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�-Latrotoxin, a potent stimulator of exocytosis from neurons and neuroendocrine cells, has been studied intensively, but the mecha-
nisms of its actions are poorly understood. Here, we developed a new method to generate active recombinant �-latrotoxin and conducted
a structure/function analysis of the toxin in stimulating Ca 2�-dependent exocytosis. �-Latrotoxin consists of a conserved N-terminal
domain and C-terminal ankyrin-like repeats. After cleavage of an N-terminally fused purification tag of glutathione S-transferase (GST),
the recombinant toxin strongly stimulated exocytosis, whereas the GST-fused toxin was much less potent. The GST-fused toxin bound to
the receptors [neurexin 1�; CL1 (CIRL/latrophilin 1)] as efficiently as did the GST-cleaved toxin but was much less effective in inserting
into the plasma membrane and inducing cation conductance. The toxin with deletion of the last two ankyrin-like repeats still bound the
receptors but could neither stimulate exocytosis nor induce cation conductance efficiently. The abilities of the mutated toxins to stimu-
late exocytosis correlated well with their abilities to induce cation conductance, but not their binding to the receptors. Our results indicate
that (1) C-terminal ankyrin-like repeats and a free (unfused) N terminus are both required for the toxin to form pores, which is essential
for Ca 2�-dependent exocytosis, and (2) receptor binding alone is not sufficient to stimulate Ca 2�-dependent exocytosis.
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Introduction
�-Latrotoxin, a member of latrotoxins isolated from black widow
spider venom, has been extensively used to study the mechanisms
of neurotransmitter exocytosis (Südhof, 2001; Nicholson and
Graudins, 2002; Ushkaryov et al., 2004). Similar to the other
members of latrotoxins, �-latrotoxin is a large protein (130 kDa)
composed of four domains: (1) a cleaved signal peptide (domain
I), (2) a conserved N-terminal domain with three invariant cys-
teine residues (domain II), (3) a domain composed of 15–22
ankyrin-like repeats (domain III), and (4) a C-terminal domain
(domain IV) that is cleaved during venom maturation (Kiyatkin
et al., 1990, 1993; Dulubova et al., 1996; Volynski et al., 1999). Ma-
ture latrotoxins are composed of domains II and III (see Fig. 1A).

�-Latrotoxin stimulates both Ca 2�-independent exocytosis
and extracellular Ca 2�-dependent exocytosis. Its exocytotic ef-
fect requires binding to neuronal receptors (Grasso et al., 1980).
Three classes of receptors have been identified: (1) neurexin 1�, a

neuronal protein with a single transmembrane domain (Ush-
karyov et al., 1992), (2) CIRL/latrophilin 1 (CL1) (Davletov et al.,
1996; Krasnoperov et al., 1997), a member of the CL family,
which are G-protein-coupled receptors (Sugita et al., 1998; Ich-
tchenko et al., 1999), and (3) protein tyrosine phosphatase �
(Krasnoperov et al., 2002a), a recently found receptor for the
toxin. In either neurexin 1� or CL1 knock-out mice (Geppert et
al., 1998; Tobaben et al., 2002), the neuronal sensitivity to
�-latrotoxin was reduced, indicating that these two receptors
constitute the major receptors for �-latrotoxin.

Interacting with its receptors, �-latrotoxin forms pores in the
plasma membrane, evidenced by direct visualization of the toxin
tetramers inserted into the membrane of liposomes using
cryo-EM (Orlova et al., 2000). In cells that are normally insensi-
tive to �-latrotoxin expressing exogenous toxin receptors (neur-
exin 1� or CL1), the toxin formed pores when bound to its re-
ceptor (Van Renterghem et al., 2000). Signaling-deficient
mutants of the receptors are capable of facilitating pore forma-
tion and are sufficient for �-latrotoxin to induce Ca 2�-
dependent exocytosis (Sugita et al., 1998, 1999). In contrast, a
recent report suggested that a specific mutant of �-latrotoxin
(�-LTx N4C) stimulated Ca 2�-dependent exocytosis without
forming pores (Volynski et al., 2003). Thus, it remains unclear
whether the pore formation is essential for the stimulation of
Ca 2�-dependent exocytosis or the activation G-protein-coupled
CL1 receptor is sufficient for this process.

Mutational analysis using recombinant �-latrotoxin has iden-
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tified the essential cysteine residues in domain II for binding to
neurexin 1� and CL1 (Ichtchenko et al., 1998). Active recombi-
nant toxins have been made using a baculovirus expression sys-
tem, but the yield was relatively low. Thus, systematic structure/
function analysis of �-latrotoxin has been a challenge because of
a lack of the sufficient tool. Here, we generated active
�-latrotoxin using a novel strain of Escherichia coli and created a
series of truncated �-latrotoxins. Using these toxins, we investi-
gated the structural requirements of �-latrotoxin in stimulating
Ca 2�-dependent exocytosis, specifically the critical roles of
N-terminal insertion and C-terminal ankyrin-like repeats. We
also demonstrate that the ability of the mutated toxins to stimu-
late exocytosis correlate with their abilities to induce cation
conductance.

Materials and Methods
Expression constructs
�-Latrotoxin constructs. A 6-histidine (6His) tag sequence was intro-
duced at the SalI–HindIII site of pGex-KG (Guan and Dixon, 1991) and
pGex-KG-His was generated. This plasmid was used as a parental expres-
sion plasmid for the expression of all of the recombinant �-latrotoxins.
We first subcloned a full-length cDNA of mature �-latrotoxin gene (res-
idues 1–1177), without a stop codon, into the EcoRI–XbaI site of pGex-
KG-His (pGex �-LTx-1). However, the C-terminal 6His tag turned out
to be ineffective for the purification of the expressed protein. Therefore,
the stop codon was introduced before the 6His sequence for pGex �-LTx.
A series of C-terminal truncated �-latrotoxins (pGex �-LTx�1, �2, �3,
and �8) were generated by PCR. pGex �-LTx�1 encodes residues
1–1149, pGex �-LTx�2 encodes residues 1–1116, pGex �-LTx�3 en-
codes residues 1–1080, and pGex �-LTx�8 encodes residues 1–907. We
named these truncated constructs to indicate the number of deleted
ankyrin-like repeats (i.e., �-LTx�n, n � the number of deleted repeats).
The N4C mutant (pGex �-LTx N4C) was generated according to Ichtch-
enko et al. (1998). We also introduced N-terminal myc tag for some of
the recombinant �-latrotoxin constructs. In these constructs, the myc tag
sequence was introduced at the BamHI site of pGexKG-His.

Neurexin 1� constructs. pCMVIG-N1�-31 and control pCMVIG-C
have been described previously (Sugita et al., 2001).

CL1 construct. A 2.4 kb EcoRI/SalI PCR fragment encoding residues
1–766 of CL1 was subcloned into the EcoRI/SalI site of pCMV-IG9 (Su-
gita et al., 2001), generating pCMVIG-CL1–1.

Expression and purification of recombinant �-latrotoxins
pGex-�-LTx was transformed into Origami B (DE3) cells and the bacte-
ria were grown at 37°C until confluent (OD, �1.0), and the expression of
the recombinant protein was induced by isopropyl-�-D-
thiogalactopyranoside (50 �M) at 18°C for 20 h. The culture was centri-
fuged, and the resulting pellet was resuspended in PBS containing Com-
plete tablets for protease inhibition (Roche, Laval, Quebec, Canada). The
resuspended culture was passed twice through a French cell press, and
insoluble materials were cleared by centrifugation, and the recombinant
�-latrotoxin in the supernatant was purified by glutathione agarose (GE
Healthcare, Montreal, Quebec, Canada). To remove the glutathione
S-transferase (GST) tag, we used thrombin (GE Healthcare) to digest the
fusion protein attached onto the glutathione-agarose for 2 h at room
temperature. After cleavage of GST with thrombin, the recombinant
toxin contains an extra 13 residues (GSPGISGGGGGIL) derived from
the linker sequence of pGex-KG at the N terminus, in addition to the
native �-latrotoxin sequence. Thrombin was then irreversibly inacti-
vated by PMSF. The purified recombinant toxins were dialyzed with
physiological saline solutions (PSSs) containing the following (in mM):
145 NaCl, 5.6 KCl, 2.2 CaCl2, 0.5 MgCl2, 5.6 glucose, and 15 HEPES, pH
7.4, and stored in PSS containing 10% glycerol at �80°C. Under this
condition, we found that the recombinant �-latrotoxin retains its stim-
ulatory activity of norepinephrine (NE) release from pheochromocy-
toma 12 (PC12) cells for at least several months. Other truncated toxins
were generated similarly.

PC12 secretion assay
PC12 cells are maintained in 10 cm dishes containing DMEM (Invitro-
gen, San Diego, CA) with 5% horse serum, 5% calf serum (HyClone,
Logan, UT), and 100 U/ml penicillin/streptomycin (Sugita et al., 1999;
Wang et al., 2004, 2005). For secretion assays, PC12 cells were plated in
24-well plates and labeled with 0.5 �Ci/ml [ 3H]NE (GE Healthcare) in
the presence of 0.5 mM ascorbic acid for 12–16 h. The labeled PC12 cells
were incubated with the fresh complete DMEM for 1–5 h to remove
unincorporated [ 3H]NE. The cells were washed once with PSS, and NE
secretion was stimulated with 200 �l of PSS containing various concen-
trations (0.03–10 nM) of native �-latrotoxin, the recombinant toxins.
Secretion was terminated after a 15 min incubation by chilling to 0°C,
and samples were centrifuged at 4°C for 3 min. Supernatants were re-
moved, and the pellets were solubilized in 0.1% Triton X-100 for liquid
scintillation counting.

Expression and purification of Ig-fusion protein
COS-7 cells were transfected with pCMVIG-C, pCMVIG-N1�-31, or
pCMVIG-CL1–1 by electroporation. Briefly, COS-7 cells in 10 cm dishes
were digested with 1 ml of trypsin/EDTA for 2 min, 7 ml of DMEM
growth medium (containing 10% fetal bovine serum and 100 U/ml pen-
icillin/streptomycin) was added, and the cells were harvested. After cen-
trifugation, COS-7 cells were washed with 6 ml of cytomix buffer con-
taining the following (in mM): 120 KCl, 0.15 CaCl2, 10 K2HPO4, 10
KH2PO4, 2 EGTA, 5 MgCl2, and 25 HEPES, pH 7.6, and centrifuged. The
resultant COS-7 cell pellets were resuspended in 500 �l of the cytomix
buffer, containing 2 mM ATP and 5 mM reduced glutathione with �10 �g
of the plasmid, and electroporated. Electroporated COS-7 cells were
plated on 10 cm dishes with DMEM growth medium, which was replaced
the next day. Three days after transfection, the medium of the transfected
COS-7 cells was harvested, adjusted to 10 mM Tris-HCl, pH 8.0, and 1
mM EDTA, and cleared by centrifugation. The recombinant proteins in
the supernatant were purified by protein A-agarose (Sigma, Oakville,
Ontario, Canada).

Binding experiments between recombinant �-latrotoxins and
neurexin 1�/CL1
Approximately 2 �g of �-LTx or GST-fused �-latrotoxin (GST-�-LTx)
was mixed with protein A-agarose that attaches �3 �g of IG-C, IG-N1�-
31, or IG-CL1–1 in 500 �l of PSS containing 0.1% Triton X-100, and
incubated overnight at 4°C. Protein A-agarose was washed five times
with 500 �l of PSS containing 0.1% Triton X-100. After removing the
washing solution, the agarose was resuspended in 40 �l of 2� SDS-PAGE
sample buffer and boiled. The supernatant was subjected to SDS-PAGE
and Coomassie staining.

In the experiments that used GST-myc proteins for binding, the aga-
rose was resuspended in 120 �l of 2� sample buffer, and 20 �l of the
supernatant after boiling was subjected to SDS-PAGE and the proteins
were transferred to nitrocellulose. Myc-fusion proteins were probed by
monoclonal antibody against myc (9E10; Covance, Denver, PA) using
enhanced chemiluminescent detection.

Cell culture and transfection
Human embryonic kidney tSA-201 cells were maintained in a 37°C CO2

incubator in standard DMEM supplemented with 10% fetal bovine se-
rum, 200 U/ml penicillin, and 0.2 mg/ml streptomycin (Feng et al.,
2001). The cells were transiently transfected with cDNAs encoding for
neurexin 1� in pCMV5, and gWIZ– green fluorescent protein (gWIZ–
GFP) at a 4:1 molar ratio, using a standard calcium phosphate protocol.
The cells were subsequently removed to 29°C and CO2 for 1–2 d before
patch-clamp experiments.

Electrophysiological recordings
Whole-cell (ruptured) recordings were performed as described previ-
ously (Feng et al., 2001). Specifically, an Axopatch 700A amplifier (Mo-
lecular Devices, Foster City, CA) was linked to a personal computer
equipped with pClamp, version 9. Patch pipettes (Sutter borosilicate
glass; BF 150-86-15) were pulled using a Sutter P-87 microelectrode
puller and subsequently fire-polished using a Narishige microforge. Pi-
pettes (in the range of 2– 4 M�) were filled with internal solution con-
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taining the following (in mM): 140 cesium methanesulfonate, 1 MgCl2,
10 EGTA, and 10 HEPES, pH 7.2, adjusted with CsOH. The cells (mem-
brane capacitance, 18 –25 pF) were used for the recordings in standard
bath recording solution containing the following (in mM): 140 NaCl, 1
MgCl2, 10 HEPES, and 10 glucose, pH 7.4, adjusted with NaOH. Whole-
cell currents were elicited by stimulation protocols stepping from a hold-
ing potential of �60 mV to various test potentials using Clampex soft-
ware. A ramp protocol following various voltage steps was used to
estimate the current–voltage relationship (see Fig. 5). The external re-
cording solution in the absence or presence of 5 nM �-latrotoxin was
perfused onto the cells using a gravity-driven perfusion system. Data
were filtered at 1 kHz (�3 dB) using a four-pole Bessel filter and digitized
at a sampling frequency of 2 kHz. Data were analyzed using Clampfit
(Molecular Devices) and SigmaPlot 4.0 (Jandel Scientific, San Rafael, CA).

Measurement of �-latrotoxin insertion into PC12 membrane
Eighty percent confluent PC12 cells in 10 cm dishes were washed once
with PSS and incubated with 4 ml of PSS containing 5 nM recombinant
�-latrotoxins (�-LTx, GST-�-LTx, or �-LTx�3) for an indicated time (2
or 15 min). The supernatant was removed, and an aliquot (500 �l) of the
supernatant was centrifuged at 21,910 � g for 3 min at 4°C. The cleared
supernatant was mixed with an equal volume of 2� SDS-PAGE sample
buffer. The PC12 cells were washed twice with 8 ml of ice-cold PSS and
harvested in 8 ml of 0.1 M Na2CO3, pH 11.5. The harvested cells were
washed three times with 0.1 M Na2CO3. Each washing step consisted of
vigorous homogenization of pelleted membranes in 8 ml of 0.1 M

Na2CO3, incubation at 0°C for 30 min with occasional mixing, and cen-
trifugation at 100,000 � g for 45 min at 4°C. Washed membranes were
resuspended in 200 �l of SDS-PAGE sample buffer. Forty microliters of
the supernatant and 20 �l of the PC12 membrane in the sample buffer
were analyzed by SDS-PAGE gel and immunoblotting using polyclonal
antibody against �-latrotoxin (Alomone Labs, Jerusalem, Israel) and en-
hanced chemiluminescent detection.

Statistics
The data were presented as mean � SEM. Statistical analysis was per-
formed using SigmaStat 2.0 (Jandel Scientific). Differences between
mean values from each experimental group were tested using a Student’s
t test for two groups and one-way ANOVA for multiple comparisons.
Differences were considered significant if p 	 0.05.

Results
Generation of active �-latrotoxin using a novel strain of
E. coli
To pursue structure/function analysis of �-latrotoxin, produc-
tion of an active recombinant toxin is essential. Previously,
�-latrotoxin expressed in bacteria has lacked biological activity,
apparently because of the strong reductase activities in E. coli.
Such reductase activities would prevent the formation of disul-
fide bonds within �-latrotoxin, which are essential for binding to
its surface receptors (Ichtchenko et al., 1998). Thus, we hypoth-
esized that the use of a recently developed strain of E. coli,
Origami (commercially available from Novagen, Madison, WI),
in which both thioredoxin reductase and glutathione reductase
are inactivated, would improve the production of active
�-latrotoxin. We expressed the full-length �-latrotoxin as a GST
fusion protein (Fig. 1A). Figure 1B showed an SDS-PAGE anal-
ysis of GST fusion full-length �-latrotoxin (GST-�-LTx) that was
eluted with reduced glutathione. To remove the GST tag, we used
thrombin to digest the fusion protein attached onto the
glutathione-agarose. Cleaved �-LTx was similar in size to native
�-latrotoxin (Fig. 1B). The recombinant �-LTx contains an extra
13 residues (GSPGISGGGGGIL) derived from the linker se-
quence of pGex-KG, in addition to the native �-latrotoxin
sequence.

We examined the abilities of the recombinant full-length
�-latrotoxins (GST-�-LTx, �-LTx) to stimulate NE release from

PC12 cells. As shown in Figure 1C, �-LTx potently stimulated NE
release, and the dose-dependent stimulation of NE release by
�-LTx was similar to that of native �-latrotoxin. In contrast, the
stimulatory action of GST-�-LTx was much less potent (Fig. 1C).
These data demonstrated that we succeeded in the generation of
active �-latrotoxin using the strain of E. coli, but GST fusion to
the toxin suppresses the toxin activity.

GST-fused �-latrotoxin binds to cell surface receptors as
efficiently as GST-cleaved �-latrotoxin
The poor stimulatory effect of GST-�-LTx could be attributable
to impaired binding to the surface receptors in PC12 cells. Alter-
natively, it could be caused by its inability to activate downstream
signaling pathways, including the pore formation. Khvotchev
and Südhof (2000) suggested that the N terminus of �-latrotoxin
is inserted in the membrane during its stimulating actions. We
hypothesized that the presence of N-terminal GST may prevent
the membrane insertion of the N terminus of �-latrotoxin with-
out affecting its binding to the receptor. If this were the case, we
would expect that preincubation with GST-�-LTx would inhibit
the action of �-LTx by competing for the binding sites on the
PC12 cells. We found that NE release stimulated by 3 nM �-LTx
was strongly suppressed with preincubation (for 3 min) with
increasing concentrations (0.1–10 nM) of GST-�-LTx in a
concentration-dependent manner (Fig. 2). This result indicates
that GST-�-LTx competes with �-LTx for binding to the cell
surface receptors. Thus, the GST tag does not appear to affect the
ability of the recombinant �-latrotoxin to bind to the receptor.

We confirmed this finding with biochemical binding experi-
ments. Two major cell surface receptors for �-latrotoxin have
been identified: neurexin 1� and CL1 (Ushkaryov et al., 1992;
Davletov et al., 1996; Krasnoperov et al., 1997; Lelianova et al.,

Figure 1. Analysis of recombinant �-latrotoxins. A, Schematic representation of mature
�-latrotoxin and recombinant �-latrotoxins. Mature �-latrotoxin is composed of two domains
(domains II and III). The conserved N-terminal domain is shown (II). Locations of the only three
cysteine residues that are conserved in all latrotoxins are shown as C’s. The C-terminal region,
composed of 22 ankyrin-like repeats, is shown (III). B, Analysis of purified recombinant
�-latrotoxins. The recombinant �-latrotoxins (GST-�-LTx, GST-cleaved �-LTx; �1–2 �g)
along with native �-latrotoxin were analyzed by SDS-PAGE and Coomassie staining. C, GST-
cleaved recombinant �-latrotoxin stimulates Ca 2�-dependent exocytosis with a similar po-
tency to native �-latrotoxin. A stimulation of NE secretion from PC12 cells by indicated concen-
trations of native �-LTx (white squares; n � 12), cleaved recombinant �-LTx (black squares;
n � 10), and GST-�-LTx (gray squares; n � 3) is shown. Error bars indicate SEM.
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1997). Using transfected COS-7 cells, we produced Ig fusion pro-
teins in which sequences from neurexin 1� and CL1 were linked
to the human Ig Fc fragment. For neurexin 1�, we expressed the
fifth and sixth laminin–neurexin–sex hormone-binding globulin
(LNS) domains and the expressed protein (IG-N1�-31) was pu-
rified and immobilized on protein A-agarose (Fig. 3A,C) (Sugita
et al., 2001). As a control, we expressed the signal peptide and 18
N-terminal amino acids of neurexin 1� (IG-C) (Fig. 3A,C). In
addition to the expressed proteins, protein A-agarose copurified
both IgG heavy and light chains that are contained in the culture
medium of COS-7 cells (Fig. 3C). For CL1, we expressed the
entire extracellular domain of CL1 (IG-CL1–1). CL1 is cleaved at
the cysteine-rich domain before the transmembrane region, re-
sulting in two subunits [subunit 1 (p120) and subunit 2 (p85)]
(Fig. 3B) (Krasnoperov et al., 1997, 2002b). In our construct, a
portion of subunit 2 is directly fused to Ig and subunit 1 is copu-
rified through the tight binding to subunit 2. On the SDS-PAGE
gel, we found, in addition to the �120 kDa band (mature subunit
1), a more intense �90 kDa band, which is likely to be an incom-
pletely glycosylated subunit 1 (Fig. 3D).

We examined whether �-LTx and GST-�-LTx can bind to
these immobilized recombinant receptors. We found that both
IG-N1�-31 and IG-CL1–1 captured �-LTx and GST-�-LTx (Fig.
4). In contrast, control protein (IG-C) captured little or no re-
combinant toxins (Fig. 4). Thus, we conclude that GST-�-LTx
can bind to the receptors as efficiently as �-LTx and that the poor
stimulatory action of GST-�-LTx is not a result of its inability to
bind to the cell surface receptors.

GST-fused �-latrotoxin forms Ca 2� ionophores less
efficiently than GST-cleaved �-latrotoxin
Previous studies demonstrated that native �-latrotoxin induces
cation conductance in the presence of Ca 2� by interacting with
neurexin 1� (Hlubek et al., 2000; Van Renterghem et al., 2000;
Volynski et al., 2000). To evaluate the ionophore property of the
recombinant �-latrotoxin, we performed whole-cell patch-
clamp recordings to test whether the recombinant �-latrotoxin
induces cation conductance in neurexin 1�-expressing cells.
Shown in Figure 5, we found that cleaved �-LTx (5 nM) induced
a large cation current in the cells expressing neurexin 1�, using a

recording command protocol adopted from Van Renterghem et
al. (2000). Representative recordings are shown in Figure 5A. As
shown in Figure 5C, the current amplitude measured at differ-
ence steady-state voltage steps increased and reached maximum

Figure 2. Suppression of �-LTx-stimulated NE release with preincubation of GST-�-LTx.
PC12 cells were preincubated with the indicated concentration of GST-�-LTx for 3 min and
stimulated for NE release with or without 3 nM �-LTx. Note that GST-�-LTx alone (gray squares)
weakly stimulated NE release. Error bars indicate SEM (n � 4).

Figure 3. Analysis of purified recombinant neurexin 1� and CL1 proteins expressed in COS-7
cells. A, Domain structure of neurexin 1� and location of Ig fusion proteins used for binding to
�-latrotoxin. Principal features of neurexin 1� are indicated on the top as follows: SP, signal
peptide; LNS, LNS domains; EGF, epidermal growth factor-like sequences; CHO, carbohydrate
attachment site; T, transmembrane region. B, Domain structure of CL1 and location of Ig fusion
protein used for binding to �-latrotoxin. SP, signal peptide; lectin, lectin-like domain; olfacto-
medin, a domain homologous to olfactomedins and myocilin. Close to the membrane is a
cysteine-rich domain that contains a cleaving site. C, Purified recombinant neurexin 1� (the
fifth and the sixth LNS domains; IG-N1�-31) was analyzed with the control protein (IG-C) by
SDS-PAGE and Coomassie staining. D, Analysis of the recombinant, entire extracellular domain
of CL1 (IG-CL1–1) by SDS-PAGE and Coomassie staining. HC, Heavy chain; LC, light chain.

Figure 4. �-LTx and GST-�-LTx bind to recombinant neurexin 1� and CL1. Affinity chro-
matography of �-LTx and GST-�-LTx on the control protein (IG-C), the neurexin 1� protein
(IG-N1�-31), or the CL1 protein (IG-CL1–1) immobilized onto protein A-agarose is shown. After
washing, the bound proteins on protein A-agarose were analyzed by SDS-PAGE and Coomassie
staining. HC, Heavy chain; LC, light chain.
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within a couple of minutes after toxin application. No current
conductance was observed in either the absence of the toxin (Fig.
5E) or in the mock cells that do not express neurexin 1� (data not
shown). The reversal potential of the cation current is between 0
and �3 mV (Fig. 5E) in the recording condition of high external
Na� and internal Cs� solutions. Our findings are consistent with
the previous report that examined the effects of native
�-latrotoxin (Van Renterghem et al., 2000). The maximal current
density induced by the recombinant toxins is shown in Figure 5F.
The currents were recorded at a voltage step of �90 mV and
normalized with the cell size.

We hypothesized that the poor stimulatory action of GST-�-
LTx may be attributable to interference of the GST tag in the
formation of cation conductance. To address this issue, we com-
pared the pore-forming effect of GST-�-LTx to the cleaved
�-LTx. The inward current induced by GST-�-LTx (5 nM) was
10-fold smaller than cleaved �-LTx (5 nM) (6.65 � 9.14 pA/pF,
n � 4, vs 62.02 � 6.34 pA/pF, n � 5; p 	 0.05) (Fig. 5B,F), and its
action of inducing cation current was much slower (Fig. 5D).
Because the GST tag did not affect the binding affinity of the toxin

to its receptors (Fig. 4), our findings indicate that the GST tag
likely prevents the pore-forming effect of the toxin. To further
test whether GST-�-LTx binding to the receptor (neurexin 1�)
would affect �-LTx effect, we compared the cation conductance
induced by �-LTx with that observed after the cells were prein-
cubated with GST-fused toxin. As shown in the examples in Fig-
ure 6, a preapplication of GST-�-LTx (5 nM) substantially sup-
pressed the ion conductance induced by �-LTx (5 nM). The
maximal current density induced by 5 nM �-LTx was reduced
when the cells expressed the GST-fused toxin, and this effect was
statistically significant ( p 	 0.05). Our results indicate that, al-
though both �-LTx and GST-�-LTx bind to neurexin 1�, only
�-LTx efficiently induces cation conductance. We suggest that
the N terminus of �-latrotoxin has to be free to form pores and
that the N-terminally fused GST prevents the efficient pore
formation.

We also noticed that current conductance (62.02 � 6.34 pA/
pF; n � 5) evoked by the cleaved form of the recombinant �-LTx
was still relatively less when compared with its native form (na-
tive �-LTx; 90.69 � 5.24 pA/pF; n � 3) at the same concentration
(Fig. 5F). We suspected that this difference may come from the
fact that the recombinant �-LTx contains an extra 13 residues
derived from the linker sequence of pGex-KG (Guan and Dixon,
1991) at the N terminus in addition to the native �-latrotoxin
sequence. We attempted to generate the recombinant
�-latrotoxin with less extra residues by subcloning the
�-latrotoxin sequence at the BamHI site instead of the EcoRI site
of pGex-KG but found that thrombin did not cleave GST from
this short-linker GST-fusion �-latrotoxin. As a result, the poten-
tial inhibitory effect of the 13 residues has not been addressed.

Truncations of C-terminal ankyrin-like repeats led to losses
in stimulating Ca 2�-dependent exocytosis
Two-thirds of �-latrotoxin consists of 22 ankyrin-like repeats
(Fig. 1), the role of which has not been investigated. To determine
the functional role of the ankyrin-like repeats, we generated four
different �-latrotoxin expression constructs whose C-terminal
ankyrin-like repeat sequences were serially truncated: pGex
�-LTx�1, �2, �3, and �8 (schematically shown in Fig. 7A). The
number (�n) in the name of these truncated constructs indicates

Figure 5. The abilities of recombinant �-latrotoxins (�-LTx, GST-�-LTx) to induce cation
current on cells expressing neurexin 1�. A, B, Typical representatives of superimposed current
trances recorded during episodes of stimulation before and during application of 5 nM �-LTx (A)
and 5 nM GST-�-LTx (B). The standard stimulation command protocol is indicated on the top
panel. The cell at a hold potential of �60 mV was depolarized to 0 mV, hyperpolarized to �90
mV, and then �20 mV followed by a ramp from �20 to �90 mV. Calibration: 500 pA, 25 ms.
C, D, Time courses of development of toxin effect in the same cells as in A and B. The current
amplitudes were measured at the end of the pulses at�20, 0,�60, and�90 mV, as indicated.
The recordings were performed in the standard extracellular solution containing 140 mM NaCl.
Applications of the recombinant �-LTx (C) or GST-�-LTx (D) are indicated by the bar. E, Cur-
rent–voltage relationship of �LTx-induced cation current recorded during the voltage ramps
before and during �-LTx effect. Notice the large increase in slope in the presence of �LTx. F,
Comparison of the potency of recombinant �-LTx with native �-LTx. The maximal current
amplitudes were measured at �90 mV and normalized with the cell size. The data are pre-
sented as mean � SEM. The number of experiments is indicated on the top of the bars. The
difference between the effect of GST-�-LTx and the other forms is statistically significant
(*p 	 0.05).

Figure 6. Preapplication of GST-�-LTx attenuates �-LTx effect. Representative time
courses of development of the recombinant �-LTx effect on neurexin 1�-expressing cells are
shown. The application of the toxins is indicated by the bar (top). The current amplitudes were
measured at the end of the pulses at �90 mV. The recordings were performed in the standard
extracellular solution containing 140 mM NaCl. A same concentration of cleaved �-LTx (5 nM)
elicited smaller current when it was given after the application of the GST-bound form (5 nM).
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the number of deleted C-terminal ankyrin-like repeats. Similar to
�-LTx, these truncated toxins were expressed as GST fusion pro-
teins and GST was cleaved with thrombin.

We examined the ability of these C-terminally truncated ver-
sions of �-latrotoxin to stimulate Ca 2�-dependent NE release
from PC12 cells (Fig. 7B). We found that �-LTx�1 stimulates NE
release from PC12 cells as potently as �-LTx and native
�-latrotoxin. In fact, the stimulating action of �-LTx�1 is some-
times larger than that of �-LTx. Thus, the deletion of the last
(22nd) ankyrin-like repeat did not reduce the ability of
�-latrotoxin to trigger Ca 2�-dependent NE release. In contrast,
the removal of the additional one ankyrin-like repeat (�-LTx�2)
or two ankyrin-like repeats (�-LTx�3) drastically reduced the
ability of the recombinant �-latrotoxin to trigger NE release from
PC12 cells. Furthermore, after the removal of eight ankyrin-like
repeats, the recombinant �-latrotoxin (�-LTx�8) completely
lost its stimulating activity (Fig. 7B).

C-terminal ankyrin-like repeats are required for binding to
CL1 but not to neurexin 1�
The results from the release assays in PC12 cells suggest that
C-terminal ankyrin-like repeats are critical for either the binding
to the receptors or for the pore formation. To distinguish be-
tween these two possibilities, we examined whether �-LTx�8 is
able to suppress the action of �-LTx. If �-LTx�8 is able to bind to
the receptors of �-latrotoxin, �-LTx�8 should inhibit the stim-

ulatory action of �-LTx. If �-LTx�8 is no longer able to bind to
the receptors, it should have no effects on the action of �-LTx. NE
release by 3 nM �-LTx was suppressed with increasing concentra-
tions (0.1–10 nM) of �-LTx�8 (Fig. 8). This result suggests that
�-LTx�8 competes with �-LTx for the receptor binding. How-
ever, the inhibition by �-LTx�8 appears to be partial.

This partial inhibition could be attributable to the reduced
affinity of �-LTx�8 to both of the cell surface receptors (neurexin
1� and CL1). Alternatively, �-LTx�8 selectively loses the affinity
to either neurexin 1� or CL1. Because the inhibitory action of
�-LTx�8 is saturated at the higher concentration (
10 nM) (Fig.
8), we reasoned that the weak inhibition of �-LTx�8 is caused by
its selective binding to only one of the two major receptors. We
tested the binding ability of �-LTx�8 to neurexin 1� and CL1.
Because the expression level of �-LTx�8 is lower, we inserted a
myc tag between GST and the N terminus of �-latrotoxin for
facilitating the detection of bound �-LTx�8 as well as �-LTx (Fig.
9A). We found that only neurexin 1� efficiently captured GST-
myc-�-LTx�8, whereas both neurexin 1� and CL1 captured
GST-myc-�-LTx (Fig. 9B). Thus, C-terminal ankyrin-like re-
peats are selectively required for binding to CL1. Furthermore,
the results suggest that partial suppression of the stimulatory
action of �-LTx by preincubated �-LTx�8 is probably caused by
its competitive binding to neurexin 1�.

We next examined whether other (intermediate) C-terminal
truncated �-latrotoxins (�-LTx�1, �2, �3) bind to CL1 and neur-
exin 1� (Fig. 9A). As expected, all of them bound to neurexin 1�. In
addition, they also bound to CL1 (Fig. 9C). Thus, profound loss of
stimulation of exocytosis by �-LTx�2 and �-LTx�3 is not attribut-
able to the loss of binding to CL1. Therefore, the abilities of these
C-terminal truncated toxins to stimulate exocytosis do not correlate
well with their abilities to bind to CL1 or neurexin 1�.

Truncations of C-terminal ankyrin-like repeats affect the
ability of �-latrotoxin to form Ca 2� ionophores
We hypothesized that, in addition to regulating the binding to
CL1, C-terminal ankyrin-like repeats are involved in the pore
formation and that their stimulatory actions are correlated with
their pore-forming abilities. To test this hypothesis, we examined
the abilities of C-terminal truncated �-latrotoxins to induce cat-
ion conductance via neurexin 1�-dependent mechanisms using
whole-cell patch-clamp recording. Using the same stimulation
command protocol described in Figure 5A, we tested whether

Figure 7. Truncation of C-terminal ankyrin-like repeats abolishes the abilities of recombi-
nant �-latrotoxins to stimulate Ca 2�-dependent exocytosis. A, Structure of recombinant
�-latrotoxins, the effects of which were tested on Ca 2�-dependent exocytosis. C’s indicate the
three cysteine residues that are conserved in all latrotoxins. B, NE secretion was triggered by 10
nM (each) recombinant �-latrotoxins. Error bar indicates SEM (n � 4 – 8).

Figure 8. Partial suppression of �-LTx-stimulated NE release with preincubation of
�-LTx�8. PC12 cells were preincubated with the concentration of �-LTx�8 for 3 min and
stimulated for NE release with or without 3 nM �-LTx. The stimulatory actions of �-LTx were
partially suppressed with increasing concentrations of �-LTx�8 (n � 4 –7). Error bars indicate
SEM.
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truncated �-latrotoxins have similar capa-
bility to the full-length toxin in inducing
the cation conductance. Should the
ankyrin-like repeats be involved in the
pore formation, we would expect to ob-
serve an alteration in current amplitudes
in response to the truncated toxins. As
predicted, the cation conductance of the
cells is largely dependent on the number of
ankyrin-like repeats of the toxin. Figure
10A shows example recordings obtained
in the presence of 5 nM �-LTx�1,
�-LTx�2, �-LTx�3, or �-LTx�8. Sur-
prisingly, deletion of the last ankyrin-like
repeat (�-LTx�1) dramatically enhanced
the current conductance, whereas dele-
tions of an additional one or two ankyrin-
like repeats (�-LTx�2 and �-LTx�3)
caused a significant reduction ( p 	 0.05).
Furthermore, a deletion of eight ankyrin-
like repeats (�-LTx�8) resulted in no de-
tectable current conductance. Thus, the
abilities of recombinant �-latrotoxins to
induce cation conductance are precisely
correlated with their abilities to stimulate
Ca 2�-dependent exocytosis. The time courses of toxin effects are
shown in Figure 10B. �-LTx�1 caused a progressive induction of
the current, which reached a magnitude approximately three to
four times that of the �-LTx or native �-latrotoxin. This suggests
that the 22nd ankyrin-like repeat is involved in stabilization of
the pore-forming property of the toxin. By comparison, addi-
tional deletions of the ankyrin-like repeats reduced or prevented
the ion conductance, even at prolonged exposures to the trun-
cated toxins, suggesting that the 15th to 21st repeats are essential
for the pore-forming effect of the toxin. The data are summarized
in Figure 10C. Finally, preincubation of �-LTx�8 interfered with
the pore-forming action of �-LTx�1, supporting our finding that
�-LTx�8 still binds to neurexin 1� (data not shown).

Molecular mechanisms underlying the inability of
GST-fused and C-terminal truncated mutants to
induce cation conductance
As shown above, we found that the GST-fused or C-terminally
truncated �-latrotoxin mutants do not induce cation conduc-
tance efficiently. However, the molecular mechanisms underly-
ing their inabilities to form pores remain unclear. In the case of
GST-fused �-LTx, we suggested a possibility that GST may inter-
fere with the ability of the toxin to insert the membrane, because
the N-terminal region of �-LTx was shown previously to be in-
serted into the membrane (Khvotchev and Südhof, 2000). In this
study, native �-latrotoxin was found to become an operational
integral membrane protein and resistant to washing with 0.1 M

Na2CO3 when the toxin was incubated with synaptosomes or
neurexin 1�-transfected COS-7 cells for 30 min. We conducted
similar experiments using our recombinant �-latrotoxins and
PC12 cells. We found that, indeed, GST-cleaved, full-length
�-LTx showed time-dependent membrane insertion with PC12
cells, that is, a larger amount of �-LTx attached to the PC12
membrane became resistant to washing with 0.1 M Na2CO3 after
15 min incubation than 2 min incubation (Fig. 11). Such a
marked time-dependent increase in the membrane integration
was not observed for GST-fused �-LTx (Fig. 11). This result di-
rectly suggests that the presence of GST prevents the effective

membrane insertion of the toxin with PC12 membranes. In con-
trast, time-dependent membrane insertion was observed for
�-LTx�3 (Fig. 11). Thus, C-terminal ankyrin repeats appear not
to be critically involved in membrane insertion.

Another possibility for the inability of the toxin mutants to
induce cation conductance is their inability to form tetramers.
The formation of the tetramer was beautifully demonstrated by
Dr. Y. Ushkaryov’s group (Orlova et al., 2000; Volynski et al.,
2003) using cryo-EM, native electrophoresis, and cross-linking.
We conducted cross-linking experiments with 30 �M bis(sulfos-
uccinimidyl)suberate (BS3), which was used to capture
�-latrotoxin tetramers previously (Orlova et al., 2000). We con-
firmed the formation of dimers of GST-cleaved �-LTx by this
cross-linker but unfortunately did not observe efficient forma-
tion of tetramers in response to divalent cations (i.e., Ca 2�) (data
not shown). At present, we do not know the reason for our less
efficient capturing of tetramers by BS3. In the cross-linking ex-
periment, we also found that GST-�-LTx seems to form nonspe-
cific multimers (dimers, trimers, tetramers, quadromers, etc). It
is known that GST forms dimers. Thus, it is conceivable that the
presence of GST induces nonspecific multimers and prevents the
efficient formation of tetramers of GST-�-LTx, which may un-
derlie its reduced membrane insertion and/or pore formation.

�-Latrotoxin N4C is almost inactive in stimulating NE release
from PC12 cells
Our results showed a strong correlation between Ca 2�-
dependent exocytosis and the induction of cation conductance.
This conclusion is not in agreement with the study of the specific
mutant (�-LTx N4C) of �-latrotoxin (Capogna et al., 2003; Volyn-
ski et al., 2003). This mutant has four extra amino acids (VPRG)
that were inserted between domain II and domain III (Ichtch-
enko et al., 1998). Remarkably, it was reported that this mutant
stimulated Ca 2�-dependent exocytosis without forming pores
(Capogna et al., 2003; Volynski et al., 2003), although this mutant
is unable to stimulate Ca 2�-independent exocytosis. However,
this mutant was originally found to be inactive in stimulating
both Ca 2�-dependent and Ca 2�-independent exocytosis (Ich-
tchenko et al., 1998). To clarify this dispute, we expressed this

Figure 9. Effects of the deletion of ankyrin-like repeats from recombinant �-latrotoxin on binding to neurexin 1� and CL1. A,
Schematic representation of recombinant �-latrotoxins, the binding of which to neurexin 1� and CL1 was examined. C’s indicate
the three cysteine residues that are conserved in all latrotoxins. B, C, Immunoblot analysis of the bound recombinant �-latrotoxins
on immobilized control proteins (IG-C), neurexin 1� (IG-N1�-31), and CL1 (IG-CL1–1). Bound �-latrotoxins were probed by
monoclonal antibody against c-myc.
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insertion mutant (�-LTx N4C) in our new expression system and
tested its ability to stimulate Ca 2�-dependent NE release from
PC12 cells. �-LTx N4C was expressed well, with purities similar to
the wild-type recombinant �-LTx (�-LTx WT) (Fig. 12A). How-
ever, we found that 10 nM �-LTx N4C is largely inactive in stimu-
lating NE release from the PC12 cells (Fig. 12B). Thus, our result
is consistent with the original finding of Ichtchenko et al. (1998)
that the insertion of four extra residues between domains II and
III impairs the stimulatory action of �-latrotoxin. The result also
supports our conclusion that the pore-forming activity of
�-latrotoxin is essential for stimulating Ca 2�-dependent
exocytosis.

Discussion
In this study, we established, for the first time, the method to
generate active �-latrotoxin using E. coli. Our success in generat-
ing active recombinant �-latrotoxin using E. coli will facilitate the
production of many mutated toxins, and the examinations of the
abilities of these recombinant toxins to stimulate neurotransmit-
ter exocytosis will shed new light for understanding the mecha-
nisms of actions of �-latrotoxin.

Using this new expression system, we addressed structural
requirements of �-latrotoxin in stimulating Ca 2�-dependent
exocytosis. We expressed the recombinant proteins as GST fusion
proteins, which provided us with an opportunity to test the role
of N-terminal insertion. Because GST is a highly soluble protein,
it is reasonable to speculate that the GST tag prevents the N
terminus from inserting into the membrane. Indeed, we found
that the GST tag impairs the ability of the recombinant toxin to
become operational integral membrane proteins (Fig. 11). We
also found that the GST tag inhibits Ca 2�-dependent exocytosis
(Fig. 1), as well as the induction of cation conductance (Fig. 5). In
contrast, the GST tag did not inhibit the binding to the receptors
(Fig. 4). Our results strongly suggest that the insertion of the N
terminus into the plasma membrane is critical for the pore for-
mation, which is consistent with the previous findings (Kh-
votchev and Südhof, 2000).

We exploited truncated toxin mutants to examine the role of
C-terminal ankyrin-like repeats for Ca 2�-dependent exocytosis

Figure 10. The C-terminal ankyrin-like repeats are critical for the pore-forming effect of
recombinant �-latrotoxin. A, Typical representatives of superimposed current trances recorded
during episodes of stimulation before and during application of recombinant �-latrotoxins (5
nM) with different numbers of ankyrin-like repeats, using the standard stimulation command
protocol indicated in Figure 5. Calibration: 500 pA (current amplitude), 25 ms (recording time).
The recordings were performed in the standard extracellular solution containing 140 mM NaCl.
B, Representative time courses of development of pore-forming effect of truncated toxins in the
same cells as in A (except for the full-length toxin, �-LTx). The current amplitudes were mea-
sured at the end of the pulses at �90 mV. Applications of the toxins are indicated by the bar. C,
Comparison of the potency of the full-length and truncated �-LTxs. The maximal current am-
plitudes were measured either at the end of the observed stable effect for 30 s or at 4 min for
those showing to be less effective. The values are averages of three consecutive points from
each experiment and normalized with the cell size. The data are presented as mean � SEM. The
number of experiments is indicated on the top of the bars. The effect of �-LTx�1 is significantly
(*p 	 0.05) greater than that of the full-length and all other truncated �-LTxs. The full-length
toxin is significantly (#p 	 0.05) greater that �-LTx�2, �3, and �8. ��-LTx�8 is signifi-
cantly (p 	 0.05) less than �-LTx�2 and �3. No significant difference was found between
�-LTx�2 and �3.

Figure 11. Time-dependent insertion of recombinant �-latrotoxins with PC12 cells. PC12
cells were incubated with 5 nM recombinant �-latrotoxins (�-LTx, GST-�-LTx, or �-LTx�3) for
an indicated time and washed three times with 0.1 M Na2CO3 , pH 11.5. The recombinant toxins
that did not bind to PC12 cells (supernatant), and the toxins that attached to the PC12 mem-
branes after washing with Na2CO3 (pellet) were probed with polyclonal antibody against
�-latrotoxin.

Figure 12. �-LTx N4C is almost inactive in stimulating NE release. A, Analysis of purified
recombinant �-latrotoxins. The recombinant �-latrotoxins (GST-cleaved �-LTx N4C and
�-LTx WT;�1–2 �g) were analyzed by SDS-PAGE and Coomassie staining. B, Stimulation of NE
secretion from PC12 cells with 10 nM �-LTx N4C and �-LTx WT. Error bars indicate SEM
(n � 6 –12).
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and pore formation. We found a direct correlation between the
abilities of the truncated mutants to stimulate Ca 2�-dependent
exocytosis and their abilities to induce cation conductance (Figs.
7, 10). The deletion of the last two (�-LTx�2) or three (�-LTx�3)
ankyrin-like repeats drastically reduced the stimulation of Ca 2�-
dependent exocytosis and the induction of cation conductance.
The deletion of the last eight ankyrin-like repeats (�-LTx�8)
resulted in a complete loss in Ca 2�-dependent exocytosis and
cation conductance induction. Because �-LTx�2 and �-LTx�3
both bound to CL1 as well as neurexin 1� (Fig. 9C), the strong
reduction in stimulation of Ca 2�-dependent exocytosis is not
attributable to their reduced ability to bind the receptor. Because
�-LTx�3 showed time-dependent insertion into PC12 mem-
branes similar to the full-length �-LTx (Fig. 11), the mechanism
underlying the inability of C-terminal truncated �-latrotoxin to
form ion conductance remains unclear. One of the possibilities
includes the critical role of the C-terminal ankyrin-like repeats in
forming the tetramers. Interestingly, the deletion of the last
ankyrin-like repeat (�-LTx�1) even enhanced the cation current
(Fig. 10). �-LTx�1 caused a progressive induction of the current,
indicating that the 22nd ankyrin-like repeat is involved in stabi-
lization of the pore-forming property of the toxin.

Our results also revealed the requirement of C-terminal
ankyrin-like repeats for binding to CL1. Previous work suggests
the essential function of the conserved N-terminal domain II for
binding to neurexin 1� and CL1 (Ichtchenko et al., 1998), but it
was not clear whether C-terminal ankyrin-like repeats are in-
volved for the binding to the receptors. We found that the recom-
binant toxin lacking the three ankyrin-like repeats (�-LTx�3)
still binds both neurexin 1� and CL1. However, the deletion of
the last eight ankyrin-like repeats (�-LTx�8) prevents binding to
CL1 but not to neurexin 1� (Fig. 9). These results suggest that the
15th through 19th ankyrin-like repeats are selectively involved
for binding to CL1.

Direct correlation between Ca 2�-dependent exocytosis and
the induction of cation conductance suggests that the pore for-
mation is the major mechanism of �-latrotoxin-induced stimu-
lation of Ca 2�-dependent exocytosis. This finding corresponds
with the fact that intracellularly truncated receptors (neurexin 1�
and CL1) are able to contribute �-latrotoxin-mediated Ca 2�-
dependent exocytosis (Sugita et al., 1998, 1999). Our results also
strongly suggest that binding to the cell surface receptors is not
sufficient to stimulate exocytosis, because three of the recombi-
nant mutants of �-latrotoxin, GST-�-LTx, �-LTx�2, and
�-LTx�3, bound to G-protein-coupled CL1 but exhibited poor
abilities to stimulate Ca 2�-dependent exocytosis.

Our results did not seem to agree with the study that reported
that a specific �-LTx N4C mutant stimulated Ca 2�-dependent
exocytosis from neuroendocrine cells and neurons without form-
ing pores (Capogna et al., 2003; Volynski et al., 2003). However,
�-LTx N4C mutant was originally reported to be largely inactive
both in Ca 2�-dependent and -independent exocytosis (Ichtch-
enko et al., 1998). We expressed �-LTx N4C in our new expression
system and examined the ability of the purified toxin to stimulate
NE release from PC12 cells. We found that, although this toxin
was expressed well with a good purity (Fig. 12A), it did not stim-
ulate NE release from PC12 cells (Fig. 12B). These findings are
consistent with the original finding of Ichtchenko et al. (1998),
and �-LTx N4C mutation does not stimulate Ca 2�-dependent
exocytosis. Thus, the result of �-LTx N4C further supported our
conclusion that the pore formation is the major mechanism of
�-latrotoxin-induced stimulation of Ca 2�-dependent
exocytosis.

An important feature of �-latrotoxin is its ability to stimulate
exocytosis from neurons without extracellular Ca 2� (Capogna et
al., 1996, 2003). However, in neuroendocrine chromaffin cells or
PC12 cells, stimulation of secretion by �-latrotoxin requires ex-
tracellular Ca 2�; thus, this assay system has not allowed us to
investigate the mechanisms of Ca 2�-independent stimulation
using our recombinant �-latrotoxins. However, using hip-
pocampal slices, we found that our recombinant �-LTx is able to
stimulate spontaneous neurotransmitter release at the CA1 syn-
apse in the absence of extracellular Ca 2� (E. Kang, P. Carlen, and
S. Sugita, unpublished observation). Thus, the availability of var-
ious truncated mutants will provide us with unique opportunities
to study the structural basis of �-latrotoxin to stimulate Ca 2�-
independent exocytosis. It is unknown why �-latrotoxin can
stimulate exocytosis from neurons without extracellular Ca 2�,
but not from neuroendocrine cells. It has been proposed that a
downstream target of �-latrotoxin exists that binds to the toxin
after it has been recruited to the membrane by CL1 or neurexin
1� (Sugita et al., 1998). This downstream target is believed to be
synapse-specific and not present in neuroendocrine cells that do
not have synapses. This model would explain the confusing dif-
ferences in the Ca 2� dependence of action of �-latrotoxin be-
tween synapses and neuroendocrine cells. We expect that avail-
ability of various truncated mutants will also contribute to
identification of such a downstream target of �-latrotoxin.
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