb and the anti-synaptotagmin-1 mAb (supplemental Fig.
5). Therefore, we used the ideal synapse of cultured SCG neu-
rons for a functional study with microinjection of recombi-
nant proteins. Numerous previous studies have reported that
SCG neurons in culture form cholinergic synapses (44, 47,
50–57). Indeed, in this study, neurotransmission was revers-
ibly abolished by an antagonist for nicotinic acetylcholine re-
ceptors, d-tubocurarine, confirming that the synapses formed
in culture represent a model for fast synapses (Fig. 5A). Frag-
ments of tomosyn or/and synaptotagmin-1 were microin-
jected into a presynaptic SCG neuron, and evoked EPSPs were
monitored as acetylcholine release (45–47). Consistent with
our previous reports (34, 35), MBP-tomosyn-N reduced ace-
tylcholine release, whereas MBP alone did not (Fig. 5B).
�TM-synaptotagmin-1 reduced acetylcholine release, sug-

FIGURE 2. Direct binding of N-terminal WD40 repeats of tomosyn to
synaptotagmin-1. A, schematic representation of tomosyn and its frag-
ments used in this study. B, direct binding of the N-terminal WD40 repeats
of tomosyn to synaptotagmin-1. MBP-tomosyn-N, MBP-tomosyn-C, or MBP
alone was immobilized on amylose beads and incubated with �TM-synap-
totagmin-1 in the absence of Ca2�. The bound proteins were eluted with
SDS sample buffer and subjected to SDS-PAGE followed by CBB staining.
The asterisk indicates degraded MBP-tomosyn-N. The result shown is repre-
sentative of three independent experiments.
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gesting that the soluble fragment of synaptotagmin-1 perturbs
the function of endogenous synaptotagmin-1. To examine
whether the MBP-tomosyn-N-induced inhibition was a result
of direct binding to synaptotagmin-1, MBP-tomosyn-N was
co-injected along with �TM-synaptotagmin-1. Although both
MBP-tomosyn-N and �TM-synaptotagmin-1 slowed the rate
of EPSP decay in addition to reducing the peak amplitude
(Fig. 5Ba), MBP or a mixture of MBP-tomosyn-N and �TM-
synaptotagmin-1 did not affect the EPSP waveform (data not
shown). The mixture reduced the inhibition induced by each
alone (Fig. 5, Bb and Bc), suggesting that �TM-synaptotag-
min-1 blocks MBP-tomosyn-N binding to endogenous synap-
toagmin-1, thereby abolishing the inhibitory activity of the
N-terminal WD40 repeats. Concomitantly, these results indi-
cate that, upon MBP-tomosyn-N binding, �TM-synaptotag-
min-1 has no perturbing activity on the function of endoge-
nous synaptotagmin-1. In contrast, MBP-tomosyn-C slowed

the rate of EPSP rise and reduced the peak amplitude (supple-
mental Fig. 4Ca), suggesting reduced acetylcholine release
due to the t-SNARE-sequestering activity of the VAMP-like
domain. Co-injection of MBP-tomosyn-C and �TM-synapto-
tagmin-1 did not affect the rate of EPSP rise (supplemental
Fig. 4Ca) and did not reduce the inhibition induced by each
alone (supplemental Fig. 4, Cb and Cc), confirming no binding
of tomosyn-C to synaptotagmin-1. Taken together, our re-
sults indicate that tomosyn targets synaptic vesicles through
binding of its N-terminal WD40 repeats to synaptotagmin-1
and thereby inhibits the synaptotagmin-1-mediated step of
Ca2�-dependent neurotransmitter release.
Enhanced Tomosyn-SNARE Complex Formation by

Synaptotagmin-1—Tomosyn sequesters t-SNAREs through
the C-terminal VAMP-like domain and thereby inhibits neu-
rotransmitter release (31–35). We finally examined whether
the binding of synaptotagmin-1 to tomosyn affected forma-

FIGURE 3. Ca2�-dependent binding of N-terminal WD40 repeats of tomosyn to synaptotagmin-1. A, the effect of Ca2� on the binding of the N-termi-
nal WD40 repeats of tomosyn to synaptotagmin-1. MBP-tomosyn-N or MBP was immobilized on amylose beads and incubated with DTM-synaptotagmin-1
in the absence or presence of Ca2�. The bound proteins were eluted with SDS sample buffer and subjected to SDS-PAGE followed by CBB staining. The re-
sult shown is representative of three independent experiments. The right panel shows quantification of the binding of �TM-synaptotagmin-1 to MBP-tomo-
syn-N. The error bar represents S.D. B, estimation of the binding affinity of the N-terminal WD40 repeats of tomosyn to synaptotagmin-1 in the presence of
Ca2�. MBP-tomosyn-N (100 pmol) was immobilized on amylose beads and incubated with the indicated amounts of �TM-synaptotagmin-1 in the presence
of Ca2�. The bound proteins were eluted with SDS sample buffer and subjected to SDS-PAGE followed by CBB staining. The amounts of bound and free
�TM-synaptotagmin-1 were quantified and plotted in the right panel. The results shown are representative of three independent experiments. The appar-
ent Kd value was calculated by Scatchard analysis. The asterisks indicate degraded MBP-tomosyn-N.
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tion of the tomosyn-SNARE complex. MBP-tomosyn immo-
bilized on amylose beads was incubated with various concen-
trations of �TM-synaptotagmin-1 in the absence or presence
of Ca2� and incubated with fixed amounts of syntaxin-1-
�TM and full-length SNAP-25 to allow the tomosyn-SNARE
complex to form. Then the bound proteins were subjected to
SDS-PAGE followed by CBB staining. In the presence of
Ca2�, �TM-synaptotagmin-1 dose-dependently bound to
MBP-tomosyn (Fig. 6A). Under this condition, binding of syn-
taxin-1-�TM and SNAP-25 to MBP-tomosyn was increased
in a synaptotagmin-1 concentration-dependent manner. We
also carried out a similar binding assay using MBP-tomo-
syn-N. In the presence of Ca2�, �TM-synaptotagmin-1 dose-
dependently bound to MBP-tomosyn-N (Fig. 6B). Consistent
with the results shown in supplemental Fig. 2 and our previ-
ous report (34), syntaxin-1-�TM and SNAP-25 weakly bound
to MBP-tomosyn-N as detected by immunoblotting but not

CBB staining. However, these binding events were not af-
fected by �TM-synaptotagmin-1 binding to MBP-tomo-
syn-N. These results indicate that the binding of synapto-
tagmin-1 to tomosyn promotes the activity of the
C-terminal VAMP-like domain to form the tomosyn-
SNARE complex. In addition, the reduction in EPSP ampli-
tude and the slowed decay with MBP-tomosyn were par-
tially rescued by co-injection of �TM-synaptotagmin-1,
but the recovery was less than that with MBP-tomosyn-N
(Fig. 6C). This remaining inhibition of MBP-tomosyn in
the presence of �TM-synaptotagmin-1 can be explained by
enhanced tomosyn-SNARE complex formation upon syn-
aptotagmin-1 binding.
Overall, our results indicate that the Ca2�-dependent bind-

ing between tomosyn and synaptotagmin-1 regulates the in-
hibitory activity of tomosyn as well as the catalytic activity of
synaptotagmin-1. These results suggest that the interplay be-

FIGURE 4. Inhibition of synaptotagmin-1 functions by N-terminal WD40 repeats of tomosyn. A, inhibition of the activity of synaptotagmin-1 to pro-
mote SNARE-mediated membrane fusion by the N-terminal WD40 repeats of tomosyn. The t-SNARE vesicles were incubated with or without �TM-synapto-
tagmin-1 alone, MBP-tomosyn-N alone, or both �TM-synaptotagmin-1 and MBP-tomosyn-N in the presence of Ca2� and then incubated with the v-SNARE
vesicles at 37 °C. As a negative control, liposomes with no t-SNARE proteins (control vesicles) were incubated with the v-SNARE vesicles. The increase in
NBD fluorescence upon liposome fusion was monitored for 60 min. The result shown is representative of three independent experiments. The right panel
shows the relative level of liposome fusion at 60 min. Error bars represent S.D. B, inhibition of the membrane bending activity of synaptotagmin-1 by the
N-terminal WD40 repeats of tomosyn. Folch liposomes were incubated with �TM-synaptotagmin-1 alone, MBP-tomosyn-N alone, or both �TM-synaptotag-
min-1 and MBP-tomosyn-N in the presence of Ca2�. The samples were stained with uranyl acetate followed by electron microscopy analysis. As a negative
control, Folch liposomes were simply stained with uranyl acetate. Bar, 200 nm. The results shown are representative of three independent experiments.
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tween tomosyn and synaptotagmin-1 underlies negative con-
trol of Ca2�-dependent neurotransmitter release.

DISCUSSION

In this study, we demonstrated that tomosyn directly binds
to synaptotagmin-1 through the N-terminal WD40 repeats in
a Ca2�-dependent manner and thereby inhibits the synapto-
tagmin-1-mediated step of Ca2�-dependent neurotransmitter
release. Tomosyn sequesters t-SNAREs through the C-termi-

nal VAMP-like domain, leading to inhibition of SNARE com-
plex formation. Therefore, our results indicate that tomosyn
potently inhibits neurotransmitter release by targeting synap-
tic vesicles through the N-terminal WD40 repeats and the
presynaptic plasma membrane through the C-terminal
VAMP-like domain.
Tomosyn controls exocytotic efficacy of the synaptic vesi-

cles (34, 39). However, it remains unclear how tomosyn con-
trols Ca2�-dependent exocytosis because the C-terminal

FIGURE 5. Role of binding of N-terminal WD40 repeats of tomosyn to synaptotagmin-1 in neurotransmitter release. A, using cholinergic synapses
formed between cultured SCG neurons for the functional study, evoked EPSPs were recorded every 10 s. To confirm the cholinergic synaptic transmission,
d-tubocurarine (d-Tc) was drop-applied at time 0 to a concentration of 200 �M in the bath. The left panel shows EPSP traces before and after bath applica-
tion of d-tubocurarine from one representative experiment. The right panel shows the decrease and recovery in EPSP amplitudes induced by d-tubocurarine
and the washout. B, perturbing effects of tomosyn and synaptotagmin-1 fragments on neurotransmitter release. MBP-tomosyn-N, �TM-synaptotagmin-1,
MBP, or the mixture of MBP-tomosyn-N and �TM-synaptotagmin-1 was microinjected into presynaptic SCG neurons at time 0 (50 �M each in the pipette).
Ba, change in EPSP traces with MBP-tomosyn-N or �TM-synaptotagmin-1 from one representative experiment. Bb, normalized, averaged, and smoothed
EPSP amplitudes (n � 5 or 6). Bc, decrease in EPSP amplitude at 20 min after injection. * Grey, p � 0.05, versus MBP. * Pink, p � 0.05, versus MBP-tomosyn-
N��TM-synaptotagmin-1. Error bars represent S.E. Parenthetical numbers indicate the number of trials.
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VAMP-like domain sequesters t-SNAREs in a Ca2�-inde-
pendent manner. Some studies in chromaffin cells suggest
that the Ca2� responsiveness of tomosyn may be confined to
the N-terminal WD40 repeats because its inhibitory activity is
relieved in the presence of a high Ca2� concentration (40, 41).
We recently reported that the N-terminal WD40 repeats oli-
gomerize the SNARE complex, leading to inhibition of neuro-
transmitter release (34). However, this does not account for
the Ca2� responsiveness of tomosyn because the oligomeriza-
tion occurs in a Ca2�-independent manner. By contrast, the
binding between the N-terminal WD40 repeats and synapto-
tagmin-1 in this study was Ca2�-dependent. Synaptotagmin-1
is a major Ca2� sensor protein on synaptic vesicles (48) and
plays pivotal roles in the regulation of Ca2�-dependent exocy-
tosis of synaptic vesicles. Therefore, impairment of synapto-
tagmin-1 function by Ca2�-dependent binding of the N-ter-
minal WD40 repeats of tomosyn likely underlies the control
of Ca2�-dependent exocytosis exerted by tomosyn.

The direct binding between tomosyn and synaptotagmin-1
enhanced the activity of tomosyn to sequester t-SNAREs (Fig.
6) and impaired the catalytic activity of synaptotagmin-1.
Ca2� strengthened this binding (Fig. 3), indicating that the
synaptotagmin-1-tomosyn-SNARE complex is formed after
Ca2� influx. These findings raise the possibility that synapto-
tagmin-1, cooperating with tomosyn on synaptic vesicles, acts
as an alternative Ca2� sensor to negatively control the exocy-
totic efficacy of synaptic vesicles, sensing Ca2� concentration
changes near Ca2� channel clusters. In response to a rise in
Ca2� concentration, synaptotagmin-1 on synaptic vesicles
catches tomosyn and inactivates its own catalysis for mem-
brane fusion. Simultaneously, the synaptotagmin-1-tomosyn
complex enhances the sequestering of t-SNAREs on the
plasma membrane and blocks SNARE assembly. Eventually,
formation of the Ca2�-dependent synaptotagmin-1-tomosyn-
SNARE complex ensures inactivation of the fusion machiner-
ies on both the donor and target membranes and thereby in-
hibits priming of synaptic vesicles. Evidence is accumulating
that tomosyn regulates RRP size. Tomosyn-deficient mice
show reduced paired pulse facilitation in hippocampi (34),
suggesting that, without tomosyn, the first action potential
depletes synaptic vesicles in the RRP. Tomosyn-overexpress-
ing presynaptic SCG neurons show small EPSPs but cannot
respond to subsequent repetitive action potentials, thus in-
ducing severe synaptic depression (39). The above mentioned
interplay between synaptotagmin-1 and tomosyn seems to be

ideal for controlling the number of primed synaptic vesicles in
the RRP. Further studies will be required to address these
concerns.
The N-terminal WD40 repeats directly bind to syntaxin-1

and SNAP-25, thereby catalyzing oligomerization of the
SNARE complex (34). In our binding assays, the N-terminal
WD40 repeats bound to synaptotagmin-1 much more
strongly than to syntaxin-1 and SNAP-25 (supplemental Fig.
2). These results suggest that the inhibitory activity of the N-
terminal WD40 repeats upon neurotransmitter release might
mostly depend on impairment of synaptotagmin-1 function
rather than oligomerization of the SNARE complex. However,
given that the N-terminal WD40 repeats act as a catalyst for
oligomerization of the SNARE complex, the weak binding to
t-SNAREs may be sufficient to potently inhibit neurotrans-
mitter release. Therefore, it remains unclear which binding
event is the most important determining factor for the inhibi-
tory activity of the N-terminal WD40 repeats. It also remains
unclear whether the inhibitory activity of the N-terminal
WD40 repeats toward synaptotagmin-1 function and their
oligomerization activity toward the SNARE complex are mu-
tually exclusive or compatible. Although we demonstrated
that tomosyn potently bound to synaptotagmin-1 through the
N-terminal WD40 repeats and thereby inhibited the synapto-
tagmin-1-mediated step of synaptic vesicle exocytosis, most of
the results were obtained by assays using purified recombi-
nant proteins. Indeed, experiments such as the binding assay,
the liposome fusion assay, the liposome tubulation assay, and
the electrophysiological analysis were carried out under non-
physiological conditions in terms of the endogenous expres-
sion levels of tomosyn and synaptotagmin-1. The Ca2� con-
centration (1 �M) used in the binding assay, the liposome
fusion assay, and the liposome tubulation assay was also not
relevant to physiological Ca2� influx (10–50 �M). Therefore,
we cannot rule out the possibility that tomosyn may require
an additional cofactor(s) that promotes binding for robust
exertion of its inhibitory activity toward synaptotagmin-1 in
vivo.
Recently, the crystal structure of the N-terminal WD40

repeats of Sro7, a yeast orthologue of tomosyn, was solved
(58). Based on the solved structure, Sro7 is suggested to bind
to Sec9, a yeast counterpart of SNAP-25, through the N-ter-
minal WD40 repeats and thereby inhibit SNARE complex
formation. Although Sec9 binds to Sro7 through both the N-
terminal region and the SNARE motifs, the N-terminal region

FIGURE 6. Enhanced tomosyn-SNARE complex formation by synaptotagmin-1. A, effect of synatopatmin-1 binding on tomosyn-SNARE complex forma-
tion. MBP-tomosyn immobilized on amylose beads was incubated with various concentrations of �TM-synaptotagmin-1 in the absence or presence of
Ca2�. After being washed, the beads were incubated with syntaxin-1-�TM and full-length SNAP-25 in the absence or presence of Ca2�. The bound proteins
were eluted with SDS sample buffer and subjected to SDS-PAGE followed by CBB staining. The asterisk indicates degraded MBP-tomosyn. The result shown
is representative of three independent experiments. The right panel shows the molar ratio of immobilized MBP-tomosyn, bound syntaxin-1, and bound
SNAP-25 in the presence of Ca2�. Error bars represent S.D. B, no involvement of synaptotagmin-1 in the binding of N-terminal WD40 repeats to t-SNAREs.
MBP-tomosyn-N immobilized on amylose beads was incubated with various concentrations of �TM-synaptotagmin-1 in the absence or presence of Ca2�

followed by reaction with syntaxin-1-�TM and full-length SNAP-25 in the same manner as described in A. The asterisk indicates degraded MBP-tomosyn-N.
The right panels show immunoblotting (IB) with anti-syntaxin-1 mAb and anti-SNAP-25 mAb. The result shown is representative of three independent ex-
periments. C, perturbing effects of synatotagmin-1 on inhibition of neurotransmitter release by full-length tomosyn. Evoked EPSPs were recorded every
10 s. MBP-tomosyn or a mixture of MBP-tomosyn and �TM-synaptotagmin-1 was microinjected into presynaptic SCG neurons at time 0 in the same manner
as described in the legend for Fig. 5B. Ca, changes in EPSP traces with MBP-tomosyn or the mixture of MBP-tomosyn and �TM-synaptotagmin-1 from one
representative experiment. Cb, normalized, averaged, and smoothed EPSP amplitudes (n � 5). Cc, decrease in EPSP amplitude at 20 min after injection. *,
p � 0.05, versus MBP-tomosyn-N��TM-synaptotagmin-1. Error bars represent S.E. The graphs of the mixture of MBP-tomosyn-N and �TM-synaptotagmin-1
are repetitions of Fig. 5, Bb and Bc. Parenthetical numbers indicate the number of trials.
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of Sec9 is not conserved in mammalian SNAP-25 (58). As far
as we can tell, the N-terminal WD40 repeats of tomosyn have
no inhibitory activity toward SNARE complex formation
(data not shown). Therefore, the inhibitory activity of the N-
terminal WD40 repeats of Sro7 toward SNARE complex for-
mation may not be evolutionarily conserved. On the other
hand, the binding of tomosyn to synaptotagmin-1 is in agree-
ment with the association of tomosyn with synaptic vesicles in
C. elegans (38), raising the possibility that the activity of the
N-terminal WD40 repeats to inhibit synaptotagmin-1 func-
tion might be evolutionarily conserved between nematodes
and mammals. The binding of synaptotagmin-1 to the N-ter-
minal WD40 repeats enhanced formation of the tomosyn-
SNARE complex through the C-terminal VAMP-like domain
(Fig. 6). We recently reported that tomosyn adopts two con-
formational states upon reciprocal intramolecular binding of
the tail domain (35). In one conformational state, in which the
tail domain binds to the N-terminal WD40 repeats, tomosyn
potently inhibits SNARE complex formation through the C-
terminal VAMP-like domain. In the other conformational
state, in which the tail domain binds to the C-terminal
VAMP-like domain, the inhibitory activity of the C-terminal
VAMP-like domain is decreased. Therefore, the binding of
synaptotagmin-1 to the N-terminal WD40 repeats may stabi-
lize the former conformational state of tomosyn, leading to an
enhancement of tomosyn-SNARE complex formation. Pro-
tein kinase A (PKA) phosphorylation of the serine residues in
the N-terminal WD40 repeats reduces tomosyn-SNARE com-
plex formation (39). Therefore, PKA phosphorylation may
interfere with synaptotagmin-1 binding and stabilize the latter
conformational state of tomosyn, leading to inactivation of
tomosyn. Structural studies of full-length tomosyn, the synap-
totagmin-1-tomosyn complex, and the synaptotagmin-1-to-
mosyn-SNARE complex will be required to confirm this.
In summary, we show here that Ca2�-dependent binding

between tomosyn and synaptotagmin-1 regulates the catalytic
activity of synaptotagmin-1 and the inhibitory activity of to-
mosyn. These results suggest that the interplay between to-
mosyn and synaptotagmin-1 underlies inhibitory control of
Ca2�-dependent neurotransmitter release. Of note, this is the
first report to show the mechanism of inactivation of
synaptotagmin-1.
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