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In the nerve terminals, the active zone protein CAST/
ERC2 forms a protein complex with the other active
zone proteins ELKS, Bassoon, Piccolo, RIM1 and
Munc13-1, and is thought to play an organizational
and functional role in neurotransmitter release.
However, it remains obscure how CAST/ERC2 regu-
lates the Ca2þ-dependent release of neurotransmitters.
Here, we show an interaction of CAST with voltage-
dependent Ca2þ channels (VDCCs), which are essential
for regulating neurotransmitter release triggered by
depolarization-induced Ca2þ influx at the active zone.
Using a biochemical assay, we showed that CAST was
coimmunoprecipitated with the VDCC b4-subunit from
the mouse brain. A pull-down assay revealed that the
VDCC b4-subunit interacted directly with at least the
N- and C-terminal regions of CAST. The II�III linker
of VDCC a1-subunit also interacted with C-terminal
regions of CAST; however, the interaction was much
weaker than that of b4-subunit. Furthermore, coexpres-
sion of CAST and VDCCs in baby hamster kidney
cells caused a shift in the voltage dependence of
activation towards the hyperpolarizing direction.
Taken together, these results suggest that CAST
forms a protein complex with VDCCs, which may
regulate neurotransmitter release partly through
modifying the opening of VDCCs at the presynaptic
active zones.

Keywords: CAST/CAZ protein/presynaptic active
zone/b-subunit/voltage-dependent Ca2þ channel.

Abbreviations: aa, amino acid; Ab, antibody; BHK,
baby hamster kidney; Brp, Bruchpilot; CBB,
Coomassie brilliant blue; CSM, crude synaptic

membrane; GST, glutathione S-transferase; HEK,
human embryonic kidney; IP, immunoprecipitation;
VDCC, voltage-dependent Ca2þ channel; WB,
Western blotting.

The presynaptic active zone is a specialized site for
neurotransmitter release in the nerve terminals, which
is characterized by its high-electron density under
electron microscopy (1). Recent biochemical and
molecular biological approaches have identified
active zone-specific proteins including CAST/ERC2
(2, 3), ELKS (3, 4), Bassoon (5), Piccolo/Aczonin
(6, 7), Munc13-1 (8) and RIMs (9). Among them,
CAST and ELKS consist of a small family containing
several coiled-coil domains and a unique C-terminal
three-amino acid motif [Ile�Trp�Ala (IWA)] (2, 3).
CAST forms a large molecular complex through
direct binding to ELKS, Bassoon, Piccolo and
RIM1, and indirect binding to Munc13-1 (10), which
might be the molecular basis for the electron density of
the active zone cytomatrix (11).

Disruption of the CAST and Bassoon or RIM1
interaction significantly impairs synaptic transmission
in cultured ganglion neurons (10). In Drosophila,
knockdown of Bruchpilot (Brp), a homologue of the
ELKS/CAST family, results in the disappearance of
the active zone cytomatrix, also called T-bar, and sig-
nificantly perturbs evoked neurotransmission (12, 13).
The family member ELKS has also been reported to
regulate exocytosis. For instances, overexpression of
ELKS causes a significant increase in stimulated
exocytosis of human growth hormone in PC12 cells
(14), which is mediated at least in part via the
RIM1-Munc13-1 pathway. In addition, using total
internal reflection fluorescence microscopy, it has
been shown that disruption of the ELKS and
Bassoon binding reduces the docking and fusion of
insulin granules, and attenuation of ELKS expression
by small interfering RNA reduces the glucose-evoked
insulin release, suggesting its role in insulin exocytosis
from pancreatic b cells (15). More recently, it has been
demonstrated with CAST/ERC2 knockout mice that
CAST/ERC2 deletion does not change the number of
docked vesicles or other ultrastructural synapse par-
ameters, but it causes a large increase in inhibitory,
but not excitatory, neurotransmitter release (16).
Despite the different systems employed, these accumu-
lated observations suggest that CAST plays a pivotal
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role in neurotransmitter release from the active zone;
however, its functional linkage with voltage-dependent
Ca2þ channels (VDCCs) still remains obscure.

In the mammalian neural system, VDCCs such as
the N-, P/Q-, R- and L-type play essential roles in
neurotransmitter release from presynaptic nerve
terminals (17�19). VDCCs are characterized as
heteromultimeric protein complexes composed of the
pore-forming a1-subunit and the auxiliary a2/d-, b- and
g-subunits (20). These VDCC complexes are known to
associate with presynaptic and postsynaptic proteins
including syntaxin, SNAP-25, synaptotagmin, CASK
and Mint through interactions with the a1-subunit
(21�30). Among the auxiliary subunits, the b-subunits
interact with the a1-subunit in the cytoplasm to
enhance functional channel trafficking to the plasma
membrane (31, 32) and to modify multiple kinetic
properties (33, 34). There are four subfamilies of
b-subunits (b1�b4), each with splice variants, encoded
by four distinct genes. Recently, several
b-subunit-binding proteins have been identified and
characterized (35�41). For example, the active zone
protein RIM1 has been shown to interact directly
with the b-subunit and sustain Ca2þ influx through
inhibition of channel inactivation (40, 41). RIM1 also
associates with the a1-subunit and anchors VDCCs to
the active zones (42, 43). In Drosophila, Brp is essential
for clustering VDCCs (12). Thus, we are beginning to
understand the molecular relationship between the
VDCC complexes and the active zone proteins.

In this study, to obtain further insight into the
linkage between active zone proteins and VDCC func-
tions, we have analysed the physical and functional
interactions between CAST and VDCCs. Biochemical
studies showed that CAST interacts directly with the
b-subunit of VDCC in vitro and in vivo. Moreover,
coexpression of CAST with VDCCs in baby hamster
kidney (BHK) cells caused a shift in the voltage
dependence of activation towards the hyperpolarizing
direction. Taken together, CAST regulates neurotrans-
mitter release partly through modifying the opening of
VDCCs at the presynaptic active zones.

Experimental Procedures

cDNAs and vector construction
Expression vectors were constructed in pGEX (Amersham
Biosciences, Lettle Chalfont, UK), pET23 (Novagen, Madison,
WI, USA), pCMV-HA (44), pCI-neo (Promega, Madison, WI,
USA), pCMV-tag3 (Stratagene, La Jolla, CA, USA) and
pEGFP-C1 (Clontech, Palo Alto, CA, USA) using standard molecu-
lar biological methods. Rat b4b (GenBankTM accession number
XM_215742) and the BI-2 variant of the rabbit Cav2.1
(GenBankTM accession number X57477) were used for expression
experiments. Other constructs for CAST, RIM1 and C-terminal
region of Bassoon (BassoonC) were prepared as previously described
(2, 10). RIM1 cDNA was supplied by S. Seino (Kobe University,
Japan). Glutathione S-transferase (GST) fusion proteins were pur-
ified according to the manufacturer’s protocol (GE Healthcare,
Buckinghamshire, UK).

Antibodies
The antibodies used in this study were mouse monoclonal anti-Myc
(9E10; Roche, Mannheim, Germany), anti-HA (12C5A; Roche) and
anti-synaptophysin (SY38; Chemicon, Temecula, CA, USA) and
rabbit polyclonal anti-GFP (A11122; Invitrogen, Carlsbad, CA,

USA), anti-b4 (40), anti-CAST (2) and anti-Cav2.1 (Alomone
Labs, Jerusalem, Israel).

Coimmunoprecipitation and pull-down assay using mouse
brain lysate
To obtain the crude synaptic membrane (CSM) fraction, subcellular
fractionation was performed as previously described (29). Whole
mouse brains (8 g) were homogenized in a homogenization buffer
containing 4mM HEPES (pH 7.4), 0.32M sucrose, 5mM EDTA,
5mM EGTA and protease inhibitors. Cell debris and nuclei were
removed by centrifugation at 800 g for 10min. The supernatant was
centrifuged at 9,000g for 15min to obtain the crude synaptosomal
fraction in the pellet. Crude synaptosomes were resuspended in the
homogenization buffer and centrifuged at 10,000g for 15min.
The washed crude synaptosomes were lysed by hypo-osmotic
shock in water, rapidly adjusted to 1mM HEPES/NaOH (pH 7.4),
and stirred on ice for 30min. After centrifugation of the lysate at
25,000g for 20min, the pellet was resuspended in 0.25M buffered
sucrose. The synaptic membranes were then further enriched
through a discontinuous sucrose gradient containing 0.8/1.0/1.2M
sucrose. After centrifugation at 65,000g for 2 h, the CSM fraction
was collected from the 1.0/1.2M sucrose interface. Synaptic mem-
brane proteins were extracted from the CSM with a solubilization
buffer containing 50mM Tris�Cl (pH 7.4), 500mM NaCl, a mixture
of protease inhibitors and 1% digitonin (Biosynth, Itasca, IL, USA).
After centrifugation at 147,600g for 37min, the supernatant was
diluted with a buffer containing 50mM Tris and 0.1% digitonin to
adjust the NaCl concentration to 150mM and incubated overnight
at 4�C. Following centrifugation at 17,400g for 15min, the solution
including neuronal VDCC complexes was obtained. For coimmuno-
precipitation, the solution was incubated with ProteinA Agarose
coupled to anti-b4 antibodies (40) at 4�C for 6 h. For the GST
pull-down assay, the solution was incubated with glutathione-
Sepharose beads containing the indicated GST fusion proteins at
4�C for 1 h. After the beads were extensively washed with buffer,
the bound proteins were eluted by boiling the beads in SDS sample
buffer for 5min, or by incubating the beads in SDS sample buffer
containing 50mM DTT for 30min at room temperature. Samples
were then analysed by western blotting.

Pull-down assay using HEK293 cells
HEK293 cells transfected with cDNA plasmids expressing
Myc-VDCC b4b, HA-RIM1 or EGFP-BassoonC by Lipofectamin
2000 (Invitrogen) in 10 cm dishes were lysed with 1ml of buffer
containing, 20mM Tris�Cl (pH 7.5), 150mM NaCl, 0.5mM
EDTA, 1mM DTT, 1% (w/v) Triton X-100, 10 mg/ml leupeptin
and 10 mM APMSF at 4�C for 1 h. Samples were centrifuged at
20,000g at 4�C for 20min to collect the supernatant. The
HA-RIM1 and EGFP-BassoonC samples were diluted 4-fold with
the buffer. These 0.5ml supernatants were then incubated with 20 ml
of glutathione-Sepharose beads containing the indicated GST fusion
proteins at 4�C for 1 h. After the beads were extensively washed with
buffer, the bound proteins were eluted by boiling the beads in SDS
sample buffer for 5min. Samples were then analysed by western
blotting.

EGFP fusion constructs of rat b1a-, b2a-, b3-, b4b-subunits, rabbit
Cav2.1 N-terminal (aa 1�98), the I�II linker (aa 361�488), the II�III
linker (aa 731�1038) and the C-terminal (aa 1806�2425) were
expressed in HEK293 cells and applied to the pull-down assay as
previously described (40, 41).

In vitro binding of the purified GST�CAST-4 and recombinant
b4-protein
Recombinant b4-proteins [b4(47�475)] were prepared as previously
reported (40). Purified GST�CAST-4 fusion proteins were incubated
with 50 pM purified recombinant b4-subunits for 2 h at 4�C in
phosphate-buffered saline buffer containing 0.1% Nonidet P-40
and 50 mg/ml bovine serum albumin and then incubated with
glutathione-Sepharose beads for 1 h. The beads were washed twice
with the phosphate-buffered saline buffer. The proteins retained on
the beads were characterized by western blotting with the anti-b4
antibody.

Western blotting
Samples were resolved using SDS-PAGE and transferred to nitro-
cellulose membranes (Invitrogen) or PVDF membranes (Millipore,
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Temecula, CA, USA). All membranes were blocked for 1 h with
blocking solution containing 5% skim milk (w/v) in TBST [20 mM
Tris�Cl (pH 7.6), 140mM NaCl, 0.1% Tween-20 (w/v)], and immu-
noreacted with anti-Myc (1:200), anti-HA (1:200), anti-EGFP
(1:500), anti-b4 (1:1,000), anti-CAST (1:500), anti-Cav2.1 (1:200)
and anti-synaptophysin (1:1,000) antibodies. Membranes were
washed and incubated for 1 h with the HRP-linked anti-mouse or
anti-rabbit secondary antibody (1:5,000 for mouse, 1:2,000 for
rabbit) prepared in blocking solution. Membranes were then treated
with ECL solution [100 mM Tris�Cl (pH 8.5), 1.25mM Luminol,
2.2mM p-coumaric acid, 0.01% (v/v) H2O2] and exposed to imaging
film (Kodak, New Haven, CT, USA) or a LAS-4000 image analyzer
(Fujifilm, Tokyo, Japan).

Cell culture and cDNA expression in BHK cells
The BHK cell line BHK6 stably expressed the a2/d- and b4b-subunits
of VDCC as previously described (45). BHK6 cells were cultured in
DMEM containing 10% fetal bovine serum, 30 units/ml penicillin
and 30 mg/ml streptomycin. Transfection of cDNA plasmids was
carried out using Effecten Transfection Reagent (Qiagen, Hilden,
Germany). Cells were subjected to electrophysiological measure-
ments 48 h after transfection.

Current recordings
Whole-cell patch-clamp recording was carried out at 22�25�C with
the EPC-9 (HEKA Elektronik, Lambrecht, Pfalz, Germany)
patch-clamp amplifier, as previously described (46). Patch pipettes
(borosilicate glass capillary, 1.5mm outer diameter, 0.87mm inner
diameter; Hilgenberg, Malsfeld, Germany) were pulled with the P-87
Flaming-Brown micropipette puller (Sutter Instrument Co., Novato,
CA, USA) and fire-polished. Pipette resistance ranged from 2 to
3.5M� when filled with the pipette solutions described below.
The series resistance was electronically compensated to460%, and
both the leakage and the remaining capacitance were subtracted by
the �P/4 method. In the experiments of activation kinetics, currents
were sampled at 100 kHz after low pass filtering at 8.4 kHz (3 db),
otherwise they were sampled at 20 kHz after low pass filtering at
3.0 kHz (3 db). Data were collected and analysed using the Pulse
v8.77 (HEKA Elektronic). The external solution consisted of
3mM BaCl2, 155mM tetraethylammonium chloride (TEA�Cl),
10mM HEPES and 10mM glucose (pH 7.4 adjusted with
TEA�OH). The pipette solution consisted of 95mM CsOH,
95mM aspartate, 40mM CsCl, 4mM MgCl2, 5mM EGTA, 2mM
disodium ATP, 5mM HEPES and 8mM creatine phosphate (pH 7.2
adjusted with CsOH).

Voltage dependence of activation
Tail currents were elicited by repolarization to �60mV after a 5-ms
test pulse from �40 to 40mV with 5mV increments. Currents were
sampled at 100 kHz after low pass filtering at 8.4 kHz. The amplitude
of tail currents was normalized to the tail current amplitude obtained
with a test pulse of 40mV. Mean values were plotted against test
pulse potentials and fitted to the Boltzmann equation: n(Vm)¼ 1/
{1þ exp[(V0.5�Vm)/k]}, where Vm is membrane potential, V0.5 is
the potential that gives a half-value of conductance and k is the
slope factor.

Voltage dependence of inactivation
The voltage dependence of VDCC inactivation (inactivation curve)
was determined by a double-pulse protocol with a 2-s inactivation
pulse (conditional pulse) from �100 to 20mV (10mV increments)
and a 20-ms test pulse to 5mV following 10ms interpulse interval at
the holding potential of �100mV. Current amplitudes elicited by the
test pulses were normalized to those after the 2-s conditional pulse to
�100mV. Mean values were plotted against the potentials of the
conditional pulse and fitted to the Boltzmann equation as described
above.

Statistical analyses
All data are expressed as means�SEM. We accumulated the data
for each condition from at least three independent experiments.
Statistical significance was evaluated with an ANOVA followed by
Tukey�Kramer test. P50.05 was considered statistically significant.

Results

Direct interaction of CAST with the VDCC b4-subunit
Nishimune et al. have recently reported that CAST or
the family member, ELKS, interacts with VDCC
b-subunits using recombinant HEK293 cell lysates
(47, 48). To examine the interaction of the active
zone protein CAST with VDCC complexes in native
system, we used the immunoprecipitation assay
on brain samples. First, we immunoprecipitated
b4-subunit with its antibody from the detergent extract
of the mouse brain synaptosomal fraction. Consistent
with the previous report that b1-subunit directly binds
to CAST in a heterologous expression system of
HEK293 cells (47), CAST was coimmunoprecipitated
with the b4-subunit, but the synaptic vesicle protein
synaptophysin was not (Fig. 1A). Moreover, when
the immunoprecipitation assay was performed on the
brain extract of lethargic mice, which carry a mutated
form of the VDCC �4 gene (49), CAST was not immu-
noprecipitated (data not shown). Accordingly, these
results suggest that CAST interacts with b4-subunit
in the intact brain.

We further examined the mode of binding between
CAST and the VDCC b4-subunit using pull-down
assays with various GST-tagged CAST fragments
(Fig. 1B). The extract of HEK293 cells expressing
Myc-VDCC b4b was incubated with glutathione-
Sepharose beads containing various GST�CAST
fusion proteins. Myc-VDCC b4b bound to GST�
CAST-1 containing the first coiled-coil (CC) domain
and GST�CAST-4 containing the last CC domain and
a unique C-terminal amino acid (Ile�Trp�Ala) called
IWA motif, but not to the other GST fusion proteins
(Fig. 1C). Under the same conditions, RIM1 and
Bassoon bound to GST�CAST-4 and GST�CAST-2,
respectively (Fig. 1C) (2, 10). The IWA motif is
essential for CAST to bind the PDZ domain of
RIM1 (2, 3). Thus, HA-RIM1 did not bind to
GST�CAST-4�IWA, whereas Myc-VDCC b4b
bound to it (Fig. 1D).

Next, we examined the ability of other b-subunits
(b1a, b2a and b3) to bind to CAST. GST pull-down
assays revealed that not only b4b-subunit but also
other b-subunits bound to GST�CAST-4 (Fig. 2A).
Interestingly, GST�CAST-4 had a higher binding
potency to b4b-subunit, the brain-type b-subunit,
compared with the skeletal muscle-type b1a-subunit,
the cardiac muscle type b2a-subunit and the brain-type
b3-subunit (50). Importantly, the purified preparation
of recombinant b4-subunit [b4(47�475)] (40) was also
pulled-down by the purified GST�CAST-4 (Fig. 2B).
These results suggest that CAST forms a protein
complex with VDCCs through direct interactions
with VDCC b-subunits.

Complex formation of CAST with VDCC subunits
in the brain
We examined the binding of CAST with VDCC sub-
units by pull-down assays using brain lysates. To this
end, we prepared the brain fraction containing VDCC
complexes (41) and incubated the extract with
glutathione-Sepharose beads containing various
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GST�CAST proteins (Fig. 1B). Both VDCC a1- and
b4-subunits could be detected by those subunit-specific
antibodies binding to GST�CAST-4 (Fig. 3).
However, in contrast to the result in Fig. 1C, we did
not detect binding of VDCC b4-subunit to
GST�CAST-1 in this brain lysate system (Fig. 3B).

Interaction of CAST with the VDCC a1-subunit
In Drosophila, the CAST homologue Brp has been
shown to interact with the C-terminal region of
VDCC a1-subunits and to regulate its clustering at
the active zone (51). In vertebrate, we found a complex
formation of VDCC a1-subunit and CAST (Fig. 3).
Therefore, we examined the direct interaction between
CAST and VDCC a1-subunit (Fig. 4). To this end, we
prepared fragments of the N-terminal (aa 1�98), I�II
linker (aa 361�488), II�III linker (aa 731�1038) and
C-terminal (aa 1806�2425) regions of the VDCC
a1-subunit, Cav2.1. All these regions are located at

the cytoplasmic side of the plasma membrane and
thus might bind to CAST directly. Extracts of
EGFP-tagged VDCC a1 fragments or that of VDCC
b4-subunit from HEK293 cells revealed equal
expression at the protein level (Fig. 4B). Consistent
with the results in Figs. 1 and 3, pull-down assay
using GST�CAST-4 indicated the direct interaction
of EGFP-VDCC b4-subunit to CAST. For the
a1-subunit, not C-terminal but II�III linker of
Cav2.1 interacted with GST�CAST-4 (Fig. 4A).
Chen et al. have also reported that the C-terminal
region of the VDCC a1-subunit does not coimmuno-
precipitate with CAST in a heterologous expression
system of HEK cells (47). These results indicate
that interaction regions of a1-subunit for CAST are
different between Drosophila and mice. In addition,
the interaction of II�III linker with GST�CAST-4
was much weaker than that of b4-subunit. Therefore,
in mammalian systems, we conclude that CAST has
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Fig. 1 Interaction of CAST and VDCC b4-subunit. (A) Coimmunoprecipitation of CAST with VDCC b4. The detergent extract of the mouse
brain synaptosomal fraction was subjected to immunoprecipitation with the anti-b4 antibody. The immunoprecipitate was analysed by western
blotting using antibodies against indicated proteins: anti-b4, anti-CAST and anti-synaptophysin. Ab, antibody; IP, immunoprecipitation; WB,
western blotting. (B) GST fusion constructs of CAST. CAST-1 to -4 includes at least one coiled-coil domain (CC). And CAST-4�IWA lacks
the C-terminal three amino acid (Ile�Trp�Ala) called IWA motif. The numbers indicate amino acid positions. (C) Direct binding of VDCC
b4b-subunit to CAST. The extract of HEK293 cells expressing Myc-VDCC b4b, HA-RIM1 or EGFP-BassoonC was then incubated with the
beads which are conjugated with various regions of CAST-1 to -4 as well as GST alone. Proteins that bound to the beads were analysed by
western blotting using the anti-Myc, anti-HA or anti-GFP antibodies. Input contains 8.0% (for VDCC and RIM1) and 32% (for BassoonC)
of the extract was used for this assay. (D) Distinct CAST-binding regions for RIM1 and VDCC b4b-subunit. The extract of HEK293 cells
expressing Myc-VDCC b4b or HA-RIM1 was incubated with the beads immobilized with CAST-4, CAST-4�IWA or GST alone. HA-RIM1
only bound to the CAST-4, while Myc-VDCC b4b bound both CAST-4 and CAST-4�IWA. Input contains 16% (for VDCC) and 12%
(for RIM) of the extract used for this assay.
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the potency to form a complex with VDCCs mainly
with b4-subunit through its direct interaction.

FunctionaleffectsofCASTonP/Q-typeVDCCcurrents
Biochemical and molecular biological approaches have
revealed the physical and functional interactions of
VDCCs with synaptic proteins such as syntaxin,
SNAP-25, synaptotagmin and RIMs (21�24, 30,
40�43). To obtain further insight into the functional
linkage between the active zone proteins and VDCCs,
we elucidated the physiological significance of the
direct interaction between CAST and the VDCC
b-subunits. First, we examined whole-cell Ba2þ cur-
rents through recombinant P/Q-type VDCC expressed
as a1�a2/d�b complexes containing the BI-2 variant of
Cav2.1 (31) and b4b-subunit in BHK cells. We focused
on P/Q-type VDCC in this study, because P/Q-type
VDCC is known to contribute to neurotrans-
mitter release at presynapse (17, 18). Fig. 5 shows
Ca2þ-channel currents and their current�voltage

(I�V) relationships in the BHK cells in the presence
or absence of full-length CAST. Ba2þ currents were
elicited with 30ms depolarizing pulses from a holding
potential (Vh¼�100mV) to test potentials from �40
to 40mV with increments of 10mV in a 3mM Ba2þ

solution. We found that CAST slightly shifted the I�V
relationship in the hyperpolarizing direction by �5mV
without affecting the current density (Fig. 5 and
Table I). These results suggest that CAST may regulate
the opening of VDCCs.

Effects of CAST on activation properties of
VDCC currents
To clarify this hypothesis, we next examined the effect
of CAST on the activation of the P/Q-type VDCC.
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Fig. 3 Complex formation of CAST with VDCCs through the

b4-subunit. (A and B) The GST fusion proteins containing various
CAST regions (Fig. 1B) as well as GST alone were immobilized
on glutathione-Sepharose beads. The detergent extract of the mouse
brain synaptosomal fraction was then incubated with the beads, and
proteins that bound to the beads were analysed by western blotting
using the indicated antibodies. The endogenous VDCC a1-subunit
(anti-Cav2.1) and VDCC b4-subunit were pull-downed by CAST-4.
(C) Coomassie brilliant blue (CBB) staining of loaded GST fusion
proteins.
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Fig. 2 Direct binding of CAST with VDCC b-subunits. (A) GST-pull-
down assay of b-subunits (b1a, b2a, b3 and b4b) with GST�CAST-4.
GST�CAST-4 bound glutathione-Sepharose beads were incubated
with cell lysates obtained from EGFP-b-transfected HEK293 cells.
Bound proteins were analysed by western blotting using anti-GFP
antibody. (B) In vitro association between the purified GST�CAST-4
and recombinant b4-subunit [b4(47�475)]. GST�CAST-4 incubated
with b4-subunit was captured by glutathione-Sepharose beads.
Captured b4-proteins were examined by western blotting.
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The activation curves, which were obtained by fitting
the peak amplitude of tail currents with the Boltzmann
equation, showed different voltage dependence with
CAST coexpression (Fig. 6A). The voltage dependence
of activation was shifted in the hyperpolarizing direc-
tion, and the midpoints of the activation curves (V0.5)
were �10.8� 1.0 and �5.0� 1.3mV in the presence
and absence of CAST, respectively (Table I).
Interestingly, in the cells expressing b1-subunit instead
of b4-subunit, the leftward shift of the voltage-
dependent activation was not observed (data not

shown). CAST also changed the slope factor (k) from
7.0� 0.4 to 5.5� 0.1mV (Table I) and modulated the
activation kinetics of P/Q-type VDCCs (Fig. 6B).
The time constant (�activation) obtained by fitting the
activation time course of inward currents with a
single exponential was ‘bell-shaped’ when plotted
against different voltages (Fig. 6B). CAST decelerated
the activation kinetics at membrane potentials of �25,
�10 and �5mV. Thus, in CAST-containing synapse,
neurotransmission may occur at the hyperpolarizing
potentials at which other synapses are not activated.
Decreased activation rate of the channels may prevent
Ca2þ overload at the hyperpolarizing potentials.

Effects of CAST on inactivation properties of
VDCC currents
We examined the effect of CAST on the inactivation
properties of the P/Q-type VDCC. The voltage
dependence of inactivation was determined by the
use of 2 s prepulses to a series of different potentials
followed by the test pulse to 5mV. Peak current amp-
litudes were normalized to the peak current amplitude
induced by the test pulse from a prepulse potential of
�100mV and were plotted against the prepulse poten-
tials. CAST did not affect the voltage dependence of
inactivation (Fig. 7). The estimated half-inactivation
potential and the slope factor of the inactivation
curves fitted by the Boltzmann equation were
�50.6� 1.7 and �8.5� 0.5mV in the presence of
CAST, and �48.1� 2.1 and �8.5� 0.3mV in the
absence of CAST, respectively (Table I).
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Fig. 4 Interaction of the VDCC a1-subunit with the C-terminal region

of CAST. (A) The extracts of HEK293 cells expressing the indicated
EGFP-tagged fragments of the a1-subunit, full-length b4b-subunit
and control EGFP were incubated with the beads on which
GST�CAST-4 was immobilized. Proteins were analysed by western
blotting using the anti-GFP antibody. (B) Expression and input
of EGFP-tagged fragments of the a1-subunit and full-length the
b4b-subunit were assessed by western blotting.
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Data points are mean�SEM.
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Discussion

In the present study, we have shown that the active
zone protein CAST binds the VDCC b4-subunit
directly and forms a protein complex with VDCCs at
the presynaptic active zone, modifying the opening of
VDCCs. Pull-down assays and immunoprecipitation
experiments have also identified their direct interaction
which involves at least the C-terminal region of CAST.
Therefore, our results indicate that CAST regulates
neurotransmitter release by modifying the opening
of VDCCs through the physical association with the
VDCC b-subunit.

CAST has been shown to be localized at the active
zone by immunoelectron microscopy (2, 4) and binds

with a number of synaptic proteins, mainly cytoplas-
mic at the active zone proteins (10). The results in
our study demonstrate that CAST interacts directly
with the VDCC b4-subunit (Fig. 1) in addition to the
active zone proteins Bassoon, Piccolo and RIM1 (10).
The VDCC b4-subunit bound to the N- and C-terminal
regions of CAST (GST�CAST-1 and GST�CAST-4;
Fig. 1C), which are distinct from the binding regions
for Bassoon, Piccolo and RIM1 (2, 10). Intriguingly,
the VDCC b4-subunit bound to GST�CAST-4�IWA,
to which RIM1 does not bind (Fig. 1D). These distinct
CAST-binding regions for the VDCC b4-subunit and
RIM1 would be advantageous for regulating VDCC
activity at the molecular level. One scenario may be
that CAST recruits RIM1 at the active zone and
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Table I. Effects of CAST on current density, activation and inactivation of Cav2.1 channels in BHK cells expressing a2/d- and b4b-subunits
a.

Current density (pA/pF)b

Activation parameters Inactivation parameters

V0.5 (mV) k (mV) V0.5 (mV) k (mV)

Vector �20.6� 5.1 (7)c �5.0� 1.3 (5) 7.0� 0.4 (5) �48.1� 2.1 (3) �8.5� 3 (3)
CAST �19.5� 3.1 (14) �10.8� 1.0 (8)** 5.5� 0.1 (8)** �50.6� 1.7 (7) �8.5� 0.5 (7)

a**P50.01 vs. vector
bBa2þ currents evoked by depolarizing pulse to 0mV from a Vh (�100mV) were divided by capacitances.
cNumber of cells analysed is indicated in the parenthesis.
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RIM1 in turn bind to the VDCC b4-subunit on CAST,
suggesting that CAST may serve as a platform for the
VDCC b4-subunit�RIM1 interaction. Indeed, using
primary rat hippocampal neuron cultures (2) and
CAST/ERC2 knockout mice (16), CAST has been
suggested to be involved in anchoring RIM1 to the
active zone. Another possibility is that RIM1 competes
with b4-subunit for the binding to CAST. Whether
CAST recruits the VDCC b4-subunit in addition to
RIM1 has not been examined; however, elucidation
of the involvement of CAST in anchoring the VDCC
b4-subunit to the active zone will shed new light on the
molecular mechanisms responsible for direct and
functional interactions between active zone proteins
and VDCCs.

As mentioned above and in Fig. 1, the VDCC
b4-subunit bound to GST�CAST-4 as well as to
GST�CAST-1, but the pull-down assay using the
mouse brain lysate showed that the VDCC b4-subunit
bound only to GST�CAST-4 (Fig. 3B). At present, we
cannot explain this difference, but we speculate that
there is a protein that binds the N-terminal region of
CAST (CAST-1) in the brain lysate, which may
interfere with the binding of the VDCC b4-subunit to
the region.

Consistent with previous observations (47), our
present results demonstrate that CAST does not

interact directly with the C-terminal region of VDCC
a1-subunits (Fig. 4). In this study, we have revealed
that the II�III linker of a1-subunits interacts with
CAST, but the interaction appears to be weaker
compared with that of the b4-subunit. However, in
Drosophila, Brp, the only homologue of the ELKS/
CAST family, has been shown to interact directly
with the C-terminal region of P/Q-type VDCC
a1-subunit homologue, Cacophony (51). Brp mutants
and knockdown studies have shown that the clustering
of Cacophony was significantly reduced at the active
zones. Presently, we cannot explain the discrepancy in
the binding of CAST and the VDCC a1-subunit, but
we speculate that there is a different mechanism for
clustering VDCCs at the active zone of mice and
flies. Indeed, the active zone proteins Bassoon and
Piccolo are not conserved in invertebrates such as
C. elegans and Drosophila. Recently, Chen et al. have
also reported that Bassoon binds directly to the VDCC
b4-subunit (47). In addition, unlike Drosophila, the
deletion of the C. elegans ELKS/CAST homologue
appeared to have no effect on the assembly of the
active zone (52). Thus, we suggest that the clustering
of VDCCs at the active zone and its assembly are much
more complicated than envisaged.

b3- and b4-subunits are generally known as
brain-type VDCC b-subunits. However, these distribu-
tions are different in nervous systems (50, 53). The
expression of b3-subunit is highest in the olfactory
bulb and habenula. Moderate b3-subunit signals
are detected in the cortex, hippocampus, basal ganglia,
nucleus interpeduncularis, superior colliculus and cere-
bellum. In contrast, the expression of b4-subunit is
highest in the cerebellum and is not detected in
habenula. Moderate b4-subunit signals are found in
the olfactory bulb, cortex, hippocampus, basal ganglia
and inferior colliculus. In addition, subunit compos-
itions of VDCCs are also different in brains.
Biochemical assay reveals that the most prevalent part-
ner of Cav2.2 (N-type) is b3-subunit and that of Cav2.1
(P/Q-type) is b4-subunit (50, 54, 55). In this study, we
revealed that CAST preferentially interacts with
b4-subunit among b-subunits (b1, b2, b3 and b4).
Thus, CAST may mainly scaffold and functionally
modulate P/Q-type VDCCs at b4-containing synapses
in the brain.

The presynaptic VDCCs, N-type and P/Q-type Ca2þ

channels, are subject to functional modulation by
interaction with synaptic proteins that finely tune
Ca2þ entry into nerve terminals. Most synaptic
proteins affect the inactivation properties of VDCCs.
Syntaxin or SNAP-25 binds to the II�III linker of the
a1-subunit to decrease channel availability with a
hyperpolarizing shift in the voltage dependence of
inactivation of transiently expressed (22�24, 27) and
native Ca2þ channels (56). By binding to the b-subunit
(40, 41) or the C-terminal of the a1-subunit (42), RIM1
sustains Ca2þ influx through the inhibition of
voltage-dependent inactivation of VDCCs (40, 41,
43). In contrast, Ca2þ-binding protein 1 (CaBP1),
which binds to the C-terminal of the a1-subunit, modu-
lates activation properties. CaBP1 induces a depolariz-
ing shift in the voltage dependence of activation of
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VDCCs, thus inhibiting channel activity by antagoniz-
ing channel opening (57). In the present study, we
reveal that CAST modulates activation properties.
Interestingly, CAST binds to the b-subunit, but not
the a1-subunit, and shifts voltage dependence of
activation towards the hyperpolarizing direction.
Thus, CAST may enhance the b-subunit action on
Ca2þ channel properties, because the b-subunits shift
the voltage dependence of activation to hyperpolariz-
ing direction (33, 34, 50).

In summary, we show here that the direct binding of
CAST and the VDCC b4-subunit regulates the opening
of the functional VDCC complex. Notably, this is the
first report to show that the activation of VDCC is
directly affected by an active zone protein. Further
biochemical analyses focused on the potential property
of CAST to anchor RIMs to the active zone (2, 16)
would shed new light on our understanding of the
mode of functional complex formation.

Acknowledgements

The authors thank M. Yagi for expert experiments and S. Mochida
for helpful comments and discussion.

Funding
This work was supported by a grant-in-aid for Scientific Research
(B) (22300120 to T.O.) and for Scientific Research on Priority Areas
(20022021 to S.K.) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan and by Takeda Science
Foundation (to T.O.).

Conflict of interest
None declared.

References

1. Landis, D.M., Hall, A.K., Weinstein, L.A., and Reese,
T.S. (1988) The organization of cytoplasm at the
presynaptic active zone of a central nervous system
synapse. Neuron 1, 201�209

2. Ohtsuka, T., Takao-Rikitsu, E., Inoue, E., Inoue, M.,
Takeuchi, M., Matsubara, K., Deguchi-Tawarada, M.,
Satoh, K., Morimoto, K., Nakanishi, H., and Takai, Y.
(2002) CAST: a novel protein of the cytomatrix at the
active zone of synapses that forms a ternary complex
with RIM1 and Munc13-1. J. Cell. Biol. 158, 577�590

3. Wang, Y., Liu, X., Biederer, T., and Südhof, T.C. (2002)
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