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Presynaptic calcium channels are key regulators of neurotransmitter release. Oocyte
expression studies suggest that cysteine string proteins are essential subunits or modu-
lators of these channels. Subcellular fractionation revealed that cysteine string proteins
copurify with synaptic vesicles. An average vesicle had eight protein monomers with both
the amino and carboxyl termini detected on the cytoplasmic face. Thus, docked synaptic
vesicles may regulate presynaptic calcium channels and neurotransmitter release.

Secretion of neurotransmitter is triggered
by calcium ions that permeate the nerve
terminal through voltage-gated calcium
channels (I, 2). Considerable progress has
been made to identify calcium channel
subtypes that control this release process (2,
3). Recent efforts (4) to clone complemen-
tary DNAs (cDNAs) encoding subunits of
vertebrate presynaptic calcium channels
culminated in the identification of a Torpe-
do cyteine string protein (Tcsp) (5, 6).
Electrophysiological data indicated that
this protein was an essential subunit or
modulator of presynaptic calcium channels
(4). On this basis, Tcsp was expected to be
a plasma membrane protein. Instead, we
report that Tcsp copurifies with synaptic
vesicles.

We used Torpedo electric organ to ob-
tain highly purified synaptic vesicles (7, 8).
The final stage in the purification of these
vesicles was a chromatographic step that
resolved the synaptic vesicles (peak 2 of
Fig. 1A) from heterogeneous membrane
fragments (peak 1 of Fig. 1A) (7-9). The
presence of occluded acetylcholine (Fig.
1A) and the SV, antigen (Fig. 1B), an
established vesicular protein (10), con-
firmed that peak 2 contains synaptic vesi-
cles. Immunoreactivity of Tcsp was absent
in peak 1 (Fig. 1) and was detected only in
fractions that contained synaptic vesicles
(Fig. 1C), thus indicating that Tcsp associ-
ates specifically with these organelles.

Using the immunoblot procedure of
Fig. 1, we were able to detect a band
(about 1 ng) of Tcsp immunoreactivity
from 100 ng of synaptic vesicle protein
(11, 12). Thus, Tcsp is 1% of synaptic
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vesicle protein. Because a single synaptic
vesicle has 20 x 10% kD of protein (13),
Tesp accounts for 200 kD, and the average
vesicle will have eight Tcsp monomers
(11).

Torpedo cysteine string protein behaves
as an intrinsic membrane protein, as evi-
denced by the requirement for detergent
to solubilize it (9). To establish the mem-
brane topology of Tcsp, we used antibod-

ies specifjc for its NH,- or COOH-termini
(14). Both of these antibody preparations
selectively immunoprecipitate Tesp and
SV, immunoreactivity, occluded acetyl-
choline, and morphologically identifiable
synaptic vesicles (Fig. 2) (14, 15). Be-
cause Tcsp is fatty acylated on multiple
cysteine residues (12), we postulate that it
is tethered by these acyl residues to the
cytoplasmic surface of vesicles with the
NH,- and COOH-termini accessible from
the cytoplasm.

As a synaptic vesicle protein, how

» might Tcsp regulate presynaptic calcium

channels? We propose that subsequent to
the docking of a vesicle at the plasma
membrane, a process involving multiple
recognition proteins (16), Tcsp interacts
with a presynaptic calcium channel. This
association converts the channel from a
state where it will not open in response to
membrane depolarization to a new state
where it can open. This interaction may
be direct, or it may involve other proteins
(17, 18).

Several corollaries emerge from this
model. First, docked vesicles should be in
close proximity (<30 nm) to presynaptic

Fig. 1. (A) Measurements were A
made of light scattering [absor-
bance at 340 nm (A,,.)], protein
and acetylcholine (ACh) content
of Torpedo electric organ mem-
brane fractions resolved by gel
filtration. (B) Immunoblot assay of
SV, immunoreactivity (some of
which failed to enter the resolving
gel) in sequential chromatograph-
ic fractions. (C) Immunoblot de-
tection of Tesp immunoreactivity
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Fig. 2. (A) Selective immunoprecipita-
tion of Tcsp immunoreactivity with anti-

bodies specific for NH.- or COOH-termini (N- and C-terminus, respectively) of Tcsp. Molecular sizes
are indicated on the left in kilodaltons. (B) Selective immunoprecipitation of occluded acetylcholine
(ACh) with antibodies to Tcsp specific for NH,- or COOH-terminus. (C) Electron micrographs of
synaptic vesicles bound to Staphylococcus aureus immunoadsorbent by COOH-terminal-specific
antibodies (arrowheads). Scale bar, 0.33 um. Inset, adjacent field, same scale.

calcium channels (19). Second, presynap-
tic calcium channels should be capable of
opening only after a synaptic vesicle has
docked and a csp has interacted with the
channel. This constrains calcium ion per-
meation to sites where vesicles are poised
for exocytosis. Third, only a small propor-
tion of csps should be associated with a
presynaptic calcium channel at any one
time, and conversely, not all presynaptic
calcium channels should be in the csp-
activated mode. Finally, changes in the
number, distribution, or biochemical
properties of csps could dramatically affect
the triggering of the secretory event.
Thus, csps are plausible targets for modu-
lation leading to long-term potentiation or
depression of synaptic transmission.
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