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We have studied the effects of tetanus toxin and botulinus toxin
A on neurotransmitter release in the Retzius3P-cell synapse of
the leech and exploited the unique properties of this system,
which allow for combined physiological and biochemical anal-
yses in single-cell pairs. The sequences of Hirudo medicinalis
synaptobrevin and synaptosomal-associated protein of 25 kDa
(SNAP-25), deduced by cDNA cloning, are 61 and 55% iden-
tical, respectively, to their corresponding mammalian ho-
mologs. Whereas Hirudo synaptobrevin is proteolyzed by tet-
anus toxin, its SNAP-25 isoform is resistant to botulinus toxin A
cleavage because of amino acid substitutions within and
around the putative cleavage site. In close correlation, micro-
injection of tetanus toxin into the presynaptic neuron produced
a block of transmitter release, whereas botulinus toxin A had no
effect on synaptic transmission. Subsequent immunoblotting of
single-cell pairs demonstrated directly that the tetanus toxin-
mediated block of exocytosis is accompanied by cleavage of

synaptobrevin in the injected neuron, resulting in the generation
of a detectable C-terminal cleavage product. Immunoblotting
also confirmed the resistance of SNAP-25 to botulinus toxin A
cleavage in vivo. Using recombinant proteins, we show that the
N-terminal fragment of synaptobrevin released by tetanus
toxin, but not its C-terminal membrane-anchored cleavage
product, participates with syntaxin and SNAP-25 in synaptic
SNAP receptor (SNARE) ternary complex formation in Hirudo.
Our data demonstrate a direct correlation between the inhibi-
tion of transmitter release and the ability of the neurotoxin to
proteolyze its target protein and support the view that SNARE
ternary complex formation is an important step leading to
synaptic vesicle exocytosis.
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Calcium-regulated exocytosis of synaptic vesicles is the primary
means of communication between neurons. A complex of con-
served cytosolic proteins known as NSF (N-ethylmaleimide-
sensitive fusion protein) and SNAP proteins (soluble NSF attach-
ment proteins) is required for various intracellular fusion events
in eukaryotic cells (Ferro-Novick and Jahn, 1994; Südhof, 1995;
Calakos and Scheller, 1996; Rothman and Wieland, 1996). The
search for neuronal membrane receptors (SNAREs, SNAP recep-
tors) for these soluble “fusion” factors led to the identification of
the vesicle protein synaptobrevin (VAMP) and the plasma mem-
brane proteins, syntaxin and SNAP-25 (synaptosomal-associated
protein of 25 kDa) (Söllner et al., 1993a).
Synaptobrevins are class II integral membrane proteins that ex-

pose most of their sequence at the cytoplasmic face of secretory
vesicles (Südhof, 1995). SNAP-25 is an abundant highly conserved
membrane-associated protein (Oyler et al., 1989; Risinger et al.,
1993). It is post-translationally modified by palmitoyl side chains that
mediate membrane binding (Hess et al., 1992; Veit et al., 1996).

Syntaxin is a similarly abundant small integral membrane protein
with a C-terminal transmembrane domain (Bennett et al., 1992).
In detergent extracts of brain membranes, synaptobrevin,

SNAP-25, and syntaxin are associated in a stable 7S complex
(Söllner et al., 1993a,b). This synaptic SNAP receptor complex
(SNARE) binds a-SNAP and NSF to form a 20S particle. Because
the SNARE complex involves proteins from both the vesicle
membrane (synaptobrevin, v-SNARE) and the plasma membrane
(SNAP-25 and syntaxin, t-SNARE), it has been proposed that the
selectivity of pairing between v- and t-SNARE enables the dock-
ing of the vesicle at the intended target membrane (Söllner et al.,
1993a; Pevsner et al., 1994). The immediate involvement of NSF
and a-SNAP in vesicle docking and fusion (Söllner et al., 1993b)
recently has been questioned by the observation that yeast vacu-
oles can dock and fuse after Sec18p (NSF) has released Sec17p
(a-SNAP) from the membrane, suggesting a predocking role of
both proteins (Mayer et al., 1996).
Strong evidence that synaptobrevin, SNAP-25, and syntaxin are

essential for Ca21-regulated exocytosis was provided by the find-
ing that these proteins serve as targets of the clostridial neurotox-
ins, which are potent inhibitors of neurotransmitter release. These
neurotoxins are composed of two disulfide-linked polypeptide
chains (Niemann, 1991; Montecucco and Schiavo, 1994; Niemann
et al., 1994). The heavy chain (HC, 100 kDa) is involved in binding
and internalization of the light chain (LC, 50 kDa), which in turn
is responsible for the intracellular blockade of transmitter release.
The light chain of clostridial neurotoxins was demonstrated to be
a Zn21 endopeptidase (Niemann et al., 1994). Tetanus neurotoxin
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light chain (TeNT-LC) cleaves synaptobrevin at the peptide bond
between Gln76 and Phe77 (Schiavo et al., 1992). Botulinus neu-
rotoxin A (BoNT/A) cleaves SNAP-25 at a site nine amino acids
upstream from its C terminus between residues Gln197 and
Arg198 (Blasi et al., 1993a; Schiavo et al., 1993; Binz et al., 1994).
Although in vitro studies have demonstrated specific proteolysis

of the identified substrate proteins, little is known about the
molecular mechanism of neurotoxin action in the functioning
neuron. For instance, cleavage products of synaptobrevin gener-
ated by TeNT in vivo have not yet been characterized. Under-
standing of the proteolytic activity in the intact neuron is impor-
tant for assessing the functional significance of the substrate
protein itself and of protein complexes detected in vitro.
Here we investigate the effects of toxin poisoning at the single-

cell level with electrophysiological and biochemical techniques,
using the cultured Retzius3P-cell synapse of the leech (Hirudo
medicinalis). The effects of two neurotoxins, TeNT and BoNT/A,
were studied. When Retzius cells are paired with P-cells, a stable
serotonergic synapse with well defined physiological properties is
established (Fuchs et al., 1982; Dietzel et al., 1986; Bruns et al.,
1993; Bruns and Jahn, 1995). Furthermore, the large-sized
Retzius cell forms its synaptic contact with the postsynaptic P-cell
over a short distance (Liu and Nicholls, 1989), making this prep-
aration well suited for microinjection of neurotoxins.
We cloned the leech homologs of synaptobrevin and SNAP-25,

generated antibodies to study the susceptibility of the proteins to
neurotoxin cleavage, and established a method that allows us to
detect the proteins in individual cultured neurons by immunoblot-
ting. Our data show that leech synaptobrevin is sensitive to TeNT
and demonstrate that inhibition of transmitter release correlates
with cleavage of synaptobrevin in the presynaptic neuron. A
C-terminal cleavage product of synaptobrevin was detected in
vitro and in vivo that is not degraded further but fails to participate
in SNARE ternary complex formation. This suggests that a block
of exocytosis is caused by severing the membrane-anchored frag-
ment of synaptobrevin from its complex-forming domain. In con-
trast, BoNT/A does not cleave leech SNAP-25 and has no effect
on synaptic transmission, supporting the view that SNAP-25 is the
sole target protein of BoNT/A.

MATERIALS AND METHODS
Animals. Experiments were performed on cells and nerve cord homoge-
nate of adult leeches (Hirudo medicinalis) kept in laboratory aquaria.
Materials. Standard buffer contained (in mM): 145 NaCl and 25

HEPES-NaOH, pH 7.3. The monoclonal antibody (Cl 69.1) used for
immunoblotting of rat synaptobrevin has been described previously
(Edelmann et al., 1995).
Molecular cloning of cDNA encoding for synaptobrevin and SNAP-25

from H. medicinalis. A l-ZAP library that had been made to randomly
primed Hirudo leech nerve cord mRNA (kindly provided by Roberta
Allen and Steve Heinemann, The Salk Institute, La Jolla, CA) was
screened at high stringency with a cDNA probe, which was generated by
PCR (Saiki et al., 1988), using sets of degenerated oligonucleotide prim-
ers. Primers for SNAP-25 cloning were complementary to codons of
amino acid positions 22–27 and 70–75 of mouse SNAP-25 (Oyler et al.,
1989). Primers for synaptobrevin cloning corresponded to codons of
amino acids 32–37 and 94–99 of rat synaptobrevin II (Elferink et al.,
1989). The PCR isolates were subcloned into pCRII (Invitrogen, Port-
land, OR). Duplicate plaque lifts of ;300,000 plaques, plated at a density
of 20,000 plaques per 150 mm Petri dish, were screened with the nucle-
otide insert of pCRII labeled by random oligonucleotide-primed synthe-
sis with [a-32P]dCTP (3000 Ci/mmol, New England Nuclear, Boston, MA;
Megaprime DNA labeling system, Amersham, Arlington Heights, IL).
Hybridization conditions were 500 mM Na2HPO4, 7% SDS (w/w), 1%
bovine serum albumin (w/w), 1 mM EDTA, and 50 mg/ml salmon sperm
at 658C. The filters were washed with 23 SSC, 13 SSC, and 0.23 SSC

(13 SSC is 150 mM NaCl and 15 mM sodium citrate) with 0.2% SDS at
658C and autoradiographed. Strongly positive clones for SNAP-25 and for
synaptobrevin were plaque-purified. The excised pBluescript II SK2

(ExAssist Helper Phage System, Stratagene, La Jolla, CA) served for
DNA sequencing on both strands, using the dideoxy chain termination
method (Sanger et al., 1977). The syntaxin isoform from H. medicinalis
was cloned by the same procedures and will be described in detail
elsewhere. The nucleotide sequences reported in this paper have been
submitted to the GenBank/European Molecular Biology Laboratory
(EMBL) Data Bank with accession numbers U85805 for H. medicinalis
synaptobrevin, U85806 for H. medicinalis SNAP-25, and U85807 for H.
medicinalis syntaxin.
Generation of recombinant fusion proteins. Full-length and truncated

coding sequences were amplified with PCR (Pfu polymerase, Stratagene,
La Jolla, CA), with oligonucleotides containing appropriate restriction
sites for subsequent subcloning into the desired plasmids. Two vector
systems were used to generate fusion proteins in Escherichia coli. Expres-
sions in pTrcHis A (Invitrogen) generate fusion proteins in which six
histidine residues and a 36-amino-acid linker sequence are fused to the N
terminus of the coding sequence. The His6 fusion protein was purified on
a Ni–Sepharose matrix (ProBond, Invitrogen) according to the manufac-
turer’s instructions, and the protein was eluted with buffer containing 40,
80, 120, 240, and 500 mM imidazole, pH 7.8. Expressions in pGEX-4T
(Pharmacia, Piscataway, NJ) generated fusion proteins with glutathione
S-transferase (GST). GST fusion proteins were purified essentially as
described (Chapman et al., 1994) except that a TRIS-buffered saline (20
mM Tris, pH 7.5, 150 mM NaCl, 1 mM EGTA, and 0.5 mM dithiothreitol)
was used as the primary buffer. Column eluates were analyzed for purity
by SDS-PAGE and staining with Coomassie blue. Full-length SNAP-25
was introduced into pTrcHis A as a BamHI/EcoRI fragment. The cDNA
encoding the amino acids 1–273 (comprising the entire cytoplasmic
domain) of leech syntaxin was cloned into pGEX 4T also as a BamHI/
EcoRI fragment. Purified proteins were dialyzed against standard buffer,
and aliquots were snap-frozen and stored at 2708C.
Production of antibodies: rabbit antisera recognizing leech proteins.

BamHI/EcoRI fragments encoding the amino acids 112–212 of SNAP-25
and 114–169 of synaptobrevin were subcloned into pTrcHis A. Aliquots
of both fusion proteins (350 mg in Freund’s adjuvant) were used for the
repeated immunization of New Zealand rabbits. Resulting polyclonal
antisera (R37, synaptobrevin; R50, SNAP-25) were immunoaffinity-
purified by using the antigen expressed as GST fusion protein coupled to
CNBr-activated Sepharose 4B (Pharmacia). Purification was performed
according to the manufacturer’s instructions. The SNAP-25 antibody
(R50) was affinity-purified with an antigen comprising the amino acid
positions 112–204 of SNAP-25 to ensure that the full-length protein and
a putative proteolytic fragment were recognized with equal affinities.
A new monoclonal antibody (Cl 71.1) recognizing rat SNAP-25B was

generated. Recombinant SNAP-25 full-length was expressed as a His6
fusion protein and used for the immunization of Balb/c mice. Fusion,
propagation, and screening were performed according to standard pro-
cedures (Köhler and Milstein, 1975; Jahn et al., 1985).
In vitro transcription–translation. cDNA encoding rat SNAP-25B has

been described previously (Chapman et al., 1994) and was provided by T.
C. Südhof (University of Texas, Southwester, Dallas, TX). Site-directed
mutagenesis of leech synaptobrevin and SNAP-25 was performed by the
overlapping primer method of Higuchi (1990). The same method was
used to generate chimeras between leech and rat SNAP-25. Mutations
were verified by DNA sequencing. cDNAs encoding wild-type and mutant
leech SNAP-25 sequences were placed under control of the T7 promotor
by subcloning into pBluescript SK2, which contained a polylinker deriv-
ing from pcDNAINEO (Invitrogen). cDNAs encoding for wild-type and
mutant leech synaptobrevin were placed under control of an SP6 pro-
moter by introducing into pSP64 (Promega, Madison, WI). Radiolabeled
proteins were generated by coupled in vitro transcription–translation
(reaction volume 25 ml) using the TNT system (Promega) in the presence
of [35S]-methionine, according to the manufacturer’s instructions. Full-
length synaptobrevin was translated in the presence of canine microsomal
membranes (Boehringer Mannheim, Indianapolis, IN). At the end of the
translation period, membranes were washed, recovered by centrifugation
at 50,000 rpm for 20 min in a Beckman TLA 100.3 rotor, and resuspended
in 25 ml of standard buffer. This procedure reduced the content of globin
(intrinsic to the TNT system) in the reaction mixture, preventing deteri-
oration of the migratory properties of leech synaptobrevin and its cleav-
age products. The reaction product either was analyzed directly by
SDS-PAGE and fluorography or was solubilized in standard buffer con-
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taining 0.5% Triton X-100, centrifuged (as described above) to remove
insoluble material, and used for TeNT-LC incubations and the binding to
glutathione–Sepharose-immobilized proteins.
Preparation of leech nerve cord and rat brain homogenate. Chains of

segmental ganglia of six leeches were dissected out in ice-cold Ringer’s
(130 mM NaCl, 4 mM KCl, 1 mM CaCl2, and 10 mM HEPES-NaOH, pH
7.3). Nerve cords were washed in ice-cold standard buffer, supplemented
with phenylmethylsulfonyl fluoride (1 mM), leupeptin (10 mg/ml), pepsta-
tin A (1 mM), and aprotinin (2.5 mg/ml), and homogenized in a volume of
250 ml with a microscale tissue grinder (0.1 ml). Protein concentration
(2.0 mg/ml) was determined according to Bradford (1976). Preparation of
rat brain homogenate (LP1 fraction) was performed as described (Walch-
Solimena et al., 1995).
Treatment with clostridial neurotoxins. TeNT-LC (1 mg/ml), BoNT/A

holotoxin (1 mg/ml), and the cDNA for BoNT/A-LC were kindly pro-
vided by H. Niemann (MH Hannover, Hannover, Germany). BoNT/
A-LC chain containing a C-terminal His6-tag was expressed in E. coli and
purified by binding to a Ni–Sepharose matrix as described above. Frac-
tions were analyzed for purity by SDS-PAGE and staining with Coomas-
sie blue and dialyzed against standard buffer. BoNT/A-LC concentration
(2.0 mg/ml) was determined according to Bradford (1976). Aliquots were
snap-frozen and stored at 2708C. In vitro translated synaptobrevin and
SNAP-25 (15 ml of the transcription–translation reaction mixture) were
incubated for 2 hr at 378C with 180 nM TeNT-LC and 250 nM BoNT/A-
LC, respectively. Leech nerve cord homogenate (10 mg) or rat brain
homogenate was incubated with the same toxin concentrations in 20 ml of
standard buffer containing 0.5% Triton X-100 for 2 hr at 378C. Aliquots
were analyzed by SDS-PAGE and fluorography or immunoblotting.
Binding assay. GST-syntaxin or GST (6 mg) was incubated with 20 mg

of His6–SNAP-25 for 1 hr at 48C in a final volume of 30 ml with gentle
agitation. Binding buffer contained 145 mM NaCl, 25 mM HEPES-NaOH,
pH 7.5, and 0.5% Triton X-100. Incubation was continued for 1 hr at 48C
after adding a 30 ml slurry of glutathione–Sepharose (Pharmacia) in
binding buffer. After four washes with binding buffer, the matrix was
resuspended in a total volume of 60 ml of binding buffer. Equal amounts
of full-length or TeNT-pretreated [35S]-methionine-labeled synaptobre-
vin were added, and incubation with matrix was continued for 16 hr at
48C. The beads were collected by brief centrifugation (1 min, 6000
revolutions/min in a microfuge), and supernatants (S fraction) were
decanted. Pellets were washed four times with 700 ml of ice-cold binding
buffer and resuspended in a volume (P fraction) matching that of the
supernatant. Equal portions of supernatant and pellet were subjected to
SDS-PAGE, stained, destained, dried, and exposed to film for 2–8 hr.
Cell culture, electrophysiology, and microinjection. Retzius and P-cells

were isolated from adult leeches and cultured for synapse formation as
described (Bruns et al., 1993). Presynaptic and postsynaptic potentials
were recorded with microelectrodes and two conventional bridge ampli-
fiers. Microelectrode (borosilicate glass, Clark Electromedical Instru-
ments, England) resistances ranged from 40 to 60 MV. Presynaptic
microelectrodes were backfilled with 3 M potassium acetate and 100 mM
KCl. Postsynaptic microelectrode filling solution contained 3 M KCl.
Recordings were performed in Leibowitz L-15 medium (Life Technolo-
gies, Gaithersburg, MD) supplemented with 3 mM CaCl2. Multiple re-
cordings from the same cell pair were performed as follows: the action
potential-evoked postsynaptic signal was measured before (first record-
ing) and 1.5 hr after (second recording) injection. In each recording
session the synaptic signal was measured (for 30 min) until a stable
baseline response was established. At the end of the first recording, toxins
were pressure-injected as described below. The increase of the amplitude
of the postsynaptic signal seen at the beginning of the recording session
(see Fig. 8) is attributable to leakage of high chloride pipette solution into
the postsynaptic P-cell. Analysis of the PSP amplitude was restricted to
the period when a constant synaptic signal was observed. Experiments
were performed on the stage of an inverted microscope (Zeiss Axiovert
100, Oberkochen, Germany). Electrophysiological data were digitized at
a rate of 2 kHz, stored on a personal computer, and analyzed with the
program AutesP (Garching Instruments, Germany). The injection solu-
tion contained recombinant TeNT-LC (1 mg/ml) or BoNT/A-LC (2.0
mg/ml) in standard buffer. BoNT/A holotoxin (0.75 mg/ml)-containing
solution consisted of 145 mM NaCl, 36 mM sodium acetate, 5 mM
dithiothreitol (DTT), and 30 mM HEPES-NaOH, pH 7.0. Saline without
toxin was used for control injections. All solutions contained 1% Fast
Green dye (Sigma, St. Louis, MO) to visualize the injection process.
Solutions were injected through a separate microelectrode by applying
controlled pressure pulses of nitrogen gas (10–20 psi; PLI-100, Medical

Systems, Greenvale, NY). Injection of approximately comparable vol-
umes of control and toxin solution was estimated by visualization of the
staining of the cytoplasm. The activity of BoNT/A-LC and DTT-reduced
BoNT/A holotoxin in the injection solution was verified at the end of the
experiment by test incubations with in vitro translated rat SNAP-25 (see
above).
Western blot analysis of individual cultured neurons and protein homog-

enates. Cultured single Retzius cells or individual Retzius–P-cell pairs
carefully were dislodged from the culture dish by aspirating them with a
fire-polished glass pipette. This step was visualized on the stage of an
invertoscope (Nikon-TMS). The cells were washed once in Ringer’s
solution containing (in mM): 130 NaCl, 4 KCl, 1 CaCl2, 70 glucose, and 10
HEPES-NaOH, pH 7.3, supplemented with 50 mg/ml bovine serum
albumin (BSA), and transferred into a volume of 5 ml of Ringer’s solution
(supplemented with BSA). Handling of cells was visualized with a stereo
microscope (Nikon-SMZ-1B). Immediately thereafter, SDS-PAGE sam-
ple buffer was added, and the samples were boiled. Samples were sepa-
rated by SDS-PAGE and transferred to nitrocellulose by a semidry
electroblotter (Schleicher & Schuell, Keene, NH). Blots were incubated
with affinity-purified antibodies (1–2 mg/ml) diluted 1:2000 in Tris-
buffered saline (20 mM Tris, pH 7.4, 150 mM NaCl, 8% powdered nonfat
milk, and 0.1% Tween-20) overnight at 48C. Blots were washed and
incubated for 1 hr at room temperature with secondary goat anti-rabbit or
goat anti-mouse antibodies conjugated to horseradish peroxidase (Bio-
Rad, Melville, NY), diluted 1:5000 in Tris-buffered saline (without dry
milk). Blots were washed three times, and the immunoreactive bands
were visualized with an enhanced chemiluminescence system (SuperSig-
nal Ultra, Pierce, Rockford, IL). The film exposure for Western blots of
single cells ranged between 3–8 min.
Quantitation of protein content of single Retzius cells. Groups of five

single cultured Retzius cells were washed in Ringer’s solution and trans-
ferred into an Eppendorf tube. Their protein content was quantified by
the NanoOrange Protein Quantitation Kit (Molecular Probes, Eugene,
OR) according to the manufacturer’s instructions. The average protein
content of five Retzius cells was 120 6 25 ng (n 5 7). In calibration tests
with BSA, fluorescence intensity was found to increase linearly within a
concentration range from 40 to 300 ng protein/ml. Fluorescence was
elicited with 485 6 10 nm excitation and detected with 590 6 10 nm
emission with a fluorescence spectrophotometer (Hitachi).
Other methods. SDS-PAGE was performed according to standard pro-

cedures (Laemmli, 1970) with the Bio-Rad Protean II minigel system
(Richmond, CA). Where indicated, a modification of SDS-PAGE was
used that is based on replacing Tris-Cl with Tricine-Cl, which allows for
an improved separation of small peptides (Schägger and von Jagow,
1987). Measurements are given as mean 6 SD, unless indicated
otherwise.

RESULTS
Leech synaptobrevin and SNAP-25 are homologous to
their mammalian counterparts and can be detected in
immunoblots of single Retzius cells
To isolate cDNAs encoding for synaptobrevin and SNAP-25, we
screened a l-ZAP library prepared from leech nerve cord with a
cDNA probe generated by PCR (Saiki et al., 1988), using sets of
degenerate oligonucleotide primers (see Materials and Methods).
Hybridization-positive clones for synaptobrevin and SNAP-25
were isolated and served for DNA sequencing. The longest syn-
aptobrevin clone contains a short 59 untranslated region, the
coding region, and a 1-kb-long 39 untranslated region (Fig. 1A).
The open reading frame encodes a polypeptide of 169 amino acids
with a predicted molecular mass of 17.8 kDa (Fig. 1B). The
N-terminal domain (residues 1–29) shows little homology to syn-
aptobrevin variants of other organisms, whereas the conserved
core region of the protein (residues 30–93) is 88% identical to rat
synaptobrevin. The hydrophobic transmembrane anchor (boxed)
is followed by a long intravesicular domain. Similar (but not
homologous) domains also are found in other invertebrate syn-
aptobrevins such as those of Drosophila and Aplysia, but not in
mammalian synaptobrevins (Südhof et al., 1989; DiAntonio et al.,
1993; Yamasaki et al., 1994).
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Figure 1. Structure of Hirudo synaptobrevin. A, cDNA and deduced amino acid sequences of Hirudo synaptobrevin. The translated amino acid sequence
is shown in single letter code below the nucleotide sequence. The transmembrane domain is underlined, and the asterisk that follows the amino acid
sequence denotes the stop codon. B, Sequence comparison of various isoforms of synaptobrevin. Sequences are taken from the following references: rat
(Elferink et al., 1989), Torpedo (Trimble at al., 1988), Loligo (Hunt et al., 1994), Drosophila (DiAntonio et al., 1993), and Aplysia (Yamasaki et al., 1994).
The TeNT cleavage site of rat synaptobrevin is marked. The putative transmembrane domain is boxed. Dots indicate amino acids that are identical to
Hirudo synaptobrevin. Hirudo synaptobrevin has an extended intravesicular domain similar (but not homologous) to isoforms of Drosophila and Aplysia.
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The longest SNAP-25 clone had a length of 1.4 kb (Fig. 2A).
This cDNA encodes a 212-amino-acid protein with a deduced
molecular mass of 23.8 kDa. The putative initiation site is pre-
ceded by three in-frame stop codons, suggesting that the cDNA
comprises the entire translated region. Comparison of the leech
and the rat protein reveals 51% identity and 75% similarity (Fig.
2B). Leech SNAP-25 has a cluster of three cysteine residues in the
middle of the protein. The regions of highest homology reside in
the N-terminal half and the C-terminal third of leech SNAP-25
and coincide with the domains of rat SNAP-25, which are essential
for binding to syntaxin (residues 21–100) and to synaptobrevin
(residues 180–206, numbering as in rat SNAP-25; Chapman et al.,
1994; Hayashi et al., 1994).
To identify native leech synaptobrevin and SNAP-25, we pro-

duced antisera using recombinant protein fragments as antigens.
For synaptobrevin, a C-terminal fragment comprising the entire
intravesicular domain (amino acid positions 114–169) was used.
For SNAP-25, antibodies were raised against the C-terminal half
of the protein (amino acid positions 112–212). The resulting
antisera were affinity-purified (see Materials and Methods) and
tested by immunoblotting on leech nerve cord homogenate. The
synaptobrevin antibody (R37) specifically recognizes a polypep-
tide that migrates at a position corresponding to an apparent
molecular mass of ;21 kDa (Fig. 3A). As expected, this position
is higher than that of mammalian synaptobrevin but resembles
that observed for the similar-sized synaptobrevin isoforms in
Drosophila or Aplysia (Yamasaki et al., 1994; Sweeney et al.,
1995). The SNAP-25 antibody (R50) identifies a protein that has
an apparent molecular mass of ;29 kDa, also slightly larger than
the mammalian variants (Fig. 3A). The same band also reacted
with a monoclonal antibody (Cl 71.1) that was raised against rat
SNAP-25 (data not shown) and recognizes a highly conserved
domain (amino acids 20–40 of rat SNAP-25; compare in Fig. 2).
Furthermore, we translated leech synaptobrevin and SNAP-25 in
vitro in the presence of [35S]-methionine and found the radiola-
beled proteins to comigrate with their corresponding immunore-
active bands from nerve cord homogenate (Fig. 3B).
Retzius cells that serve as presynaptic neurons in our experi-

ments are large (diameters of 60–80 mm) and can be manipulated
individually by fire-polished glass pipettes. Using a highly sensitive
protein quantitation assay, we determined that a single Retzius
cell contains, on average, 24 6 5 ng of total protein (n 5 7; see
Materials and Methods). We therefore asked whether synapto-
brevin and SNAP-25 are detectable by immunoblotting of a single
Retzius cell. As shown in Figure 3C, Western blots of a single
Retzius cell display immunoreactive bands for both proteins. The
intensity of the immunoreactive bands was approximately propor-
tional to the number of neurons transferred to a gel lane. These
findings provide the possibility to study the proteolytic activity of
neurotoxins with biochemical techniques in individual Retzius–P-
cell pairs after physiological recordings.

Sensitivity of leech synaptobrevin to tetanus toxin
Native and recombinant forms of leech synaptobrevin were used
to study the effect of tetanus neurotoxin. TeNT-LC cleaves rat
synaptobrevin II between Gln 76 and Phe 77 (numbering as in rat
synaptobrevin; Link et al., 1992; Schiavo et al., 1992), a region that
is highly conserved in the leech protein. Incubation of leech nerve
cord homogenate with TeNT-LC resulted in a strong reduction of
synaptobrevin immunoreactivity (Fig. 4A). In parallel, an immu-
noreactive band of lower molecular mass (Mr approximately equal
to 15,000) appeared. This band was not seen in mock incubations

containing toxin but no homogenate (data not shown). The 15
kDa band corresponds to a C-terminal cleavage product of syn-
aptobrevin, because the detecting antibody was raised against the
intravesicular domain of the protein. TeNT-LC also cleaved re-
combinant synaptobrevin that was translated in vitro in the pres-
ence of [35S]-methionine, generating two radiolabeled fragments,
a 15 and a 7 kDa fragment (Fig. 4C). The 15 kDa fragment closely
resembles the C-terminal cleavage product that was seen in
TeNT-treated homogenate. The 7 kDa band therefore represents
the corresponding N-terminal fragment of the protein.
Previous studies have shown that rat synaptobrevin I is less

sensitive in vitro to TeNT cleavage than rat synaptobrevin II. The
reduced cleavability of the synaptobrevin I isoform is attributable
to substitution of a glutamine residue with a valine residue at the
cleavage site (Schiavo et al., 1992) (see also Fig. 1B). When the
corresponding point mutation was introduced into leech synapto-
brevin (replacement of Gln75 with Val), cleavage was less efficient
than in the wild-type protein (Fig. 4B). Taken together, these
results suggest that leech synaptobrevin is cleaved efficiently by
tetanus toxin and that proteolysis occurs at a site which corre-
sponds to that identified in the mammalian isoform.

Do TeNT-LC cleavage products of synaptobrevin
participate in complex formation with syntaxin
and SNAP-25?
Synaptobrevin, SNAP-25, and syntaxin form, in vitro, a stable
ternary complex (SNARE complex) that has been implicated in
the fusion of synaptic vesicles with the plasma membrane (Söllner
at al., 1993b). In the following experiment, we investigated
whether a similar complex forms between the Hirudo isoforms of
these proteins and studied further whether the fragments of
proteolyzed synaptobrevin are able to participate in complex
formation. Leech GST-syntaxin, immobilized on glutathione–
Sepharose beads, was saturated with His6–SNAP-25, resulting in a
stable binary complex (Fig. 5A; see also Hayashi et al., 1994).
Full-length [35S]-methionine-labeled synaptobrevin was prepared
by in vitro translation and incubated with the preformed syntaxin /
SNAP-25 complex. Binding was analyzed by SDS-PAGE and
fluorography after separation of beads (P) from unbound material
(S). Full-length synaptobrevin efficiently bound to the immobi-
lized complex of GST-syntaxin and SNAP-25, but not to control
beads (Fig. 5B), demonstrating that, like their mammalian coun-
terparts, the leech proteins form a stable ternary complex. TeNT-
LC-treated synaptobrevin was tested for binding with the same
procedure. The N-terminal cleavage product bound to the binary
complex, whereas the C-terminal fragment remained in the su-
pernatant. Similarly, no binding of the C-terminal fragment was
observed when TeNT-treated nerve cord homogenate instead of
recombinant synaptobrevin was used (data not shown). Taken
together, our findings demonstrate that the vesicle membrane-
anchored part of synaptobrevin released by TeNT fails to partic-
ipate in ternary complex formation.

Leech SNAP-25 is resistant to cleavage by BoNT/A
To test whether leech SNAP-25 is susceptible to cleavage by
BoNT/A, we incubated nerve cord homogenate with recombinant
BoNT/A-LC. Incubation neither led to a reduction in the intensity
of the SNAP-25 signal nor caused the generation of any proteo-
lytic fragment (Fig. 6A). Similarly, recombinant SNAP-25 protein
generated by in vitro translation was resistant to proteolysis by
BoNT/A-LC (Fig. 7). Parallel incubation of rat brain homogenate
with BoNT/A-LC shows that the mammalian isoform is cleaved
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Figure 2. Structure of Hirudo SNAP-25. A, cDNA and deduced amino acid sequences of Hirudo SNAP-25. The translated amino acid sequence is shown
in single letter code below the nucleotide sequence. The designated initiator methionine is preceded by three in-frame stop codons, but no other
methionine codon, in the untranslated region. B, Sequence comparison of various isoforms of SNAP-25. The sequence of rat SNAP-25 was provided by
T. C. Südhof and is identical to the mouse SNAP-25 sequence (Oyler et al., 1989). Other sequences are taken from the following references: Drosophila
and Torpedo (Risinger et al., 1993) and Human SNAP-23 (Ravichandran et al., 1996). Figure legend continues.
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and confirms the activity of the toxin used in our experiments (Fig.
6B). Furthermore, dithiothreitol (DTT)-reduced BoNT/A holo-
toxin also failed to cleave leech SNAP-25 (data not shown). These
findings indicate that the leech isoform is insensitive to BoNT/A
proteolysis. This result was unexpected in light of the high degree
of sequence conservation and prompted us to investigate the
structural features that render the protein resistant to toxin cleav-
age. Sequence comparison between leech SNAP-25 and the rat
isoform reveals that the leech protein contains a lysine (residue
204) instead of a glutamine as the N-terminal amino acid of the
scissile bond (Fig. 2B). However, substitution of this lysine with a
glutamine residue (mutant m1) failed to make the protein sus-
ceptible to proteolysis by BoNT/A-LC (Fig. 7). To resolve
whether amino acid differences in the N- or C-terminal part of
leech SNAP-25 are responsible for this toxin resistance, we re-
placed the C-terminal 40 residues of leech SNAP-25 with the
homologous domain from rat SNAP-25. This chimeric protein
(m2) was fully cleaved by BoNT/A-LC. We then successively
shortened the rat sequence in the chimera by replacing it with the
corresponding leech sequences (m3–m6). Restoring the leech
sequence to within nine amino acids on the N-terminal side of the
cleavage site did not interfere with proteolysis (m3 and m4, Fig.
7). Further extension of the leech sequence reduced (m5) and
abolished (m6) cleavage. This demonstrates that the region
N-terminal of the cleavage site encompassing residues 196–204 is
critical for cleavage. Indeed, direct replacement of this domain in
the leech wild-type protein with the corresponding rat domain

(comprising 5 amino acid exchanges between leech and rat) ren-
ders the leech protein (m7) susceptible to BoNT/A-LC cleavage.
However, a comparison of the cleavage of mutants m1 and m5
suggests that residue 204 and those C-terminal to the cleavage site
are also sufficient to allow partial cleavage. In agreement with this
observation, exchange of amino acids 196–209 with those of the
rat protein improved cleavability of m8, as compared with m7.
Taken together, the results indicate that amino acids on both sides
of the cleavage site, in addition to those at the scissile bond itself,
are responsible for the toxin resistance of leech SNAP-25.

The effect of TeNT-LC and BoNT/A-LC on
neurotransmitter release correlates with the toxin-
mediated proteolysis in the presynaptic neuron
Having shown that leech synaptobrevin is cleaved by TeNT-LC
but that leech SNAP-25 is resistant to BoNT/A-LC proteolysis, we
next investigated the action of the toxins on transmitter release in
the Retzius3P-cell synapse in culture (Fig. 8A). Serotonin (5-
hydroxytryptamine, 5-HT) release was evoked by stimulation of
single action potentials in the presynaptic Retzius cell (Fig. 8B,D,
top panels). In postsynaptic P-cells, activation of the 5-HT-induced
chloride conductance (Drapeau and Sanchez-Armass, 1988) was
recorded as a depolarization of the membrane potential, because
the postsynaptic microelectrode contained a high Cl2 concentra-
tion solution (Fig. 8B,D, bottom panels). As illustrated in Figure
8C, injection of TeNT-LC into the soma of the Retzius cell
produced a strong and irreversible block of synaptic transmission.

4

Dots indicate amino acids that are identical to Hirudo SNAP-25. Gaps (bars) were introduced to improve the alignment. Vertical bars mark the clustered
cysteine residues. Hirudo SNAP-25 has a cluster of three cysteine residues at the amino acid positions 92, 93, and 96. An additional cysteine residue in
the leech sequence occurs at amino acid position 44 and also is found in Drosophila SNAP-25. The BoNT/A cleavage site of rat SNAP-25 is marked. The
amphipathic character of the putative a-helical regions implicated in syntaxin and synaptobrevin binding (Chapman et al., 1994; Hayashi et al., 1994) is
well preserved in all variants. The residues forming its hydrophobic face are marked by asterisks .

Figure 3. Characterization of native and
recombinant leech synaptobrevin and
SNAP-25. A, Immunoblots of leech nerve
cord homogenate were probed with
affinity-purified polyclonal antibodies
raised against leech synaptobrevin and
SNAP-25. Each lane is an immunoblot of
total homogenate (5 mg of protein / lane)
separated on a 14% SDS-polyacrylamide
gel. Immunoreactive proteins were visual-
ized with horseradish peroxidase-coupled
secondary antibody and an enhanced
chemiluminescent system (SuperSignal,
Pierce). B, Full-length leech synaptobrevin
and SNAP-25 were generated by in vitro
transcription–translation in the presence of
[35S]-methionine (and microsomes for syn-
aptobrevin). The major translation prod-
ucts comigrate with the corresponding im-
munoreactive band from nerve cord
homogenate. Note that native leech
SNAP-25 has a slightly lower mobility than
the recombinant protein, probably because
of palmitoylation of the native protein
(Veit et al., 1996). C, Immunoblot analysis
of single Retzius cells. Samples containing
the indicated number of Retzius cells were
separated on a 15% SDS-polyacrylamide
gel and immunoblotted. The blot was
stained simultaneously with anti-
synaptobrevin and anti-SNAP-25 antibod-
ies. Immunoreactive proteins were visual-
ized as described above.
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In contrast, injection of comparable volumes of control solution
had no effect on the synaptic signal (see Fig. 9A). These results
agree well with our previous observation showing that exocytosis
of serotonergic vesicles, monitored by carbon fiber amperometry,
is inhibited when TeNT-LC is injected into isolated Retzius cells
(Bruns and Jahn, 1995). The delay between toxin injection and a
50% inhibition of the synaptic signal varied between 10 and 25
min (n 5 8). Short delays were observed in Retzius cells that had
a relatively short axon stump, suggesting that the time course of
inhibition is determined mainly by the rate of toxin diffusion.
Furthermore, we reanalyzed synaptic transmission in the same cell
pair 3 d after injection to examine whether transmitter release
recovers from poisoning after extended culturing times. Whereas

neurons injected with control solution showed clear and often un-
changed synaptic transmission, no recovery of the synaptic signal was
observed in TeNT-LC-injected cells (data not shown). The long-
lasting block may be attributable to enduring toxin action but also
may reflect the slow resynthesis of synaptobrevin, as suggested by
experiments in chromaffin cells (Bartels et al., 1994).
The experiments of Blasi et al. (1993a) with rat brain synapto-

somes suggested that SNAP-25 is the sole substrate of BoNT/A.
The identification of a toxin-resistant SNAP-25 isoform in Hirudo
provides the unique opportunity to study the effect of BoNT/A
poisoning in a preparation equipped with a toxin-resistant target
protein. In fact, injection of this toxin into Retzius cells produced
no alteration of transmitter release (Fig. 8D,E, n 5 5), even if the
LC-concentration was more than fivefold higher (7 mg/ml) than
the highest TeNT-LC concentration used. Because experiments in
Aplysia neurons suggested that BoNT/A-LC requires the presence
of the heavy chain for activity (Maisey et al., 1988; Poulain et al.,
1990), we also injected reduced holotoxin, which should have free
LCs and HCs. Again, no impairment of the synaptic signal was
observed (see Fig. 9A, n 5 5). The activity of BoNT/A-LC and of
reduced BoNT/A holotoxin in the injection solution was verified
at the end of the experiment by test incubations with in vitro
translated rat SNAP-25 (data not shown). Therefore, the lack of
sensitivity of the release process toward BoNT/A is consistent with
the resistance of leech SNAP-25 to toxin-mediated cleavage in
vitro.
To study the proteolytic activity of the toxins directly in the

functioning neuron, we subjected individual Retzius–P-cell pairs,
which had been analyzed for transmitter release, to immunoblot-
ting. In each cell pair, synaptic signals were recorded before and
1.5 hr after toxin injection. At the end of the second recording, the
cell pair was dislodged carefully from the culture dish and trans-
ferred into a small volume of Ringer’s solution. The toxin was
inactivated by immediate addition of SDS-PAGE sample buffer
and boiling. This protocol facilitated the direct comparison of
physiological and biochemical results obtained from control and
toxin-injected neurons. As observed under continuous recording
conditions, the amplitude of the synaptic signal was strongly
reduced after TeNT-LC injection into Retzius cells, whereas it
remained unchanged when neurons were injected with BoNT/
A-LC or control solution (Fig. 9A). The corresponding immuno-
blots of single-cell pairs were stained simultaneously with
SNAP-25 and synaptobrevin antibodies (Fig. 9B,C). This allowed
us to use one of the immunostained proteins as an internal
standard to correct for possible differences in the size of individual
cell pairs. As shown in Figure 9B, synaptobrevin immunoreactivity
is strongly diminished in TeNT-LC-injected pairs, as compared
with controls. Thus, in the intact neuron, most of synaptobrevin is
accessible to the toxin and seems to be cleaved in ,2 hr. A
proteolytic fragment was detected in all poisoned neurons, with a
size closely resembling that observed after in vitro proteolysis of
leech synaptobrevin (Fig. 4B). These results demonstrate that the
block of transmitter release by TeNT-LC is accompanied by
cleavage of synaptobrevin in the presynaptic neuron. The small
residual signal reflecting intact synaptobrevin is most likely caused
by synaptobrevin in the uninjected postsynaptic P-cell. In contrast,
SNAP-25 immunoreactivity was not changed in BoNT/A-LC-
injected pairs (Fig. 9C). Together, these results provide a direct
correlation between the block of exocytosis and the ability of the
neurotoxin to proteolyze its target protein in a single neuron.

Figure 4. Leech synaptobrevin is sensitive to TeNT-LC cleavage. A,
Leech nerve cord homogenate was incubated in the absence (control ) or
in the presence of 180 nM TeNT-LC for 2 hr at 378C. Samples (5 mg of
protein / lane) were analyzed by SDS-PAGE (15% gel) and immunoblot-
ting as described in Figure 3. TeNT cleavage of synaptobrevin generates a
breakdown product (arrow) that reflects a C-terminal fragment of synap-
tobrevin. B, Incubation of TeNT-LC with rat brain homogenate (LP2
fraction, 5 mg protein / lane) leads to a reduction of synaptobrevin II
immunoreactivity. Synaptobrevin II was visualized with the monoclonal
antibody Cl 69.1. C, Recombinant leech synaptobrevin generated by in
vitro transcription–translation is cleaved by TeNT-LC, resulting in radio-
labeled fragments of 7 kDa (N terminal) and 15 kDa (C terminal). Amino
acid exchange of Gln75 with Val reduced cleavability of the mutant
(mGln75Val). Samples were separated on a 15% SDS-polyacrylamide gel
and analyzed by fluorography.
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DISCUSSION
In this study we investigated the effects of tetanus toxin and
botulinus toxin A on synaptic transmission and combined physi-
ological and biochemical techniques to gain direct insight into the
proteolytic activity of the toxins in the intact neuron. Our results
provide a direct correlation between the block of exocytosis and
the effect of the neurotoxin L-chains on their target proteins in
vivo. Furthermore, they demonstrate the versatility of the
Retzius3P-cell synapse as model for the study of transmitter
release at the single-cell level.
Leech synaptobrevin is highly homologous to isoforms from

other invertebrates and vertebrates (Elferink et al., 1989; Südhof

et al., 1989; Archer et al., 1990; DiAntonio et al., 1993; Hunt et al.,
1994; Yamasaki et al., 1994), including conservation of the toxin
cleavage site. Like its mammalian homolog (Söllner et al., 1993b;
Hayashi et al., 1994) Hirudo synaptobrevin is able to form a stable
ternary complex with the leech isoforms of SNAP-25 and syntaxin.
Thus not only the primary structure but also the biochemical
properties of the proteins are conserved during evolution.
TeNT inhibits transmitter release from neurons in widely di-

vergent species (Mochida et al., 1989; Llinás et al., 1993; Hunt et
al., 1994), blocking exocytosis of both small and large dense core
vesicles (Bruns and Jahn, 1995). However, it is still unclear how
toxin cleavage of synaptobrevin causes inhibition of exocytosis,

Figure 5. Effect of TeNT-LC treatment of synaptobrevin
on its ability to assemble with syntaxin /SNAP-25 com-
plexes. Leech GST-syntaxin was saturated with His6–
SNAP-25 and immobilized on glutathione–Sepharose
beads. Glutathione S-transferase (GST ) served as control.
Radiolabeled synaptobrevin was generated by in vitro
translation and incubated with 300 nM TeNT-LC (1) or
control buffer (2). Full-length protein or toxin-generated
fragments were incubated overnight with preformed GST-
syntaxin/SNAP-25 complexes. Beads and supernatants
were separated by centrifugation, the pellets were washed,
and equal fractions of the supernatants (S) and pellets (P)
were analyzed. A, Coomassie blue-stained gel (SDS-
PAGE, 13%) of pellets (P) and supernatants (S). His6–
SNAP-25 forms a stable complex with GST-syntaxin but
does not bind to control beads. B, Fluorography of the P
and S fractions separated on a Tricine-SDS polyacryl-
amide gel. Full-length synaptobrevin efficiently binds to
GST-syntaxin /SNAP-25 complexes. The faster-migrating
N-terminal cleavage product, but not the C-terminal frag-
ment, participates in ternary complex formation.

Figure 6. Leech SNAP-25 is resistant to BoNT/A-LC
cleavage. A, Leech nerve cord homogenate was incubated
without (control ) and with 250 nM BoNT/A-LC for 2 hr at
378C. Leech SNAP-25 was also resistant to cleavage when a
concentration of 1 mM BoNT/A-LC was used (data not
shown). Note that the SNAP-25 antibody used for blotting
was affinity-purified with immobilized recombinant leech
SNAP-25 that lacked the last eight amino acids at the C
terminus (residues 112–204) to ensure that the full-length
protein and a putative proteolytic fragment are recognized
with equal affinities. B, Cleavage of rat SNAP-25 (LP2
fraction of brain homogenate) by BoNT/A-LC (250 nM)
demonstrates the activity of the toxin. The breakdown prod-
uct is indicated by the arrow. Rat SNAP-25 was visualized
with the monoclonal antibody Cl 71.1. Samples were ana-
lyzed by SDS-PAGE (13% gel) and immunoblotting as
described in Figure 3.
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i.e., whether the proteolytic loss of a functional domain or the
generation of a toxic breakdown product is primarily responsible
for the block. No synaptobrevin fragments were detected when
intact neurons or synaptosomes were poisoned (Link et al., 1992;
Mundigl et al., 1995; Osen-Sand et al., 1996; Williamson et al.,
1996). In these studies, antibodies binding N-terminal of the
cleavage site were used for detection. Like other invertebrate
isoforms, leech synaptobrevin contains an extended intravesicular
domain that provides a convenient epitope for immunodetection
of C-terminal fragments. Injection of TeNT-LC into Retzius cells
revealed that depletion of intact synaptobrevin was paralleled
with the appearance of a C-terminal cleavage product that
equalled in size the C-terminal fragment obtained by in vitro
cleavage. This suggests that cleavage in the intact neuron occurs at
the same site as in vitro and further demonstrates that the
C-terminal fragment persists after poisoning (Fig. 4). In addition,
we found that most of the intracellular synaptobrevin pool is
accessible to toxin, suggesting that poisoned neurons contain
mainly synaptic vesicles equipped with the truncated protein.
Recently, it has been suggested that the v-SNARE synaptobre-

vin serves as a “pilot” protein, which targets the vesicle to the
plasma membrane, and that the specific pairing between
the cytoplasmic domains of v- and t-SNAREs mediates docking
of the vesicle before exocytosis (Rothman and Wieland, 1996).
However, previous morphological work demonstrated that dock-
ing of synaptic vesicles is not impaired, but rather increased, in
TeNT-poisoned squid terminals (Hunt et al., 1994). Thus, the
detection of a membrane-anchored synaptobrevin fragment in the

poisoned Retzius cell poses the question of whether its remaining
cytoplasmic domain still may interact with syntaxin and SNAP-25.
This question has been difficult to address with the mammalian
isoforms of these proteins because of the relatively small size of
the corresponding cleavage product of rat synaptobrevin. After
TeNT-LC cleavage, the N-terminal fragment of leech synaptobre-
vin, but not its C-terminal fragment, bound to SNAP-25/syntaxin
complexes in vitro. Thus, it is unlikely that a direct interaction of
the membrane-anchored synaptobrevin fragment with syntaxin
and SNAP-25 can provide the structural basis for vesicle docking
after TeNT cleavage. Our results also agree with the observation
of Niemann and coworkers (1994) showing that the complex-
forming domain of synaptobrevin seems to be confined to the
N-terminal region of the protein comprising the residues 37–70
(numbering as in rat synaptobrevin; Hayashi et al., 1994). How-
ever, immunoprecipitation experiments with rat brain detergent
extracts revealed that the C-terminal cleavage product of synap-
tobrevin still is associated with the 20S complex that includes
recombinant a-SNAP and NSF (Pelligrini et al., 1995). Together,
these findings indicate that a proteolytic loss of a functional
domain of synaptobrevin becomes apparent for protein interac-
tions in the ternary “core” complex but may be altered by addi-
tional binding of cytosolic factors, such as NSF and SNAPs, or
other proteins. Whether syntaxin is involved in docking has been
challenged by the finding that genetic knock-out of Drosophila
syntaxin failed to impair vesicle docking (Broadie et al., 1995).
Furthermore, it has been documented that in PC12 cells large
dense core vesicles still accumulate at the plasma membrane after

Figure 7. Structural features that pro-
tect leech SNAP-25 from BoNT/A pro-
teolysis. The scheme illustrates a mu-
tant containing a single amino acid
substitution (m1) and the chimeras
formed between leech SNAP-25 (black)
and rat SNAP-25 (white, m2–m8). Pro-
teins were radiolabeled by in vitro tran-
scription–translation in the presence of
[35S]-methionine. Wild-type and mu-
tated proteins were incubated in the
absence (control ) or in the presence of
500 nM BoNT/A-LC (2 hr at 378C).
Samples were analyzed by SDS-PAGE
and fluorography. Numbers indicate the
position of the first and last amino acids
of the domain that are exchanged be-
tween the leech and the rat protein
(numbering refers to leech SNAP-25).
A sequence comparison of the
C-terminal domain of both proteins is
shown at the bottom of the figure. Dots
indicate the amino acids that are iden-
tical to Hirudo SNAP-25. Leech
SNAP-25 became sensitive to BoNT/
A-LC cleavage when the residues 196,
197, 200, 201, and 204 were replaced
with those of the rat protein (m7 ). Ad-
ditional substitution of residues 207 and
209 with the corresponding residues of
the rat protein improved the cleavabil-
ity (m8). The BoNT/A cleavage site of
rat SNAP-25 is indicated by the arrow
and the dashed line.
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BoNT/A treatment (Banerjee et al., 1996). In summary, the bio-
chemical work, together with the morphological studies, indicates
that vesicles can dock despite impaired or absent SNAREs, sug-
gesting that synaptobrevin, syntaxin, and SNAP-25 are involved in
events that occur between docking and fusion rather than being
directly responsible for vesicle docking.
Previous work demonstrated that the inhibition of transmitter

release from rat synaptosomes caused by BoNT/A is associated
with proteolysis of SNAP-25 (Blasi et al., 1993a). The resistance of
leech SNAP-25 to BoNT/A cleavage was surprising, considering
the high degree of homology to its mammalian isoform. Similarly,
the protein is insensitive to BoNT/E cleavage (D. Bruns and R.
Jahn, unpublished observation). Apparently, the features that
confer cleavability of mammalian SNAP-25 are not conserved
during evolution. This is not a trivial consideration, because
deletion of the last nine amino acids by BoNT/A cleavage disrupts
the direct binding of SNAP-25 to synaptobrevin, demonstrating
the functional importance of the C-terminal domain (Chapman et
al., 1994; Hayashi et al., 1994). It has been proposed that the
association of SNAP-25 with synaptobrevin involves the interac-
tion of a-helical domains via formation of intermolecular coiled-
coil structures (Chapman et al., 1994; Hayashi et al., 1994). Such
a-helices are distinguished by a characteristic pattern of hydro-
phobic residues, which are exposed along one side of the helix,
generating an intermolecular hydrophobic core in the two-

stranded coiled-coil formation (Crick, 1953). Sequence compari-
son reveals that the periodicity of hydrophobic residues is well
preserved in leech SNAP-25, despite the amino acid differences in
this domain (Fig. 2B). This may explain how amino acid substi-
tutions in the C-terminal domain of leech SNAP-25 prevent
BoNT/A cleavage without affecting the function of the protein. A
comparable pattern of unconserved amino acids in this domain
also is found in isoforms of Drosophila and in SNAP-23, the
recently identified non-neuronal human homolog of SNAP-25
(Fig. 2B). Possibly, BoNT/A resistance is not restricted to
SNAP-25 of Hirudo.
Microinjection of BoNT/A into presynaptic Retzius cells did

not cause any inhibition of synaptic transmission, whereas similar
injections of TeNT-LC produced a clear block of transmitter
release. These results are in excellent agreement with our bio-
chemical findings in vitro. However, the susceptibility of substrate
proteins toward neurotoxin proteolysis in vitro may differ from
that observed in vivo. For example, botulinus toxin C cleaves
syntaxin and also attacks SNAP-25 in intact neurons (Blasi et al.,
1993b; Williamson et al., 1996). In contrast, recombinant
SNAP-25 is not cleaved in vitro even using concentrations of 500
nM BoNT/C (Foran et al., 1996). Immunoblots of BoNT/A-LC-
injected Retzius–P-cell pairs used in our experiments confirmed
the resistance of SNAP-25 against proteolytic attack by the toxin
in the functioning neuron. Our experiments cannot rule out that

Figure 8. Effects of TeNT-LC and
BoNT/A-LC on transmitter release in
the Retzius3P-cell synapse. A, Pho-
tomicrograph of a Retzius3P-cell pair
in culture; scale bar, 40 mm. B, Traces
show representative recordings obtained
before (control ) and 40 min after injec-
tion of TeNT-LC (18 mM). An action
potential in the Retzius cell (top trace,
Vpre), stimulated by step current injec-
tion through the microelectrode (resting
membrane potential, 260 mV), evoked
a postsynaptic potential (PSP) in the
P-cell (bottom trace, Vpost, resting mem-
brane potential 260 mV). Microinjec-
tion of the toxin into the soma of the
Retzius cell produced a block of trans-
mitter release without affecting the
action potential waveform or the resting
membrane potential. C, Time course
of inhibition of transmitter release
produced by TeNT-LC injection (bar).
Synaptic signals were evoked with a
frequency of 1/min. The increase in PSP
amplitude at the beginning of the re-
cording is attributable to leakage of high
Cl2 pipette solution into the postsynap-
tic P-cell. The PSP rate of rise was nor-
malized to the mean rate of rise of the
baseline response recorded during the
preinjection phase. D, Representative
recordings obtained before (control )
and 40 min after injection of BoNT/
A-LC (36 mM). E, Microinjection of
BoNT/A-LC did not affect transmitter
release.
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other, hitherto nonidentified, substrate proteins of BoNT/A may
exist and have developed a similar resistance to toxin cleavage in
this species. Still, on the basis of the present data, we conclude
that the corresponding biochemical and physiological results
strengthen the hypothesis that SNAP-25 is the sole target protein
of BoNT/A.
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Schägger H, von Jagow G (1987) Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for the separation of proteins in the
range from 1 to 100 kDa. Anal Biochem 166:368–379.

Schiavo G, Benfenati F, Poulain B, Rosetto O, Polverino de Laureto P,
DasGupta B, Montecucco C (1992) Tetanus and botulinus-B neuro-
toxins block neurotransmitter release by proteolytic cleavage of synap-
tobrevin. Nature 359:832–835.

Schiavo G, Rosetto O, Catsicas S, Polverino de Laureto P, DasGupta BR,
Benfenati F, Montecucco C (1993) Identification of the nerve terminal
targets of botulinus neurotoxin serotypes A, D, and E. J Biol Chem
268:23784–23787.

Söllner T, Whiteheart SW, Brunner M, Erdjument-Bromage H, Geroma-
nos S, Tempst P, Rothman JE (1993a) SNAP receptors implicated in
vesicle targeting and fusion. Nature 362:318–323.
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