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General Introduction 

 

Physiological significance of Ca
2+

 

Various inorganic ions have different composition inside and outside cells. Among them, the concentration of 

Ca
2+

 inside the cell is tightly regulated, which is ten thousand times lower than one outside the cell [1]. Ca
2+

 

influx across the plasma membrane plays a vital role in regulating diverse cellular processes, ranging from 

ubiquitous activities like gene expression to tissue-specific functions such as neurotransmitter release and 

muscle contraction, by controlling the intracellular free Ca
2+

 concentration [2]. By contrast, the dysregulation 

of this Ca
2+

 homeostasis leads to various pathological conditions, for example ischemic cell death, neural 

degeneration, cerebellar ataxia, mental retardation and heart failures. Therefore, Ca
2+

 ion is essential for cell 

fate. This Ca
2+

 influx from the extracellular compartment are mediated by three groups of channels: 

voltage-dependent Ca
2+

 channels (VDCCs), ligand-gated Ca
2+

 channels (neurotransmitter receptors), and 

non-classical Ca
2+

 channels belonging to neither group (Fig. 1). 

 

Fig. 1 Classes of Ca
2+

-permeable ion channels. 

 

Ca
2+

 channelsomes 

As mentioned above, Ca
2+

 entry channels play essential biological roles primarily through the transportation 

of Ca
2+

 ions from extracellular to intracellular compartment. In addition to the role as ion transportation, Ca
2+

 

channels also play roles to integrate and coordinate biological functions at different levels, ranging from the 

subcellular to multicellular scales. This is underpinned by efficient functional coupling within molecular 
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assemblies of channels, various cytomatrix proteins, small molecules and lipids (Fig. 2). These molecular 

assemblies, called as “channelsomes”, can be considered as physiological functional units [3]. 

 

Fig. 2 Ca
2+

 channelsomes. 

 

Ca
2+

 channelsomes involved in neurotransmission 

Neurotransmitter release is regulated by presynaptic Ca
2+

 influx after membrane depolarization. Especially, 

Ca
2+

 influx into presynaptic nerve terminals via VDCC is an essential step in neurotransmitter release [4]. The 

predominant Ca
2+

 channel species in synaptic nerve terminals are P/Q-type CaV2.1 and N-type CaV2.2 

channels, with their relative levels of expression varying across the nervous system [5]. The different 

distributions of these two channels are reflected in their distinct physiological and pathological roles. However, 

their activity is regulated by common mechanisms, and these channels function as part of larger signaling 

channelsomes that enable their precise regulation and subcellular targeting. 

 

VDCCs 

Multiple types of VDCCs are distinguished on the basis of biophysical and pharmacological properties [6]. In 

neurons, high voltage-activated VDCC types such as N-, P/Q-, R-, and L-types are essential for 

neurotransmitter release from presynaptic terminals [7-9]. Furthermore, presynaptic VDCCs are considered to 

serve as the regulatory node in a dynamic, multilayered signaling network that exerts short-term control of 

neurotransmission in response to synaptic activity [10]. Biochemically, VDCCs are known as 
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heteromultimeric protein complexes composed of the pore-forming α1, designated as CaV, and auxiliary 

subunits α2/δ, β, and γ (Fig. 3A) [11]. The CaV α1-subunit is encoded by ten distinct genes, whose 

correspondence with functional types has already been largely elucidated (Fig. 3B) [6]. β-subunit, which is 

encoded by four distinct genes, interacts with α1 from the cytoplasmic side to enhance functional channel 

trafficking to the plasma membrane [12, 13] and to modify multiple kinetic properties (Fig. 3C) [14, 15]. 

Considering the cytoplasmic disposition of β-subunits, it is intriguing to investigate whether β-subunits are 

involved in targeting specific subcellular machinery to VDCC channelsomes at presynaptic subcellular 

structure called the active zone for neurotransmitter release through as yet unidentified protein interactions. 

 

Fig. 3 Voltage-dependent Ca
2+

 channel. (A) Schematic model of VDCC complex. (B) Phylogenic tree of 

α1-subunits. (C) Phylogenic tree of β-subunits. 

 

Ca
2+

 signaling involved in neuronal disorders 

Several genetic approaches have revealed that mutations in VDCC genes are implicated in the neuronal 

disorders. Timothy syndrome, characterized by physical malformations including heart QT-prolongation, heart 

arrhythmias, and autism spectrum disorders, is caused by mutations in CACNA1C, the gene encoding L-type 

CaV1.2 [16]. Missense mutations in CACNA1A gene encoding CaV2.1 underlie several neurological disorders, 

including familial hemiplegic migraine, episodic ataxia type 2, and spinocerebellar ataxia type 6 [17-19]. 

These disorders seem to be involved with the functional dysregulation in cellular Ca
2+

 signaling, yet the 
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precise pathological mechanisms have been elusive. 

 

Survey of this thesis 

This thesis consists of four chapters on VDCCs. The first two chapters describe the physiological role of novel 

VDCC complexes in neurotransmission, focused on VDCC-β interacting proteins. The second two chapters 

describe the physiological role of VDCC complexes in neuronal pathological conditions. 
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Chapter 1 

 

Physical and functional interaction of the active zone protein CAST/ERC2 and 

the β-subunit of the voltage-dependent Ca
2+

 channel 

 

Abstract 

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 regulates the Ca
2+

-dependent release of neurotransmitters. Here, we show an interaction 

of CAST with voltage-dependent Ca
2+

 channels (VDCCs) which are essential for regulating 

neurotransmitter release triggered by depolarization-induced Ca
2+

 influx at the active zone. Using a 

biochemical assay we showed that CAST was coimmunoprecipitated with the VDCC β4-subunit from 

the mouse brain. A pulldown assay revealed that the VDCC β4-subunit interacted directly with at least 

the N- and C-terminal regions of CAST. The II-III linker of VDCC α1-subunit also interacted with 

C-terminal regions of CAST, however the interaction was much weaker than that of β4-subunit. 

Furthermore, coexpression of CAST and VDCCs in baby hamster kidney (BHK) cells caused a shift in 

the voltage dependence of activation toward 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. 
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Introduction 

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 Rab3 interacting molecules (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 

significantly 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 β 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 parameters, but it causes a large increase in inhibitory, but not excitatory, 

neurotransmitter release [16]. In spite of the different systems employed, these accumulated observations 

suggest that CAST plays a pivotal role in neurotransmitter release from the active zone, however its functional 

linkage with voltage-dependent Ca
2+

 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 
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heteromultimeric protein complexes composed of the pore-forming α1 -subunit and the auxiliary α2/δ-, β-, and 

γ-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 α1-subunit 

[21-30]. Among the auxiliary subunits, the β-subunits interact with the α1-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 β-subunits (β1-β4), each with splice variants, encoded by four distinct genes. 

Recently, several β-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 β-subunit, and sustain Ca
2+

 influx 

through inhibition of channel inactivation [40, 41]. RIM1 also associates with the α1-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 functions, 

we have analyzed the physical and functional interactions between CAST and VDCCs. Biochemical studies 

showed that CAST interacts directly with the β-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 toward the hyperpolarizing direction. Taken together, CAST regulates neurotransmitter release 

partly through modifying the opening of VDCCs at the presynaptic active zones. 

 

 

Results 

Direct interaction of CAST with the VDCC β4-subunit 

Nishimune et al. have recently reported that CAST or the family member, ELKS interacts with VDCC 

β-subunits using recombinant HEK293 cell lysates [44, 45]. 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 β4-subunit with its antibody from the detergent extract of the mouse 
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Fig. 1 Interaction of CAST and VDCC β4-subunit. (A) Coimmunoprecipitation of CAST with VDCC β4. 

The detergent extract of the mouse brain synaptosomal fraction was subjected to immunoprecipitation with the 

anti-β4 antibody. The immunoprecipitate was analyzed by western blotting using antibodies against indicated 

proteins: anti-β4, 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-4ΔIWA lacks the C-terminal three amino acid (Ile-Trp-Ala), called IWA motif. The numbers indicate 

amino acid positions. (C) Direct binding of VDCC β4b-subunit to CAST. The extract of HEK293 cells 

expressing Myc-VDCC β4b, 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 

analyzed 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 β4b-subunit. The extract of HEK293 cells expressing myc-VDCC β4b or 

HA-RIM1 was incubated with the beads immobilized with CAST-4, CAST-4ΔIWA or GST alone. HA-RIM1 

only bound to the CAST-4, while Myc-VDCC β4b bound both CAST-4 and CAST-4ΔIWA. Input contains 16 % 

(for VDCC) and 12 % (for RIM) of the extract used for this assay. 

 

A 

B 

C 

D 
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brain synaptosomal fraction. Consistent with the previous report that α1-subunit directly binds to CAST in a 

heterologous expression system of HEK293 cells [44], CAST was coimmunoprecipitated with the β4-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 β4 gene 

[46], CAST was not immunoprecipitated (data not shown). Accordingly, these results suggest that CAST 

interacts with β4-subunit in the intact brain. 

We further examined the mode of binding between CAST and the VDCC β4-subunit using pulldown assays 

with various glutathione-S-transferase (GST)-tagged CAST fragments (Fig. 1B). The extract of HEK293 cells 

expressing myc-VDCC β4b was incubated with glutathione-Sepharose beads containing various GST-CAST 

fusion proteins. myc-VDCC β4b bound to GST-CAST-1 containing the first coiled-coil (CC) domain and 

GST-CAST-4 containing the last CC do main 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-4ΔIWA whereas 

Myc-VDCC β4b bound to it (Fig. 1D). 

Next, we examined the ability of other β-subunits (β1a, β2a, and β3) to bind to CAST. GST pulldown assays 

revealed that not only β4b-subunit but also other β-subunits bound to GST-CAST-4 (Fig. 2A). Interestingly, 

GST-CAST-4 had a higher binding potency to β4b-subunit, the brain-type β-subunit, compared with the 

skeletal muscle-type β1a-subunit, the cardiac muscle type β2a-subunit, and the brain-type β3-subunit [47]. 

Importantly, the purified preparation of recombinant β4-subunit (β4 (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 β-subunits. 

 

Complex formation of CAST with VDCC subunits in the brain 

We examined the binding of CAST with VDCC subunits by pulldown assays using brain lysates. To this end, 

we prepared the brain fraction containing VDCC complexes [41] and incubated the extract with 
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glutathione-Sepharose beads containing various GST-CAST proteins (Fig. 1B). Both VDCC α1- and 

β4-subunits could be detected by those subunits 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 β4-subunit to GST-CAST-1 in this brain 

lysate system (Fig. 3B). 

 

Interaction of CAST with the VDCC α1-subunit 

In Drosophila, the CAST homologue Brp has been shown to interact with the C-terminal region of VDCC 

α1-subunits and to regulate its clustering at the active zone [48]. In vertebrate, we found a complex formation 

of VDCC α1-subunit and CAST (Fig. 3). Therefore, we examined the direct interaction between CAST and 

 

Fig. 2 Direct binding of CAST with VDCC β-subunits. (A) GST-pulldown assay of β-subunits (β1a, β2a, β3, 

and β4b) with GST-CAST-4. GST-CAST-4 bound glutathione-Sepharose beads were incubated with cell lysates 

obtained from EGFP-β-transfected HEK293 cells. Bound proteins were analyzed by western blotting using 

anti-GFP antibody. Ab, antibody; WB, western blotting. (B) In vitro association between the purified 

GST-CAST-4 and recombinant β4-subunit (β4(47–475)). GST-CAST-4 incubated with β4-subunit was captured 

by glutathione-Sepharose beads. Captured β4-proteins were examined by western blotting. 

 

A B 
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VDCC α1-subunit (Fig. 4). To this end, we prepared fragments of the N-terminal (amino acid residues 1-98), 

I-II linker (amino acid residues 361-488), II-III linker (amino acid residues 731-1038) and C-terminal (amino 

acid residues 1806-2425) regions of the VDCC α1-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 α1 fragments or that of VDCC β4-subunit from HEK293 cells revealed equal expression at the protein 

level (Fig. 4B). Consistent with the results in Fig. 1 and Fig. 3, pulldown assay using GST-CAST-4 indicated 

the direct interaction of EGFP-VDCC β4-subunit to CAST. For the α1-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 α1-subunit does not coimmunoprecipitate with CAST in a heterologous expression system of HEK 

cells [44]. These results indicate that interaction regions of α1-subunit for CAST are different between 

 

Fig. 3 Complex formation of CAST with VDCCs through the β4-subunit. (A, 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 analyzed by western blotting using the 

indicated antibodies. The endogenous VDCC α-subunit (anti-CaV2.1) and VDCC β4-subunit were pulldowned 

by CAST-4. Ab, antibody; WB, western blotting. (C) Coomassie brilliant blue (CBB) staining of loaded GST 

fusion proteins. 

 

A 

B 
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Drosophila and mice. In addition, the interaction of II-III linker with GST-CAST-4 was much weaker than that 

of β4-subunit. Therefore, in mammalian systems, we conclude that CAST has the potency to form a complex 

with VDCCs mainly with β4-subunit through its direct interaction. 

 

Functional effects of CAST on P/Q-type VDCC currents 

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 β-subunits. First, we 

examined whole-cell Ba
2+

 currents through recombinant P/Q-type VDCC expressed as α1, α2/δ, and β 

complexes containing the BI-2 variant of CaV2.1 [31] and β4b-subunit in BHK cells. We focused on P/Q-type 

VDCC in this study, because P/Q-type VDCC is known to contribute to neurotransmitter release at presynapse 

 

Fig. 4 Interaction of the VDCC α1-subunit with the C-terminal region of CAST. (A) The extracts of 

HEK293 cells expressing the indicated EGFP-tagged fragments of the α1-subunit, full-length β4b-subunit, and 

control EGFP were incubated with the beads on which GST-CAST-4 was immobilized. Proteins were analyzed 

by western blotting using the anti-GFP antibody. Ab, antibody; WB, western blotting. (B) Expression and input 

of EGFP-tagged fragments of the α1-subunit and full-length the β4b-subunit were assessed by western blotting. 

 

A B 
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[17, 18]. Fig. 5 shows Ca
2+

 channel currents and their current density-voltage (I-V) relationships in the BHK 

cells in the presence or absence of full-length CAST. Ba
2+

 currents were elicited with 30-ms depolarizing 

pulses from a holding potential (Vh = −100 mV) to test potentials from −40 to 40 mV with increments of 

10-mV in a 3 mM Ba
2+

 solution. We found that CAST slightly shifted the I-V relationship in the 

hyperpolarizing direction by about 5 mV without affecting the current density (Fig. 5 and Table 1). 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. The 

activation curves were obtained by fitting the peak amplitude of tail currents with the Boltzmann equation, 

which showed different voltage-dependence with CAST coexpression (Fig. 6A). The voltage-dependence of 

activation was shifted in the hyperpolarizing direction, and the midpoints of the activation curves (V0.5) were 

−10.8 ± 1.0 mV and −5.0 ± 1.3 mV in the presence and absence of CAST, respectively (Table 1). Interestingly, 

in the cells expressing α1-subunit instead of β4-subunit, the leftward shift of the voltage-dependent activation 

 

Fig. 5 Effects of CAST on the I-V relationships of P/Q-type Ca
2+

 channel. Voltage-dependent activation 

of P/Q-type Ca
2+

 channel current in BHK cells expressing α2/δ- and β4b-subunit. Representative Ba
2+

 currents 

evoked by 30-ms depolarizing pulses from −40 to 40 mV (left) with 10-mV increments from a Vh of −100 mV, 

and the current density-voltage (I-V) relationship (right). In the presence of CAST, the I-V relationship was 

slightly shifted to the hyperpolarization as compared to the vector alone. Data points are mean ± SEM. 
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Fig. 6 Effects of CAST on the activation properties of P/Q-type Ca2+ channel. (A) Superimposed tail 

current elicited by repolarization to −60 mV after the 5-ms test pulse from −40 to 40 mV with increments of 

5-mV (left), and normalized tail current were plotted against test-pulse potentials (right). The Boltzman fit to 

each plots represented the hyperpolarization shift of activation property of P/Q-type Ca
2+

 channel in the 

presence of CAST. (B) Activation kinetics of P/Q-type Ca
2+

 channel currents. Left, families of Ba
2+

 currents and 

the single exponential fit on their activation phases. Currents were evoked by 5-ms step depolarizations from 

−25 to 25 mV from the holding potential (Vh = −100 mV). Right, comparison of the activation time constant 

(τactivation). The activation time constant (τ) obtained from the single exponential fit was significantly increased in 

the presence of CAST at −25, −10, and −5 mV membrane potential. *P < 0.05, **P < 0.01 and ***P < 0.001. 

Data points are mean ± SEM. 

 

A 

B 
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Fig. 7 Effects of CAST on the inactivation properties of P/Q-type Ca
2+

 channel. Left, Ba
2+

 currents 

were evoked by a 20-ms test pulse to 5 mV after the 10 ms repolarization to holding potential (−100 mV) 

following a 2-s inactivation pulse (conditional pulse) from −100 to 20 mV with increments of 10 mV. Right, 

normalized test pulse currents were plotted against conditional pulse potentials and fitted with the Boltzman 

equation. The inactivation curve was not significantly different with or without CAST. Data points are mean ± 

SEM. 

 

 

 

Table 1 Effects of CAST on current density, activation, and inactivation of CaV2.1 channels in BHK 

cells expressing α2/δ- and β4b-subunits 
1) 2)

. 

  
Current density 

(pA / pF) 
3)

 
 
Activation parameters  Inactivation parameters 

V0.5 (mV) k (mV)  V0.5 (mV) k (mV) 

Vector 

CAST 

 –20.6 5.1 (7)  –5.0 ±1.3 (5) 7.0 ±0.4 (5)  –48.1 ±2.1 (3) –8.5 ±0.3 (3) 

 –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) 

1) **P< 0.01, versus Vector. 

2) Numbers of cells analyzed are indicated in the parenthesis. 

3) Ba2+ currents evoked by depolarizing pulse to 0 mV from a Vh (−100 mV) were divided by capacitances. 

 



17 

 

was not observed (data not shown). CAST also changed the slope factor (k) from 7.0 ± 0.4 mV to 5.5 ± 0.1 

mV (Table 1), and modulated the activation kinetics of P/Q-type VDCCs (Fig. 6B). The time constant 

(τactivation) 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 −5 mV. 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 Ca
2+

 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 5 mV. Peak current amplitudes were normalized to the peak current 

amplitude induced by the test pulse from a prepulse potential of −100 mV and were plotted against the 

prepulse potentials. 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 mV and −8.5 ± 0.5 mV in the presence of CAST, and −48.1 ± 2.1 mV and −8.5 ± 0.3 mV in 

the absence of CAST, respectively (Table 1). 

 

 

Discussion 

In the present study, we have shown that the active zone protein CAST binds the VDCC β4-subunit directly, 

and forms a protein complex with VDCCs at the presynaptic active zone, modifying the opening of VDCCs. 

Pulldown 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 β-subunit. 
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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 cytoplasmic at the active zone proteins [10]. The results in our 

study demonstrate that CAST interacts directly with the VDCC β4-subunit (Fig. 1) in addition to the active 

zone proteins Bassoon, Piccolo and RIM1 [10]. The VDCC β4-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 β4-subunit bound to GST-CAST-4ΔIWA, to which RIM1 

does not bind (Fig. 1D). These distinct CAST-binding regions for the VDCC β4-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 RIM1 in turn bind to the VDCC β4-subunit on CAST, suggesting that CAST may 

serve as a platform for the VDCC β4-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 β4-subunit for the binding to CAST. 

Whether CAST recruits the VDCC β4-subunit in addition to RIM1 has not been examined, however 

elucidation of the involvement of CAST in anchoring the VDCC β4-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 β4-subunit bound to GST-CAST-4 as well as to GST-CAST-1, 

but the pulldown assay using the mouse brain lysate showed that the VDCC β4-subunit bound only to 

GST-CAST-4 (Fig. 3B). At present, we cannot explain this difference, but we speculate that there is a 

protein(s) that binds the N-terminal region of CAST (CAST-1) in the brain lysate, which may interfere with 

the binding of the VDCC β4-subunit to the region. 

Consistent with previous observations [44], our present results demonstrate that CAST does not interact 

directly with the C-terminal region of VDCC α1-subunits (Fig. 4). In this study, we have revealed that the 

II-III linker of α1-subunits interacts with CAST, but the interaction appears to be weaker compared with that of 

the β4-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 α1-subunit homologue, Cacophony [48]. Brp 
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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 α1-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 β4-subunit 

[44]. 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 [49]. Thus, we suggest that the clustering of VDCCs at the active 

zone and its assembly are much more complicated than envisaged. 

β3- and β4-subunits are generally known as brain-type VDCC β-subunits. However, these distributions are 

different in nervous systems [47, 50]. The expression of β3-subunit is highest in the olfactory bulb and 

habenula. Moderate β3-subunit signals are detected in the cortex, hippocampus, basal ganglia, nucleus 

interpeduncularis, superior colliculus, and cerebellum. In contrast, the expression of β4-subunit is highest in 

the cerebellum, and not detected in habenula. Moderate β4-subunit signals are found in the olfactory bulb, 

cortex, hippocampus, basal ganglia, and inferior colliculus. In addition, subunit compositions of VDCCs are 

also different in brains. Biochemical assay reveals that the most prevalent partner of CaV2.2 (N-type) is 

β3-subunit, and that of CaV2.1 (P/Q-type) is β4-subunit [47, 51, 52]. In this study, we revealed that CAST 

selectively interacts with β4-subunit among β-subunits (β1-β4). Thus, CAST may selectively scaffold and 

functionally modulate P/Q-type VDCCs at β4-containing synapses in brains. 

The presynaptic VDCCs, N-type and P/Q-type Ca
2+

 channels, are subject to functional modulation by 

interaction with synaptic proteins that finely tune Ca
2+

 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 α1-subunit 

to decrease channel availability with a hyperpolarizing shift in the voltage-dependence of inactivation of 

transiently expressed [22-24, 27] and native Ca
2+

 channels [53]. By binding to the β-subunit [40, 41] or the 

C-terminal of the α1-subunit [42], RIM1 sustains Ca
2+

 influx through the inhibition of voltage-dependent 

inactivation of VDCCs [40, 41, 43]. In contrast, Ca
2+

-binding protein 1 (CaBP1), which binds to the 

C-terminal of the α1-subunit, modulates activation properties. CaBP1 induces a depolarizing shift in the 
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voltage-dependence of activation of VDCCs, thus inhibiting channel activity by antagonizing channel opening 

[54]. In the present study, we reveal that CAST modulates activation properties. Interestingly, CAST binds to 

the β-subunit but not the α1-subunit, and shifts voltage-dependence of activation toward the hyperpolarizing 

direction. Thus, CAST may enhance the β-subunit action on Ca
2+

 channel properties, because the β-subunits 

shift the voltage dependence of activation to hyperpolarizing direction [33, 34, 47]. 

In summary, we show here that the direct binding of CAST and the VDCC β4-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. 

 

 

Experimental procedures 

cDNAs and vector construction 

Expression vectors were constructed in pGEX (Amersham Biosciences), pET23 (Novagen), pCMV-HA [55], 

pCI-neo (Promega), pCMV-tag3 (Stratagene) and pEGFP-C1 (Clontech) using standard molecular biological 

methods. Rat β4b (GenBank Accession Number XM_215742) and the BI-2 variant of the rabbit CaV2.1 

(GenBank 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). GST fusion proteins were purified according to the 

manufacturer’s protocol (GE Healthcare). 

 

Antibodies 

The antibodies used in this study were mouse monoclonal anti-myc (9E10; Roche), anti-HA (12C5A; Roche) 

and anti-synaptophysin (SY38; Chemicon), and rabbit polyclonal anti-GFP (A11122; Invitrogen), anti-β4 [40], 

anti-CAST [2] and anti-CaV2.1 (Alomone Labs). 
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Coimmunoprecipitation and pulldown 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 4 mM 

HEPES (pH 7.4), 0.32 M sucrose, 5 mM EDTA, 5 mM EGTA, and protease inhibitors. Cell debris and nuclei 

were removed by centrifugation at 800 × g for 10 min. The supernatant was centrifuged at 9,000 × g for 15 

min to obtain the crude synaptosomal fraction in the pellet. Crude synaptosomes were resuspended in the 

homogenization buffer and centrifuged at 10,000 × g for 15 min. The washed crude synaptosomes were lysed 

by hypo osmotic shock in water, rapidly adjusted to 1 mM HEPES/NaOH (pH 7.4), and stirred on ice for 30 

min. After centrifugation of the lysate at 25,000 × g for 20 min, the pellet was resuspended in 0.25 M buffered 

sucrose. The synaptic membranes were then further enriched through a discontinuous sucrose gradient 

containing 0.8/1.0/1.2 M sucrose. After centrifugation at 65,000 × g for 2 h, the CSM fraction was collected 

from the 1.0/1.2 M sucrose interface. Synaptic membrane proteins were extracted from the CSM with a 

solubilization buffer containing 50 mM Tris-Cl (pH 7.4), 500 mM NaCl, a mixture of protease inhibitors, and 

1 % digitonin (Biosynth). After centrifugation at 147,600 × g for 37 min, the supernatant was diluted with a 

buffer containing 50 mM Tris and 0.1 % digitonin to adjust the NaCl concentration to 150 mM and incubated 

overnight at 4 °C. Following centrifugation at 17,400 × g for 15 min, the solution including neuronal VDCC 

complexes was obtained. For coimmunoprecipitation, the solution was incubated with ProteinA Agarose 

coupled to anti-β4 antibodies [40] at 4 °C for 6 h. For the GST pulldown 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 5 min, or by incubating the beads in SDS sample buffer containing 50 mM DTT for 30 min at room 

temperature. Samples were then analyzed by western blotting. 

 

Pulldown assay using HEK293 cells 

HEK293 cells transfected with cDNA plamids expressing myc-VDCC β4b, HA-RIM1 or EGFP-BassoonC by 
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Lipofectamin
®
 2000 (Invitrogen) in 10 cm dishes were lysed with 1 ml of buffer containing, 20 mM Tris-Cl 

(pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 1 % (wt/vol) Triton X-100, 10 μg/ml leupeptin, and 10 

μM APMSF at 4 °C for 1 h. Samples were centrifuged at 20,000 × g at 4 °C for 20 min to collect the 

supernatant. The HA-RIM1 and EGFP-BassoonC samples were diluted 4-fold with the buffer. These 0.5 ml 

supernatants were then incubated with 20 μl 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 5 min. Samples were then analyzed by western blotting. 

EGFP fusion constructs of rat β1a-, β2a-, β3-, β4b-subunits, rabbit CaV2.1 N-terminal (amino acid residues 1-98), 

the I-II linker (amino acid residues 361-488), the II-III linker (amino acid residues 731-1038), and the 

C-terminal (amino acid residues 1806-2425) were expressed in HEK293 cells, and applied to the pulldown 

assay as previously described [40, 41]. 

 

In vitro binding of the purified GST-CAST-4 and recombinant β4-protein 

Recombinant β4-proteins (β4 (47–475)) were prepared as previously reported [40]. Purified GST-CAST-4 

fusion proteins were incubated with 50 pM purified recombinant β4-subunits for 2 h at 4 °C in 

phosphate-buffered saline buffer containing 0.1 % Nonidet P-40 and 50 μg/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-β4 antibody. 

 

Western blotting 

Samples were resolved using SDS-PAGE and transferred to nitrocellulose membranes (Invitrogen) or PVDF 

membranes (Millipore). All membranes were blocked for 1 h with blocking solution containing 5 % skim milk 

(wt/vol) in TBST [20 mM Tris-Cl (pH 7.6), 140 mM NaCl, 0.1 % Tween-20 (wt/vol)], and immunoreacted 

with anti-myc (1:200), anti-HA (1:200), anti-EGFP (1:500), anti-β4 (1:1000), anti-CAST (1:500), anti-CaV2.1 

(1:200) and anti-synaptophysin (1:1000) antibodies. Membranes were washed and incubated for 1 h with the 
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HRP-linked anti-mouse or anti-rabbit secondary antibody (1:5000 for mouse, 1:2000 for rabbit) prepared in 

blocking solution. Membranes were then treated with ECL solution [100 mM Tris-Cl (pH 8.5), 1.25 mM 

Luminol, 2.2 mM p-coumaric acid, 0.01 % (vol/vol) H2O2] and exposed to imaging film (Kodak) or a 

LAS-4000 image analyzer (Fujifilm). 

 

Cell culture and cDNA expression in BHK cells 

The baby hamster kidney (BHK) cell line BHK6 stably expressing the α2/δ- and β4b-subunits of VDCC as 

previously described [56]. BHK6 cells were cultured in DMEM containing 10 % fetal bovine serum, 30 

units/ml penicillin and 30 μg/ml streptomycin. Transfection of cDNA plasmids was carried out using Effecten 

Transfection Reagent (Qiagen). Cells were subjected to electrophysiological measurements 48 h after 

transfection. 

 

Current recordings 

Whole-cell patch-clamp recording was carried out at 22-25 °C with the EPC-9 (HEKA Elektronik) 

patch-clamp amplifier, as previously described [57]. Patch pipettes (borosilicate glass capillary, 1.5 mm outer 

diameter, 0.87 mm inner diameter; Hilgenberg) were pulled with the P-87 Flaming-Brown micropipette puller 

(Sutter Instrument Co.) and fire-polished. Pipette resistance ranged from 2 to 3.5 mega ohm when filled with 

the pipette solutions described below. The series resistance was electronically compensated to > 60 %, 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 analyzed using the 

Pulse v8.77 (HEKA Elektronik). The external solution contained (in mM): 3 BaCl2, 155 tetraethylammonium 

chloride (TEA-Cl), 10 HEPES, and 10 glucose (pH 7.4 adjusted with TEA-OH). The pipette solution 

contained (in mM): 95 CsOH, 95 aspartate, 40 CsCl, 4 MgCl2, 5 EGTA, 2 disodium ATP, 5 HEPES and 8 

creatine phosphate (pH 7.2 adjusted with CsOH). 
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Voltage-dependence of activation 

Tail currents were elicited by repolarization to −60 mV after a 5-ms test pulse from −40 to 40 mV with 5-mV 

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 40 mV. Mean values were 

plotted against test pulse potentials, and fitted to the Boltzmann equation: n(Vm) = 1/{1+exp[(V0.5–Vm)/k]}, 

with Vm, membrane potential, V0.5, potential that gives a half-value of conductance, and k, 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 mV to 20 mV (10-mV increments) and a 

20-ms test pulse to 5 mV following 10-ms interpulse interval at the holding potential of −100 mV. Current 

amplitudes elicited by the test pulses were normalized to those after the 2-s conditional pulse to –100 mV. 

Mean values were plotted against the potentials of the conditional pulse, and fitted to the Boltzmann equation 

as described above. 

 

Statistical analyses 

All data were 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. P < 0.05 was considered statistically significant. 
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Chapter 2 

 

Functional impacts of Munc18-1 on gating properties of voltage-dependent Ca
2+

 

channels 

 

Abstract 

Coupling of presynaptic voltage-dependent Ca
2+

 channels (VDCCs) with the synaptic release 

mechanism is essential for neurotransmitter release in mammalian neurons. It has become 

clear that presynaptic proteins at the active zone regulate VDCCs activity and orchestrate 

multiple processes including neurotransmission. Munc18-1 is an active zone protein, which 

regulates neurotransmitter release from presynaptic nerve terminals, but the precise modality 

by which Munc18-1 contributes to neurotransmitter release is poorly understood. Here, we 

demonstrate a previously unknown molecular interaction between VDCC β4-subunit and 

Munc18-1 which was identified by yeast two-hybrid screening. A β-galactosidase assay and 

co-immunoprecipitation revealed that Munc18-1 selectively associated with β1a-, β3- and β4b-, 

compared to β2-subunit. Moreover, Munc18-1 strongly associated with β4-subunit rather than 

the cytoplasmic domain of CaV2.1 α1-subunit. In the electrophysiological study we found that 

Munc18-1 had shifted the voltage dependence of inactivation towards more hyperpolarizing 

potentials of β3- and β4-containing P/Q-type VDCC currents, which could reduce the channel 

availability at neuronal resting potential. We also observed that Munc18-1 had accelerated the 

inactivation kinetics of β4-containing VDCC. In NG108-15 neuroblastoma cells, the suppression 

of Munc18-1 expression affected the voltage-dependence of inactivation and this effect was 

attenuated by the suppression of syntaxin 1A. These results suggest that Munc18-1 regulates 

the function of VDCCs by binding to β-subunit. Our findings contribute to understanding the 

molecular mechanism of Munc18-1 in modulation of neurotransmitter release. 
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Introduction 

In central synapses, the neurotransmitters are released by synaptic vesicle exocytosis at the active zone of a 

presynaptic nerve terminal. The active zones, which are characterized by its high-electron density under 

electron microscopy [1], are composed of cytomatrix and other proteins responsible for neurotransmission 

[2-4]. The molecular organization of the active zone proteins is essential for regulation of the neurotransmitter 

release triggered by membrane-depolarization induced Ca
2+

 influx via voltage-dependent Ca
2+

 channels 

(VDCCs). Many molecular biochemical and physiological analyses have revealed that the functionally 

coupling of many active zone proteins, including soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor (SNARE), with VDCCs is critical for neurotransmission [4-6]. Therefore, it is greatly important to 

elucidate the functional significance of protein associations in understanding neurotransmission. 

High-voltage-activated VDCCs including N-, P/Q, R-, and L-types play essential roles in neurotransmitter 

release from presynaptic nerve terminals [7-9]. VDCCs that have been characterized biochemically are 

complex proteins composed of four subunits, pore-forming α1, designated as CaV, and auxiliary subunits α2/δ, 

β, and γ [10]. CaV α1-subunit is organized in four homologous domains (I-IV), with six transmembrane 

segments in each [11]. VDCC complexes are known to be associated with presynaptic proteins including 

syntaxin, SNAP-25, synaptotagmin, CASK and Mint via interactions with the α1-subunit [5, 12-19]. On the 

other hand, β-subunits interact with α1-subunit in the cytoplasm to enhance functional channel trafficking to 

the plasma membrane [20, 21] and to modify multiple kinetic properties [22, 23]. It has been revealed that 

β-subunits are also associated with other proteins [24-32]. Especially, we previously reported that Rab3 

interacting molecule (RIM) family, which are scaffold proteins of active zone, directly associates with the 

β-subunits, inhibits VDCC inactivation and sustained the Ca
2+

 influx [28, 29]. RIM1 also interacts with the 

α1-subunit, and recruits VDCCs to the active zone [33, 34]. In addition, one of active zone proteins Bassoon 

interacts and modulates the VDCC function [35]. Thus, molecular relationships between VDCCs and the 

active zone proteins have been gradually cleared. 

Munc18-1, the prevailing mammalian neuronal orthologue of C. elegans unc-18 [36], is widely distributed, 

especially present at the active zone [37]. Munc18-1 is essential for neurotransmitter release from presynaptic 
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nerve terminals [38, 39]. Munc18-1 null mutant mice show no evidence of any neurotransmission [38], and 

there is also a severe impairment of dense core granule exocytosis in their adrenal chromaffin cells [40]. 

While the interaction of Munc18-1 with syntaxin 1A with nanomolar affinity must reflect an important 

biological function, this is unlikely to be its only role in neurosecretion [41, 42]. Indeed, Munc18-1 has been 

suggested to also be involved in the docking of secretory vesicles through the interaction with syntaxin 1A [38, 

39, 43, 44], supported both by peptide injection into the squid giant synapse. Current evidence suggests that 

Munc18-1 influences all of the steps leading to exocytosis, including vesicle recruitment, tethering, docking, 

priming, and membrane fusion [45]. 

We previously identified that RIM1 is an interacting protein with VDCC β4-subunit by yeast two-hybrid 

screening. In this screening, we also identified a clone encoding Munc18-1 protein. However, physiological 

significance of this interaction and functional effects of Munc18-1 on VDCCs remain unclear. In this study, 

we have investigated the physical and functional interactions between Munc18-1 and VDCCs. Biochemical 

studies showed that Munc18-1 interacts directly and selectively with the VDCC β-subunits. 

Electrophysiological analyses revealed that Munc18-1 functionally affects the activation and inactivation 

properties of P/Q-type VDCC co-expressed with VDCC β1a-. β3-, and β4b-subunit. Furthermore, the 

suppression of Munc18-1 caused a shift in the voltage-dependence of inactivation towards the hyperpolarizing 

potentials, and this phenomenon was attenuated by the knockdown of syntaxin 1A in NG108-15 cells. Taken 

together, Munc18-1 regulates VDCC function via the interaction with β-subunits. 

 

 

Results 

VDCC β-subunits directly interact with Munc18-1 

We have previously reported that presynaptic protein RIM1α is identified as one of the VDCC β-subunit 

interacting proteins by performing yeast two-hybrid screening with a mouse brain complementary DNA 

library using full-length rat β4b-subunit as a bait [28]. In this screening, we also identified a clone (no. 4-8) 

encoding a minor variant of mouse Munc18-1 protein (Fig. 1A). This variant contained amino acid residues 
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(D) Interactions of recombinant FLAG-tagged β-subunits and Munc18-1 in HEK293 cells. The interactions were 

evaluated by immunoprecipitation with antibody for FLAG, followed by western blotting with an antibody for 

GFP. IP, immunoprecipitation. (E) Co-immunoprecipitation of Munc18-1 with the β4-subunit. 

Immunoprecipitation using an antibody for β4 and subsequent western blotting for Munc18-1 was carried out on 

a crude synaptic membrane (CSM) from mouse brain. 

Fig. 1 Direct interaction of 

Munc18-1 with VDCC 

β-subunit. (A) Domain 

structure of mouse Munc18-1 

(GenBank Accession Number 

NM_009295). The protein 

region encoded by clone no. 4-8 

is also indicated. (B) Mapping of 

Munc18-1-binding sites on β4b 

by the yeast two-hybrid assay. 

β-subunit constructs in bait 

vectors were tested with 

Munc18-1 (no. 4-8) in the prey 

vector. The interactions were 

scored by β-galactosidase 

activity and His
+
 prototrophy. 

(C) Pulldown assay of 

β-subunits with GST fusion 

Munc18-1 constructs. GST 

fusion proteins immobilized on 

glutathione-Sepharose beads 

were incubated with cell lysates 

obtained from myc-β-transfected 

HEK293 cells. Bound proteins 

were analyzed by western 

blotting using an antibody for 

myc. Ab, antibody; WB, western 

blotting.  
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1–305 of reported Munc18-1 (GenBank Accession Number NM_009295) and unique three amino acids (PLQ). 

To identify the interaction sites of β-subunit, we performed yeast two-hybrid assay using various β4b mutants. 

Several β4b mutants including residues 22-203, containing the Src homology 3 (SH3) domain were interacted 

with clone no. 4-8 of Munc18-1, hence the conserved structure of SH3 domain might be required for the 

interaction with Munc18-1 (Fig. 1B). Further experiments about the ability of other β-subunits to bind to 

Munc18-1 revealed that Munc18-1 interactes not only with β4 but with β1a and β3-subunits in yeast two-hybrid 

assays. However, under same condition, we did not show the interaction between Munc18-1 and β2a-subunit. 

To determine the interaction between a full-length Munc18-1 and β-subunits, glutathione-S-transferase (GST) 

pulldown assays were performed. Consistent with the results of yeast two-hybrid assays, GST-tagged 

Munc18-1 bound to β1a, β3, and β4b-subunits, but not β2a-subunit (Fig. 1C). Furthermore, 

co-immunoprecipitation experiments revealed that Munc18-1 showed higher affinity to β1a, β3, and 

β4b-subunits compared to β2a-subunit in HEK293 cells (Fig. 1D), which is consistent with the results of yeast 

two-hybrid assays and GST-pulldown assays. Finally, to examine the interaction of Munc18-1 with β4-subunit 

in native system, we used the immunoprecipitation assay on brain samples. From the immunoprecipitation 

analysis of the crude synaptic membrane (CSM) fraction solubilized with 1 % digitonin-containing buffer, the 

Munc18-1 was co-immunoprecipitated with VDCC β4-subunit (Fig. 1E). Accordingly, Munc18-1 physically 

associates with native β4-subunit in the CSM from the mouse brain. Taken together, these results suggest that 

Munc18-1 directly interacts with VDCC β-subunit. 

 

Interaction of Munc18-1 with the VDCC α1-subunit 

Chan et al. previously reported that Munc18-1 binds to the I-II and II-III linker of CaV2.2 α1-subunit in vitro 

recombinant system [46]. Therefore, we examined the direct interaction between Munc18-1 and CaV2.1 

α1-subunit (Fig. 2). We used several cytoplasmic regions of the CaV2.1 α1-subunit; the N-terminal (amino acid 

residues 1-98), I-II linker (amino acid residues 361-488), II-III linker (amino acid residues 731-1038) and 

C-terminal (amino acid residues 1806-2425) regions [31]. CaV2.1 N-terminal, the I-II linker and the II-III 
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linker, but not the C-terminal, also interacted with GST-Munc18-1 (Fig. 2A). The extracts of HEK293 cells 

expressing EGFP-tagged fragments of VDCC α1-subunit and VDCC β4-subunit showed equal expression at 

the protein level (Fig. 2B). Interestingly, the interaction of β4-subunit with GST-Munc18-1 was much stronger 

than that of α1-subunit fragments (Fig. 2A). These results suggest that Munc18-1 forms a complex with VDCC 

mainly via association with β4-subunit rather than the cytoplasmic regions of α1-subunit. 

 

 

 

 

Fig. 2 Interaction of the VDCC α1-subunit with Munc18-1. (A) GST fusion Munc18-1 immobilized on 

glutathione-Sepharose beads were incubated with cell lysates obtained from GFP tagged fragments of the 

α1-subunit, full-length β4b-subunit, and control GFP vector-transfected HEK293 cells. Bound proteins were 

analyzed by western blotting using an antibody for GFP. WB, western blotting. (B) Expression and input of 

EGFP-tagged fragments of the α1-subunit, full-length β4b-subunit were analyzed by western blotting. 

A B 
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Effects of Munc18-1 on inactivation properties of P/Q-type VDCC currents 

To elucidate functional significance of direct interaction between Munc18-1 and VDCC β-subunits, we 

examined whole-cell Ba
2+

 currents through recombinant P/Q-type VDCC expressed as a complex of the BI-2 

variant of CaV2.1 α1-subtunit and α2/δ and various β-subunits in BHK cells [20]. Because P/Q-type VDCC is 

known to contribute to neurotransmitter release at presynapse [7, 8], we focused on CaV2.1 channel function 

in this study. The Ba
2+

 current was elicited with 2-s depolarizing pulse from a holding potential (Vh = −100 

mV) to 0 mV. In β4b-expressing BHK cells, inactivation kinetics was slightly accelerated by Munc18-1, 

whereas in other subtypes of β-subunits-expressing cells Munc18-1 did not affect inactivation kinetics (Fig. 

3A). At the same condition, we examined the effect of Munc18-1 on voltage dependence of inactivation by the 

use of 2-s prepluses to a series of different potentials followed by test pulse to 5 mV. Munc18-1 was 

significantly shifted toward hyperpolarizing potentials (the half-inactivation potentials (V0.5) ranged from 

 

Fig. 3 Effects of Munc18-1 on the inactivation properties of recombinant P/Q-type VDCC currents. 

(A) Inactivation of P/Q-type VDCC currents in BHK cells expressing α2/δ and different β-subunits. The peak 

amplitude before and after co-expression of Munc18-1 constructs were normalized for Ba
2+

 currents elicited by 

2-s pulses to 0 mV from a holding potential (Vh) of −100 mV. (B) Inactivation curves for P/Q-type VDCC in 

BHK cells. Data points are mean ± SEM. 

 

A 

B 
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−49.9 ± 1.8 to −60.8 ± 1.7 mV) by Munc18-1 in β4b-expressing cells (Fig. 3B and Table 1). VDCC containing 

β3-subunit was also showed a shift of voltage dependence of inactivation toward hyperpolarizing potentials 

(V0.5 ranged from −52.2 ± 2.0 to −59.4 ± 1.6 mV). However, Munc18-1 did not affect the voltage dependence 

of inactivation of VDCC containing β1a- and β2a-subunit. Thus, the promotive effect on voltage-dependent 

inactivation is dependent on the subtype of the β-subunit. 

 

Fig. 4 Effects of Munc18-1 on the activation properties of P/Q-type VDCC currents. (A, B) Activation 

kinetics of P/Q-type VDCC currents in BHK cells expressing α2/δ and different β-subunits. Families of 

representative Ba
2+

 currents elicited by 5-ms step depolarization from −20 to 20 mV in 10-mV increments from 

a Vh of −100 mV are shown in A. In B, activation time constants plotted as a function of test potential. The 

activation phases were well fitted by single exponential function at all potentials. τactivation were obtained from 

currents elicited by 5-ms step depolarization from −20 to 20 mV in 5-mV increments from a Vh of −100 mV. 
*
P 

< 0.05, 
**

P < 0.01, 
***

P < 0.001 versus control. (C) Activation curves of P/Q-type VDCC in BHK cells. Tail 

currents elicited by repolarization to −60 mV after 5-ms test pulses from −40 to 30 mV are used to determine 

activation curves. Data points are mean ± SEM. 

 

A 

B 

C 
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Effects of Munc18-1 on activation properties of P/Q-type VDCC currents 

We examined the effect of Munc18-1 on the activation properties of the P/Q-type VDCC in BHK cells. 

Munc18-1 modulated activation kinetics of P/Q-type VDCC in β-subunit dependent manner (Fig. 4A, B). The 

time constant (τactivation) obtained by fitting the activation time course of inward currents with single 

exponential was “bell-shaped” when plotted against different voltages. As for P/Q-type VDCC containing 

β1-subunit, Munc18-1 significantly accelerated activation kinetics at –15 mV, and activation showed the 

slowest speed at –10 mV and 0 mV in control and Munc18-1 expressed cells, respectively. As for β3-subunit, 

Mun18-1 significantly accelerated activation kinetics at membrane potentials over –5 mV, and activation 

showed the slowest speed at –5 mV and –10 mV in control and Munc18-1 expressed cells, respectively. As for 

β4-subunit, Munc18-1 significantly accelerated activation kinetics at 0 mV. Munc18-1 did not show any 

modulation in activation speeds in β2a-subunit expressed cells. On the other hand, Munc18-1 failed to exert 

significant effects on the voltage-dependence of activation despite of the subtype of β-subunits (Fig. 4C, and 

Table 1). 

Next, we examined the P/Q-type VDCC currents and their current density-voltage (I-V) relationships in 

BHK cells expressed various β-subunits in the presence or absence of Munc18-1 (Fig. 5). We found that 

Munc18-1 did not show significant effects on I-V relationships despite of the subtype of β-subunits (Table 1). 

These results suggest that Munc18-1 significantly affects P/Q-type VDCC currents in terms of activation 

kinetics depending on the subtype of β-subunits. 

 

Physiological relevance of Munc18-1 effects on the inactivation properties of VDCCs 

To investigate the physiological role of Munc18-1-β-subunit complexes in native systems, expression of 

Munc18-1 was suppressed by treatment with siRNA (Fig. 6). In NG108-15 cells, mouse neuroblastoma and rat 

glioma hybridoma cells, diverse VDCC types have been precisely characterized [47, 48]. We detected α1 

mRNA species (P/Q-type (CaV2.1), N-type (CaV2.2), R-type (CaV2.3), and L-type (CaV1.2, CaV1.3, CaV1.4)) 

and β-subunits (β1, β2, β3, and β4) in NG108-15 cells using specific primers (Fig. 6A and Table 2). Reverse 
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Fig. 5 Effects of Munc18-1 on the current density-voltage (I-V) relationships of P/Q-type VDCC. (A) 

Representative traces of Ba
2+

 currents on application of test pulses from −40 to 40 mV with 10-mV increments 

from a Vh of −100 mV. (B) I-V relationships of P/Q-type VDCC. Data points are mean ± SEM. 

 

 

Table 1 Effects of Munc18-1 on current density, activation and inactivation properties of CaV2.1.
1) 2) 

Subunit combination  

Current density
3)

 

(pA / pF) 

 
Activation parameters  Inactivation parameters 

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

CaV2.1 

+ β1a 

Vector  –37.7 ±16 (5)  –3.5 ±0.7 (4) 6.3 ±0.1 (4)  –57.8 ±1.5 (4) –8.9 ±0.7 (4) 

Munc18-1  –22.0 ±5.0 (6)  –2.8 ±1.8 (4) 6.1 ±0.2 (4)  –52.7 ±3.6 (6) –8.8 ±0.4 (6) 

   –  ±  ( )     –  ±  ( ) –  ±  ( ) CaV2.1 

+ β2a 

Vector  –32.2 ±5.5 (17)  –6.2 ±1.3 (8) 6.1 ±2.4 (8)  –46.3 ±1.7 (16) –6.9 ±0.2 (16) 

Munc18-1  –41.1 ±7.2 (12)  –4.9 ±1.4 (8) 6.2 ±0.3 (8)  –43.8 ±1.3 (9) –7.3 ±0.1 (9) 

   –  ±  ( )  –  ±  ( ) ±  ( )  –  ±  ( ) –  ±  ( ) CaV2.1 

+ β3 

Vector  –21.3 ±3.9 (16)  –5.0 ±0.3 (8) 11.3 ±0.6 (8)  –52.2 ±2.0 (7) –7.2 ±0.5 (7) 

Munc18-1  –13.9 ±1.7 (9)  –5.6 ±0.2 (6) 11.0 ±1.8 (6)  –59.4 ±1.6 (6)* –7.4 ±0.5 (6) 

   –  ±  ( )  –  ±  ( ) ±  ( )  –  ±  ( ) –  ±  ( ) 
CaV2.1 

+ β4b 

Vector  –18.5 ±4.2 (5)  –5.7 ±1.5 (12) 6.7 ±1.1 (12)  –49.9 ±1.8 (14) –7.5 ±0.3 (14) 

Munc18-1  –17.7 ±2.2 (5)  –8.6 ±0.5 (4) 6.9 ±0.2 (4)  –60.8 ±1.7 (5)*** –7.9 ±0.4 (5) 

1) *P< 0.05, ***P < 0.001 versus Vector. 

2) Numbers of cells analyzed are indicated in the parenthesis. 

3) Ba2+ currents evoked by depolarizing pulse to 0 mV from a Vh of -100 mV are divied by capacitance. 

 

A 

B 
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Fig. 6 Physiological relevance of Munc18-1 effects on VDCC function. (A) Molecular characterization of 

NG108-15 cells. RNA expression analysis of α1- and β-subunits using RT-PCR in NG108-15 cells. (B) RT-PCR 

analysis of Munc18-1 and syntaxin 1A RNA expression in NG108-15 cells treated with GAPDH siRNA 

(siControl), Munc18-1 specific siRNA (siMunc18-1) and syntaxin 1A specific siRNA (sisyntaxin 1A). β-actin 

was used as loading control. (C) Western blotting analysis of Munc18-1 and syntaxin 1A protein expression in 

NG108-15 cells. α-tublin was used as loading control. Ab, antibody; WB, western blotting. (D) Effects of 

siRNA for Munc18-1 or Munc18-1 and syntaxin 1A on the inactivation curves for VDCCs in NG108-15 cells. 

Normalized test pulse currents were plotted against potentials of the 2-s Vh displacement and fitted to the single 

Boltzmann’s equation. 
*
P < 0.05, 

**
P < 0.01 versus siControl. Data points are mean ± SEM. 

Table 2 Antisense and sense PCR primers used in RT-PCR analysis. 

Gene   Sense primers for PCR (5’ to 3’) Antisense primers for PCR (5’ to 3’) 

Cav1.2   TGGACAAGGCTATGAAGGAG ACCTAGAGAGGCAGAGCGAAGG 

Cav1.3   TTAGTGACGCCTGGAACACG CCACATCAAGGTGTTTTATC 

Cav1.4   ATGCTCTGTGCCTTCCTG TGAGGTCCGTCCACGATG 

Cav2.1   CAGCATCACAGACATCCTCG TACTCTGCCCAGACACGCAC 

Cav2.2   CGAAATGACCTCATCCATGCAG TTCTGGAGCCTTAGCTGACTGG 

Cav2.3   ATCATGAAGGCCATGGTGCC AGCAAGCATGACTTCCTCTG 

β1   CCTATGACGTGGTGCCTTCC CTTCCAGTAGGCTTCCAAGTAC 

β2   AGAAGACAGAGCACACTCCTCC GGCTCAGAGGTAAAGTTGAGG 

β3   TCTCTAGCCAAGCAGAAGC AGGCATCTGCATAGTCCTCC 

β4   TCAATGCGTCCTGTGGTGTTAGT CAAGCGGTTCCTACTCTTGC 

Munc18-1   GGTGCTACTGGATGAGGACGATG CCACGCGGCAGAGTTTGTC 

syntaxin 1A   GTCACTGTCACTGTGGACCG CTGCGTCTTCCGGATCCTC 

β-actin   TTCTACAATGAGCTGCGTGTGGC CTCATAGCTCTTCTCCAGGGAGGA 
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transcription polymerase chanin reaction (RT-PCR) analysis showed that siRNAs for Munc18-1 and syntaxin 

1A effectively suppressed the expression of target genes, whereas control siRNA (siControl) failed to exert 

significant effects on Munc18-1 or syntaxin 1A RNA expression (Fig. 6B). Western blotting also indicated that 

application of siRNAs for Munc18-1 and syntaxin 1A effectively suppressed expressions of target proteins 

(Fig. 6C). The voltage-dependence of VDCC inactivation in NG108-15 cells was significantly shifted toward 

hyperpolarizing potentials by application of siRNA for Munc18-1 (Fig. 6D and Table 3). This hyperpolarizing 

shift was cancelled by the knockdown of syntaxin 1A (Fig. 6D and Table 3). Thus, these results suggest that 

Munc18-1 and syntaxin 1A functionally competitively interact with VDCC in NG108-15 cells. 

 

 

Discussion 

In the present study, we have demonstrated that Munc18-1 physically associates with VDCC β-subunits. In 

vitro binding assays and co-immunoprecipitation experiments identified protein complexes formed by direct 

interactions of VDCC β-subunits or α1-subunits with Munc18-1 (Fig. 1, and Fig. 2). Yeast two hybrid assay 

also revealed that the conserved structure of SH3 domain of β-subunit might be required for the interaction 

with Munc18-1. Munc18-1 physically associated with native β4-subunit in the CSM from the mouse brain (Fig. 

1C). Electrophysiological analyses revealed that the interactions between Munc18-1 and VDCC β-subunits 

reduces the availability of P/Q-type Ca
2+

 channels and accelerates their activation kinetics in 

Table 3 Effect of siRNA applications on inactivation properties of VDCC in NG108-15 cells.
1) 2) 

  
Inactivation parameters 

a V0.5 (mV) k (mV) 

siControl  0.95 ±0.01 (6) –53.2 ±2.2 (6) –7.9±0.9 (6) 

siMunc18-1  0.94 ±0.02 (5) –60.5 ±1.9 (5) * –5.3 ±0.6 (5) * 

siMunc18-1 + sisyntaxin 1A  0.91 ±0.04 (5) –54.7 ±1.6 (5) –7.8 ±1.0 (5) 

1) *P< 0.05, versus siControl. 

2) Numbers of cells analyzed are indicated in the parenthesis. 
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β-subunit-dependent manner (Fig. 3, and Fig. 4). In NG108-15 cells, the knockdown of Munc18-1 accelerated 

the inactivation of VDCC, and this effect was diminished by the suppression of syntaxin 1A expression (Fig. 

6). 

Previous reports have demonstrated functional impacts of syntaxin, SNAP-25 and synaptotagmin on 

VDCCs through their physical association with the ‘synprint’ region in the II-III linker of α1-subunit [5, 13, 

15]. It has also been reported that Munc18-1 associate with the synprint directly and with C terminus 

indirectly via Munc18-1 interacting protein (Mint) [17]. However, VDCC complex containing β2a-subunit, 

which cannot bind to Munc18-1 (Fig. 1), did not show any modulation by Munc18-1 (Fig. 3, Fig. 4, and Fig. 

5). Although there is no obvious reason why β2a-subunit dose not interact with Munc18-1, it is suggested that 

SH3 domain of β2a-subunit might be different from that of the other β-subunits in the light of the amino acid 

sequences and previous reported crystal structures of β2a-, β3-, and β4-subunit [49-51]. On the other hand, 

Munc18-1 more strongly associates with β4-subunit rather than α1-subunit fragments (Fig. 2). Although 

Munc18-1 directly binds to the I-II and II-III linker of CaV2.2 α1-subunit [46], these results suggest that 

modulation of VDCC by Munc18-1 may be dependent on β-subunit-mediated association rather than the 

α1-synprint- or Mint- mediated one. 

Munc18-1 has been shown to be distributed ubiquitously, but it is especially present at the active zone [37] 

and essential for neurotransmitter release from presynapse [38, 39]. In addition, VDCC β3 and β4 subunits are 

very abundant in the brain [52, 53]. Biochemical assay reveals that the most prevalent partner of CaV2.2 

(N-type) is β3-subunit, and that of CaV2.1 (P/Q-type) is β4-subunit [53-55]. Both VDCCs are thought to play 

critical roles for neurotransmitter release [7-9]. Taken together, present studies support the idea that Munc18-1 

mainly interacts with VDCC β-subunit in the nerve terminal and regulate neurotransmitter release. 

The N-type and P/Q-type VDCCs at presynapse are subject to functional modulation by interaction with 

synaptic proteins that finely tune Ca
2+

 entry into nerve terminals. The present studies demonstrate that 

Munc18-1 has a functional impact on the gating of P/Q-type VDCC. It reduces the availability of P/Q-type 

VDCC at a neuronal resting potential near −75 mV (Fig. 3). Assuming that our findings are applicable to 

nerve terminals, Munc18-1 would be expected strongly to inhibit presynaptic Ca
2+

 entry. These modulations 
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are not appeared to be advantageous for Ca
2+

 triggered fusion, but would produce the desirable effect of 

reducing Ca
2+

 influx in the absence of docked synaptic vesicles. We hypothesized that Munc18-1 may allow 

synaptic vesicles to become docked and/or ready for fusion around VDCC without exposing fusion machinery 

to robust Ca
2+

 entry. We previously reported that RIM, which associates with synaptic vesicle protein Rab3, 

markedly inhibits voltage-dependent inactivation of VDCC via interaction with β-subunit [28, 29]. 

Modulation by RIM is advantageous for Ca
2+

 triggered fusion. Similar reciprocal regulation of VDCC by 

SNAP-25, syntaxin and synaptotagmin has been reported [15]. These three presynaptic proteins bind to 

synprint region in P/Q-type VDCC α1-subunit. Inhibitory effect of SNAP-25 was reversed by syntaxin and 

synaptotagmin, because of competitive displacement of SNAP-25 from synprint region. Furthermore, 

presynaptic protein CAST/ERC2 binds to the β-subunit and shifts voltage-dependence of activation toward the 

hyperpolarizing direction [31]. Taken together with previous findings, we speculate that the reduction of Ca
2+

 

influx by Munc18-1 might be relieved and exchanged for increase of Ca
2+

 influx by RIM and/or CAST/ERC2 

following the docking of a synaptic vesicle. Reciprocal regulation of Ca
2+

 channel activity by these 

presynaptic proteins would ensure that Ca
2+

 entry could efficiently initiate synaptic transmission by restricting 

the full activity of only those presynaptic Ca
2+

 channels associated with a synaptic vesicle through 

SNARE-protein interactions. 

Interestingly, suppression of Munc18-1 expression shifts the voltage-dependence of inactivation towards 

hyperpolarizing potentials in neuroblastoma-glioma hybrid NG108-15 cells, which express native VDCCs 

(Fig. 6). Although there are no obvious evidences that account for this discrepancy between recombinant and 

native system, syntaxin 1A may play essential role for VDCC inactivation [13, 14]. Munc18-1 physically 

associates syntaxin 1A and forms SNARE-Munc18-1 complex at presynaptic terminal [41, 42]. Thus, possible 

explanation for the siRNA experiments is that free syntaxin 1A is increased, and strongly affects 

voltage-dependence of inactivation by Munc18-1 knockdown in NG108-15 cells, which is supported by 

present results (Fig. 6). Consistent with these findings, it has been reported that the voltage-dependence of 

steady state inactivation is shifted toward hyperpolarizing potentials by Munc18-1 knockdown in an acutely 

isolated native chick neuron [46]. 
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In summary, we present here that direct association between Munc18-1 and VDCCs modulates the 

inactivation of the functional VDCC complex. In a nerve terminal, this reversible negative shift in the 

voltage-dependence of inactivation would provide a molecular switch to inhibit P/Q type VDCC when 

associated with an immature SNARE protein complex, but to reactivate them as the synaptic core complex 

matures in preparation for vesicle release. Further studies using Munc18-1 knockout mice would provide new 

insights into the mechanism of functional coupling among the presynaptic active zone proteins. 

 

 

Experimental procedures 

Yeast two-hybrid screening and β-galactosidase assay 

Rat β4b-subunit (GenBank Accession Number XM_215742) subcloned into pGBK-T7 was used as a bait to 

screen a mouse brain pACT2 library (Clontech) in the yeast strain AH109 according to the manufacturer’s 

instructions (Clontech). 1.5 × 10
6
 transformants plated to synthetic medium lacking adenine, histidine, leucine, 

and tryptophan. His
+
 colonies were assayed for β-galactosidase activity by a filter assay. Of the transformants, 

103 were His
+
, of which 21 were also LacZ

+
. Prey clone no.4-8 encoding amino acid residues 1-305 of full 

length Munc18-1 (GenBank Accession Number NM_009295) and unique three amino acids was isolated. 

Expression plasmids pGBK-T7 carrying β4b or its mutants were constructed by PCR. 

 

cDNA cloning and construction of expression vectors 

Mun18-1 (GenBank Accession Number NM_009295) was cloned from mouse brain Marathon-Ready cDNA 

(Clontech) using PCR, and was subcloned into pEGFP-C1 (Clontech), and pIRES2-EGFP (Clontech). Rabbit 

β1a (GenBank Accession Number M25817), rabbit β2a (GenBank Accession Number X64297), rabbit β3 

(GenBank Accession Number X64300), and rat β4b (GenBank Accession Number XM_215742) were 

subcloned into FLAG-tagged vector pCMV-tag2 (Stratagene), or myc-tagged vector pCMV-tag3 (Stratagene). 

Rabbit CaV2.1 N-terminal (amino acid residues 1-98), the I-II linker (amino acid residues 361-488), the II-III 

linker (amino acid residues 731-1038), and the C-terminal (amino acids residues 1806-2425) were subcloned 
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into pEGFP-C1. 

 

Production of GST fusion proteins 

For production of GST fusion proteins for Munc18-1, cDNA for Munc18-1 construct and the GST were 

subcloned together into the pET23 vector (Novagen). The Rosetta strain (Novagen) of Escherichia coli was 

transformed by the expression vectors, and protein expression/purification was performed according to the 

manufacturer’s instruction (Novagen). 

 

GST-pulldown assay and co-immunoprecipitation in HEK293 cells 

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10 % fetal bovine 

serum, 30 units/mL penicillin, and 30 μg/mL streptomycin. 48 h after transfection, HEK293 cells were 

solubilized in NP-40 buffer (150 mM NaCl, 50 mM Tris, 1 % NP-40, and protease inhibitors), and then 

centrifuged at 17,400 × g for 20 min. For pulldown assays, cell lysates were incubated with 

glutathione-Sepharose beads bound to purified fusion proteins, and then the beads were washed with NP-40 

buffer at 4 °C. Proteins retained on the beads were characterized by western blotting with anti-myc antibody 

(invitrogen). For co-immunoprecipitation, cell lysates were incubated with anti-FLAG M2 monoclonal 

antibody (Sigma), then immunocomplexes incubated with protein A-agarose beads (Santa Cruz), and were 

washed with NP-40 buffer. Immunoprecipitated proteins were characterized by western blotting with anti-GFP 

antibody (Clontech). 

 

Biochemistry of native neuronal VDCC complexes 

To obtain crude synaptic membrane (CSM) fraction, subcellular fractionation was performed based on a 

previously described method [56], with slight modification. Whole mouse brains (8 g) were homogenized in a 

homogenization buffer containing 4 mM HEPES, 0.32 M sucrose, 5 mM EDTA, 5 mM EGTA, and protease 

inhibitors (pH 7.4). Cell debris and nuclei were removed by centrifugation at 800 × g for 10 min. The 

supernatant (S1) was centrifuged at 9,000 × g for 15 min to obtain crude synaptosomal fraction as pellet (P2). 



45 

 

The supernatant was stored as S2. The crude synaptosomes were resuspended in the homogenization buffer 

and centrifuged at 10,000 × g for 15 min. The washed crude synaptosomes were lysed by hypoosmotic shock 

in water, rapidly adjusted to 1 mM HEPES/NaOH (pH 7.4), and stirred on ice for 30 min. After centrifugation 

of the lysate at 25,000 × g for 20 min, the pellet was resuspended in 0.25 M buffered sucrose. The synaptic 

membranes were then further enriched through a discontinuous sucrose gradient containing 0.8/1.0/1.2 M 

sucrose. After centrifugation at 65,000 × g for 2 h, the CSM fraction was collected from 1.0/1.2 M sucrose 

interface. Synaptic membrane proteins were extracted from the CSM with solubilization buffer containing 50 

mM Tris, 500 mM NaCl, a mixture of protease inhibitors, and 1 % digitonin (Biosynth) (pH 7.4). After 

centrifugation at 40,000 × g for 37 min, supernatant was diluted with a buffer containing 50 mM Tris and 1 % 

digitonin to adjust NaCl concentration to 150 mM and incubated overnight at 4 °C. After centrifugation at 

8,000 × g for 15 min, the supernatant was incubated with protein A-agarose coupled to anti-β4 antibody [28]. 

Immunoprecipitated proteins were subjected to western blotting with anti-Munc18-1 monoclonal antibody 

(BD Transduction Lab). 

 

Cell culture and cDNA expression in BHK cells 

Baby hamster kidney (BHK) lines stably expressing α2/δ and β2a, β3 or β4b, and BHK6-2 line stably expressing 

CaV2.1, α2/δ and β1a were described previously [28, 57]. BHK cells were cultured in DMEM containing 10 % 

fetal bovine serum, 30 units/mL penicillin, and 30 μg/mL streptomycin. These BHK lines were co-transfected 

with pK4K plasmid containing cDNA for CaV2.1 α1-subunit (for except BHK6-2) and expression plasmids 

carrying Munc18-1 constructs (pIRES2-EGFP-vector, pIRES2-EGFP-Munc18-1) using Effectene 

Transfection Reagent (Qiagen). The cells were subjected to electrophysiological measurements 48 h after 

transfection. 

 

Current recordings 

Whole-cell mode of the patch-clamp technique was carried out at 22-25 °C with an EPC-10 (HEKA 

Elektronik) patch-clamp amplifier as previously described [58]. Patch pipettes were made from borosilicate 
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glass capillaries (1.5 mm outer diameter, 0.87 mm inner diameter; Hilgenberg) using a model P-87 

Flaming-Brown micropipette puller (Sutter Instrument Co.). The patch electrodes were fire-polished. Pipette 

resistance ranged from 2 to 3.5 MΩ when filled with pipette solutions described below. Series resistance was 

electronically compensated to > 60 %, and both the leakage and the remaining capacitance were subtracted by 

the –P/4 method. Currents were sampled at 100 kHz after low pass filtering at 8.4 kHz (3 db) in the 

experiments of activation kinetics, otherwise sampled at 20 kHz after low pass filtering at 3.0 kHz (3 db). 

Data were collected and analyzed using PATCHMASTER (HEKA Elektronik). The external solution 

contained (in mM): 3 BaCl2, 155 tetraethylammonium chloride (TEA-Cl), 10 HEPES, and 10 glucose (pH 7.4 

adjusted with TEA-OH) for BHK cells, and 10 BaCl2, 148 TEA-Cl, 10 HEPES, 10 glucose and 0.5 μM 

Tetrodotoxin (pH7.4 adjusted with TEA-OH) for NG108-15 cells. The pipette solution contained (in mM): 95 

CsOH, 95 aspartate, 40 CsCl, 4 MgCl2, 5 EGTA, 2 disodium ATP, 5 HEPES and 8 creatine phosphate (pH 7.2 

adjusted with CsOH). 

 

Voltage-dependence of inactivation 

To determine voltage-dependence of inactivation (inactivation curve) of VDCCs, Ba
2+

 currents were evoked 

by a 20-ms test pulse to 5 mV after 10-ms repolarization to −100 mV following 2-s holding potential (Vh) 

displacement from −100 mV to 20 mV with 10-mV increments. Amplitudes of currents elicited by test pulses 

were normalized to those after a 2-s Vh displacement to −100 mV. Mean values were plotted against potentials 

for 2-s Vh displacement. When the inactivation curve was monophasic, mean values were fitted to the single 

Boltzmann’s equation:  h(Vh) = (1–a)+a/{1+exp[(V0.5–Vh)/k]}, with a, rate of inactivating component, V0.5, 

potential to give half-value of inactivation, and k, slope factor. 

 

Voltage-dependence of activation 

Tail currents were elicited by repolarization to −60 mV after a 5-ms test pulse from −40 to 30 mV with 5-mV 

increments. Currents were sampled at 100 kHz after low pass filtering at 8.4 kHz. Amplitude of tail currents 

were normalized to those obtained with test pulses to 30 mV. Mean values were plotted against test pulse 
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potentials, and fitted to Boltzmann’s equation: n(Vm) = 1/{1+exp[(V0.5–Vm)/k]}, with Vm, membrane potential, 

V0.5, potential to give half-value of conductance, and k , slope factor. 

 

Cell culture and siRNA suppression of endogenous Munc18-1 in NG108-15 cells 

NG108-15 neuroblastoma cells were cultured in DMEM with high concentrations of glucose and 10 % fetal 

bovine serum, 100 μM hypoxanthine, 1 μM aminopterin, 16 μM thymidine. To induce neuronal differentiation, 

1 mM dibutyryl cyclic AMP was added to the culture medium and cells were cultured for another 7 days. The 

sense siRNA sequences 5’-AAGGACTTTTCCTCTAGCAAG-3’ for mouse Munc18-1, and 

5’-GGCGCATCCAGAGGCAGCT-3’ for mouse syntaxin 1A were used. To construct siRNA oligomers, the 

Silencer siRNA Construction Kit (Ambion) was used. The GAPDH siRNA (siControl) was used as the control 

provided with the kit. Transfection of siRNAs to NG108-15 cells was carried out using Lipofectamine
®
 2000 

(invitrogen). Suppression of RNA and protein expression was confirmed by RT-PCR analyses, and western 

blotting, respectively 48 h after transfection. 

 

Statistical analysis 

All data were expressed as mean ± SEM. Data were obtained under each condition from at least three 

independent experiments. Statistical significance was evaluated by analysis of variance followed by the 

Tukey-Kramer test. 
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Chapter 3 

 

Rab3 interacting molecule 3 mutations associated with autism alter regulation of 

voltage-dependent Ca
2+

 channels 

 

Abstract 

Autism is a neurodevelopmental psychiatric disorder characterized by impaired reciprocal social 

interaction, disrupted communication, and restricted and stereotyped patterns of interests. Autism is 

known to have a strong genetic component. Although mutations in several genes account for only a 

small proportion of individuals with autism, they provide insight into potential biological mechanisms 

that underlie autism, such as dysfunction in Ca
2+

 signaling, synaptic dysfunction, and abnormal brain 

connectivity. In autism patients, two mutations have been reported in the Rab3 interacting molecule 3 

(RIM3) gene. We have previously demonstrated that RIM3 physically and functionally interacts with 

voltage-dependent Ca
2+

 channels (VDCCs) expressed in neurons via the β subunits, and increases 

neurotransmitter release. Here, by introducing corresponding autism-associated mutations that replace 

glutamic acid residue 176 with alanine (E176A) and methionine residue 259 with valine (M259V) into 

the C2B domain of mouse RIM3, we demonstrate that both mutations partly cancel the suppressive 

RIM3 effect on voltage-dependent inactivation of Ba
2+

 currents through P/Q-type CaV2.1 recombinantly 

expressed in HEK293 cells. In recombinant N-type CaV2.2 VDCCs, the attenuation of the suppressive 

RIM3 effect on voltage-dependent inactivation is conserved for M259V but not E176A. Slowing of 

activation speed of P/Q-type CaV2.1 currents by RIM3 is abolished in E176A, while the physical 

interaction between RIM3 and β subunits is significantly attenuated in M259V. Moreover, increases by 

RIM3 in depolarization-induced Ca
2+

 influx and acetylcholine release are significantly attenuated by 

E176A in rat pheochromocytoma PC12 cells. Thus, our data raise the interesting possibility that autism 

phenotypes are elicited by synaptic dysfunction via altered regulation of presynaptic VDCC function 

and neurotransmitter release.  
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Introduction 

Ca
2+

 is an important second messenger that regulates cellular signaling to control diverse cellular processes, 

ranging from ubiquitous activities (e.g., gene expression) to tissue-specific functions (e.g., neurotransmitter 

release and muscle contraction) [1, 2]. To control Ca
2+

 signaling, many molecules including Ca
2+

 channels and 

receptors tightly regulate intracellular free Ca
2+

 concentration ([Ca
2+

]i). Disruption of [Ca
2+

]i homeostasis 

leads to various pathological symptoms, such as heart failure, neuronal degeneration, and psychiatric 

disorders. 

Autism (also known as autism spectrum disorder) is a wide-spectrum neurodevelopmental psychiatric 

disorder, which affects about 1 in 88 children in the USA [3]. Autism is characterized by three core symptoms: 

impairment of reciprocal social interaction, communication deficits, and restrictive and/or repetitive behaviors. 

These symptoms manifest within the first few years of life, at the period of brain development that coincides 

with synapse formation, synapse pruning, and myelination [4]. Therefore, dysregulation of normal synaptic 

development and function may be involved in the molecular basis of autism, although the precise pathological 

mechanism of autism remains unclear. 

Family histories and twin studies suggest that the etiology of autism has a strong genetic component. To 

date, many autism candidate genes have been identified by genome-wide linkage and association scans for 

susceptibility loci on human chromosomes [5]. Among the candidate genes, rare mutations have been found in 

genes encoding postsynaptic proteins (i.e., NLGN3, NLGN4X, and SHANK3), with rare copy-number variants 

associated with increased risk of autism [6-8]. Although variations in these genes account for only a small 

proportion of autistic individuals, they provide important insight into potential underlying biological 

mechanisms such as abnormal synaptic function. 

Rab3 interacting molecules (RIMs) are multi-domain proteins expressed in secretory cells [9]. Four RIM 

isoforms (RIM1-4) are encoded by distinct genes in the mammalian genome. Long isoform α-RIMs, including 

RIM1α and RIM2α, contain an N-terminal zinc-finger domain, a central PDZ domain, and two C-terminal 

C2A and C2B domains. Short isoform γ-RIMs, including RIM2γ, RIM3γ, and RIM4γ, are composed mainly of 

the C2B domain, and lack the zinc-finger domain that is essential for Rab3 binding [10]. Biological 
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experiments have shown that α-RIMs are essential for synaptic vesicle docking and priming, and recruiting 

and tethering voltage-dependent Ca
2+

 channels (VDCCs) to the presynaptic active zone, thereby regulating 

VDCC function and short-term plasticity of neurotransmitter release [11-18]. In addition, functional coupling 

of RIM1α to the auxiliary β-subunit of VDCC is essential for insulin secretion in non-neuronal cells [19]. In 

contrast to α-RIMs, little is known about the physiological function of γ-RIMs. Studies suggest that γ-RIMs 

are key regulators of neurotransmitter release at the presynaptic active zone, and postsynaptic neuronal 

arborization [20-22]. 

Interestingly, genetic analysis has identified RIM3 as a candidate of causative gene for autism [23], with 

two mutations identified in the C2B domain of autism patients. Specifically, these mutations replace the 

glutamic acid residue 177 (E177) with alanine (A), and the methionine residue 260 (M260) with valine (V). 

We previously demonstrated that the C2B domain plays a critical role in binding to the β-subunit of VDCCs, 

thereby regulating VDCC gating [18, 20]. Here, we show that mouse RIM3 proteins carrying amino acid 

substitutions that correspond to mutations associated with autism (E176A and M259V) modify RIM3 

interaction with VDCC β-subunits. Using electrophysiological techniques, we also show impaired functional 

properties of RIM3 mutants in regulating Ba
2+

 currents elicited by P/Q-type CaV2.1 and N-type CaV2.2 

VDCCs. Furthermore, RIM3 mutations alter RIM3 regulation of depolarization-induced neurotransmitter 

release in pheochromocytoma PC12 cells. Thus, our data raises the interesting possibility that synaptic 

dysfunction owing to altered regulation of presynaptic VDCCs are involved in autism phenotypes. 

 

 

Results 

Effect of RIM3 mutations on the interaction with VDCC β-subunits 

We have previously demonstrated that the C2B domain from the RIM family proteins interacts with VDCC 

β-subunits [18, 20]. In autism patients, two nucleotide substitutions from A to C (nucleotide position: 92548 

based on AL03189) and from A to G (nucleotide position: 95597), replacing E177 with A and M260 with V, 

respectively, in the C2B domain of human RIM3 have been reported (Fig. 1A) [23]. The two residues 
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associated with autism are at positions E176 and M259, corresponding to human E177 and M260, respectively 

[23]. E176 and M259 in the C2B domain of RIM is not conserved among other RIM isoforms or species (Fig. 

1A) [24]. Protein homology modeling based on the previously reported crystal structure of RIM1 (PDB # 

2Q3X) revealed that M259 is located at the end of the β-strand and surrounded by two adjacent loops (Fig. 

1B) [24]. Moreover, it is predicted that M259 is a component of the C2B domain cavity (Fig. 1C). On the other 

hand, molecular modeling also demonstrated that E176 is located on the opposite lateral side from this cavity 

(Fig. 1B). To determine if the RIM3/VDCC β-subunit interaction is modified by these mutations, we 

 

 

 

Fig. 1 Structure modeling of autism-related mutations E176A and M259V in RIM3. (A) Amino acid 

sequence alignment of C2B domains. Positions of the autism substitutions (A) and (V) are indicated. Species 

abbreviations: HS, human (Homo sapiens); MM, mouse (Mus musculus); RN, rat (Rattus norvegicus); OC, 

rabbit (Oryctolagus cuniculus); SH, tasmanian devil (Sarcophilus harrisii); BRS, rhinoceros hornbill (Buceros 

rhinoceros silvestris); and CS, red tonguesole (Cynoglossus semilaevis). GenBank Accession Numbers: 

NM_014989 for HS_RIM1, NM_001100117 for HS_RIM2, NM_014747 for HS_RIM3, NM_001205317 for 

HS_RIM4, NM_053270 for MM_RIM1, NM_001256382 for MM_RIM2, NM_182929 for MM_RIM3, 

NM_183023 for MM_RIM4, NM_022931 for RN_RIM3, XM_008265493 for OC_RIM3, XM_003765413 for 

SH_RIM3, KFO86959 for BRS_RIM3, and XM_008331435 for CS_RIM3. (B) Ribbon structural model of the 

mouse RIM3 C2B domain. E176 and M259 residues are represented as color-coded atoms (carbon, green; 

oxygen, red; nitrogen, blue; and sulfur, yellow). (C) Surface modeling of the mouse RIM3 C2B domain colored 

for electrostatic potential (acidic, red; neutral, gray; and basic, blue). The view is rotated 90° to the left around a 

vertical axis from (B). The M259 residue is shown in the same color as (B). The presumed binding pockets of 

WT and M259V mutant to β-subunits are shown in boxed. 
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Fig. 2 Autism mutations E176A and M259V affect RIM3 interaction with VDCC β-subunits. (A) 

Pulldown assay between β-subunits and GST-RIM3 fusion constructs. GST fusion proteins immobilized on 

glutathione-Sepharose beads were incubated with cell lysates obtained from EGFP-tagged β-transfected 

HEK293 cells. Bound proteins were analyzed by western blotting using the anti-GFP antibody. Ab, antibody; 

WB, western blotting. (B) in vitro association between purified GST-RIM3 fusion constructs and recombinant 

β4-subunit (amino-acid residues 47-475). Upper, GST-RIM3 proteins at various concentrations were incubated 

with β4 (50 pM) and captured by glutathione-Sepharose beads. Captured β4 proteins were examined by western 

blotting. Lower, quantitative densitometric analysis of bands shown in upper panels. Saturation curves were 

analyzed using the nonlinear least-squares curve-fitting method to determine the apparent dissociation constant 

(Kd). (C) Interaction between β4 and RIM3 proteins in HEK293 cells. Interactions were examined by 

immunoprecipitation with the FLAG antibody, followed by western blotting with the anti-β4 antibody. IP, 

immunoprecipitation. Data points are mean ± SEM. 
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constructed two mouse RIM3 mutants (E176A and M259V) and performed in vitro pulldown assays using 

glutathione-S-transferase (GST) fusion constructs. Cell lysates from HEK293 cells expressing EGFP-tagged 

constructs with different β-subunits were incubated with glutathione-Sepharose beads containing various 

GST-RIM3 fusion proteins. As observed for WT RIM3 (previously referred to as RIM3γ [20]), E176A bound 

to four β-subunit isoforms, whereas M259V suppressed the β-subunit interaction (Fig. 2A). To compare 

binding affinity between RIM3 mutants and the β-subunit, we performed in vitro binding assays and measured 

the dissociation constant (Kd) using purified recombinant β4-subunit (residues 47-475) and GST-RIM3 fusion 

proteins. The Kd value for E176A (133 ± 18 nM) was similar to WT (178 ± 16 nM), while for the M259V 

mutant it was significantly higher (323 ± 48 nM) than WT and E176A RIM3 proteins (P < 0.05) (Fig. 2B). 

The Kd value for WT RIM3 was almost equal to the previous findings [20]. In addition, 

co-immunoprecipitation experiments between VDCC β4-subunit and FLAG-tagged WT and mutant RIM3 

proteins were performed in HEK293 cells (Fig. 2C). WT and E176A mutant more efficiently 

co-immunoprecipitated with VDCC β4-subunit than the M259V mutant, consistent with our GST-pulldown 

assay results. Overall, these results suggest that the M259V mutation, but not E176A, diminishes the β-subunit 

interaction. 

 

Functional effects of RIM3 mutations on P/Q-type and N-type VDCC currents. 

We previously reported that RIM3 suppresses voltage-dependent inactivation of neuronal VDCCs via direct 

binding to β-subunits [20]. To determine the functional effect of the mutations on RIM3-regulated VDCC 

function, we examined P/Q-type VDCCs because they play an important role in presynaptic neurotransmitter 

release from central neurons [25]. Whole-cell Ba
2+

 currents through recombinant P/Q-type VDCCs, expressed 

as a complex of the BI-2 variant of CaV2.1 α1-subunit and the α2/δ plus β1 subunits [26], were examined in 

HEK293 cells. β1-subunit was chosen because β4-subunit is not expressed in PC12 cells [18] used in the 

following experiments. Inactivation kinetics were determined using a protocol comprised of a 2-s prepulse to 

0 mV from a holding potential of −100 mV. As previously reported, WT RIM3 markedly decelerated 

inactivation compared with vector (Fig. 3A and Table 1). Inactivation of P/Q-type VDCCs was less 
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extensively accelerated in E176A and M259V mutants compared with WT RIM3. Furthermore, voltage 

dependence of inactivation was determined using a protocol comprised of a 20-ms test pulse to 5 mV 

following 2-s prepulses to a series of different potentials from −100 to 20 mV. Peak current amplitudes elicited 

by test pulses were normalized to those elicited after a 2-s prepulse to −100 mV. Compared with WT RIM3, 

voltage dependence of inactivation for P/Q-type VDCCs co-expressed with E176A and M259V mutants were 

shifted significantly towards hyperpolarizing potentials (Fig. 3B and Table 1). Estimated half-inactivation 

potentials (V0.5) were −19.7 ± 2.0 mV for WT, −25.5 ± 1.8 mV for E176A, and −28.5 ± 2.3 mV for M259V 

(Table 1). These results suggest that both RIM3 mutations diminish WT RIM3 effect on voltage-dependent 

inactivation of P/Q-type VDCCs. 

Next, we examined the RIM3 mutant effect on voltage dependence of VDCC activation. The time constant 

(τactivation) obtained by fitting the activation time course of inward currents with a single exponential was “bell 

shaped” when plotted against different voltages. WT RIM3 significantly decelerated activation of P/Q-type 

 

 

Fig. 3 Autism mutations affect RIM3 regulation of inactivation properties of CaV2.1 VDCCs. (A) 

Effect of WT, E176A and M259V RIM3 on inactivation kinetics of P/Q-type CaV2.1 VDCCs in HEK293 cells 

co-expressing α2/δ and β1 subunits. Peak amplitudes were normalized for Ba
2+

 currents elicited by 2-s pulses to 

0 mV from a Vh of −100 mV, with or without WT, E176A, and M259V RIM3. (B) Effect of WT, E176A, and 

M259V on inactivation curves of P/Q-type CaV2.1 currents. Voltage dependence of inactivation determined by 

measuring peak current amplitudes evoked by 20-ms test pulses to 5 mV following 2-s prepulses to potentials 

from −100 to 20 mV in 10-mV increments from a Vh of −100 mV, were fitted using Boltzmann’s equation. Data 

points are mean ± SEM. 
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Fig. 4 Autism mutations affect RIM3 regulation of activation properties of CaV2.1 VDCCs. (A) Effect 

of WT, E176A, and M259V on activation kinetics of P/Q-type CaV2.1 VDCCs in HEK293 cells co-expressing 

α2/δ and β1 subunits. Left, representative traces for Ba
2+

 currents evoked by test pulses from −0 to 20 mV in 

10-mV increments. Right, time constants were obtained by fitting the current activation phase elicited by a 5-ms 

test pulse from −30 mV to 40 mV with a single exponential function. (B) Effect of WT, E176A, and M259V on 

CaV2.1 current amplitudes. Left, representative traces in HEK293 cells co-expressing α2/δ and β1 subunits for 

Ba
2+

 currents evoked by test pulses from −40 to 60 mV in 10-mV increments. Right, current density-voltage 

relationship of CaV2.1 with Vh of −100 mV. (C) Effect of WT, E176A, and M259V on CaV2.1 current activation 

curves. Tail currents elicited by repolarization to −60 mV after a 5-ms test pulse from −40 to 40 mV were used 

to determine activation curves. (D) Protein expression analysis of WT RIM3 and the mutants using western 

blotting in HEK293 cells. α-tubulin was used as a loading control. Data points are mean ± SEM. 
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VDCCs at membrane potentials over −25 mV compared with vector (Fig. 4A), consistent with our previous 

finding [20]. Activation speed of P/Q-type VDCCs co-expressed with E176A significantly accelerated 

compared with WT at membrane potentials ≥ −25 mV (Fig. 4A). Interestingly, activation kinetics were not 

significantly different between M259V and WT at all tested membrane potentials (Fig. 4A and Table 2). RIM3 

mutations had no effect on other functional properties such as current-voltage relationship and voltage 

dependence of activation of P/Q-type VDCCs at different voltages (Fig. 4B, C and Table 2). The RIM3 protein 

expression levels of these constructs were not different in HEK293 cells (Fig. 4D). Thus with regard to 

activation kinetics, E176A but not M259V impairs WT RIM3 function. 

We have also evaluated effects of the mutations on RIM3-regulated N-type VDCCs function. CaV2.2 

N-type VDCCs was less extensively accelerated in M259V mutant but not in E176A mutant compared with 

WT RIM3 (Fig. 5A and Table 3). M259V mutation also shifted V0.5 slightly towards hyperpolarizing potentials 

and significantly reduced the channel availability at membrane potentials −10 mV and 0 mV in N-type 

VDCCs (Fig. 5B). These results suggest that M259V mutation diminishes WT RIM3 effect on 

voltage-dependent inactivation not only in P/Q-type but also in N-type VDCCs. As observed for P/Q-type 

VDCCs (Fig. 4B), both RIM3 mutants failed to exert significant effects on current-voltage relationship of 

N-type VDCCs (Fig. 5C). 

 

Effect of RIM3 mutations on neurotransmitter release 

It has been suggested that RIM3 is associated with regulation of neurotransmitter release [20]. Therefore, we 

investigated effects of the RIM3 mutants on ACh release from PC12 cells. Previously, we detected α1-subunits 

mRNA (P/Q-type (CaV2.1), N-type (CaV2.2), and L-type (CaV1.2 and CaV1.3)) and β-subunits mRNA (β1, β2, 

and β3) using PCR experiment. In addition, we identified P/Q-, N-, and L-type Ca
2+

 currents as well as 

high-voltage activated Ca
2+

 currents sensitive to Cd
2+

 but insensitive to the selective blockers for P/Q-, N-, and 

L-types in PC12 cells [18]. PC12 cells were co-transfected with RIM3 and Chat cDNA, encoding choline 

acetyltransferase, which synthesizes ACh in synaptic vesicles [27]. ACh release, triggered by Ca
2+

 influx in 

response to high K
+
 induced membrane depolarization (extracellular K

+
 concentration elevated from 5.9 to 
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Fig. 5 Autism mutations affect RIM3 regulation of CaV2.2 VDCCs. (A) Effect of WT, E176A and 

M259V RIM3 on inactivation kinetics of N-type CaV2.2 VDCCs in HEK293 cells co-expressing α2/δ and β1 

subunits. Peak amplitudes were normalized for Ba
2+

 currents elicited by 2-s pulses to 0 mV from a Vh of −100 

mV, with or without WT, E176A, and M259V RIM3. (B) Effect of WT, E176A, and M259V on inactivation 

curves of N-type CaV2.2 currents. Voltage dependence of inactivation determined by measuring peak current 

amplitudes evoked by 20-ms test pulses to 5 mV following 2-s prepulses to potentials from −100 to 20 mV in 

10-mV increments from a Vh of −100 mV, were fitted using Boltzmann’s equation. (C) Effect of WT, E176A, 

and M259V on CaV2.2 current amplitudes. Left, representative traces in HEK293 cells co-expressing α2/δ and β1 

subunits for Ba
2+

 currents evoked by test pulses from −40 to 60 mV in 10-mV increments. Right, current 

density-voltage relationship of CaV2.2 with Vh of −100 mV. Data points are mean ± SEM. 
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51.1 mM for 30 s), was significantly potentiated by recombinant WT RIM3 (Fig. 6A), consistent with the 

previous report [20]. E176A mutation significantly attenuated this effect (P < 0.05), while M259V mutation 

induced a modest but not significant change (P = 0.13) (Fig. 6A). [Ca
2+

]i elevation observed using fura-2 in 

28.4 mM K
+
-containing extracellular solution was effectively potentiated by RIM3 WT (Fig. 6B). We used 

 

 

 

Fig. 6 Autism mutations affect RIM3 potentiation of ACh release. (A) Effect of WT, E176A and M259V 

RIM3 on depolarization-dependent ACh release from ChAT-cotransfected PC12 cells. Secreted ACh was 

determined as a percentage of cellular content for each dish. *P < 0.05 and ***P < 0.001 versus vector; 
#
P < 0.05 

versus WT. (B) Effect of WT, E176A, and M259V RIM3 on Ca
2+

 response to elevation of extracellular K
+
 

concentration from 5.9 to 28.4 mM. Average time course (left) and [Ca
2+

]i increase at 30 s after treatment with 

28.4 mM K
+
 solution (right). Numbers of PC12 cells analyzed were 75, 59, 51, and 42 for transfection of 

vector, WT, E176A, and M259V RIM3, respectively. **P < 0.01 and ***P < 0.001 versus vector; 
#
P < 0.05 

versus WT. (C) Protein expression analysis of WT RIM3 and the mutants using western blotting in PC12 cells. 

α-tubulin was used as a loading control. Data points are mean ± SEM. 
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Table 1 Effect of RIM3 proteins on inactivation properties of P/Q-type VDCC in HEK cells 

expressing CaV2.1, α2/δ and β
1) 2) 3)

. 

  

Inactivation parameters 

a V0.5 (mV) k (mV) Residual current (0mV) 
(relative) 

4)
 

Vector  0.97 ±0.01 (7) –42.7 ±2.0 (7) –6.9 ±0.4 (7) 0.06 ±0.02 (7) 

WT  0.58 ±0.04 (6) *** –19.7 ±2.0 (6) *** –6.7 ±0.4 (6) 0.46 ±0.05 (6) *** 

E176A  0.78 ±0.05 (9) ***
##

 –25.5 ±1.8 (9) **
#
 –5.7 ±0.5 (9) 0.29 ±0.04 (9) ***

# 

M259V  0.94 ±0.03 (13) 
###

 –28.5 ±2.3 (13) **
##

 –7.6 ±0.9 (13) 0.32 ±0.04 (13) ***
# 

1) **P< 0.01, ***P < 0.001 versus Vector. 

2) #P < 0.05, ##P < 0.01, ###P < 0.001 versus WT. 

3) Numbers of cells analyzed are indicated in the parenthesis. 

4) Residual current was assessed after 2-s depolarization. 

 

 

 

Table 2 Effects of RIM3 proteins on current density and activation of P/Q-type VDCC in HEK cells 

expressing CaV2.1, α2/δ and β1
1) 2) 3)

. 

  
Current density 

(pA / pF)
4)

 
 

Activation parameters 

V0.5 (mV) k (mV)  activation (-20mV) (ms)
5)
  activation (0mV) (ms)

6)


 

Vector  –76.9 ±11.1 (7)  –2.2 ±1.5 (7) 7.4 ±0.5 (7) 1.05 ±0.09 (7) 1.11 ±0.06 (7) 

WT  –60.1 ±16.7 (9)  –4.7 ±1.7 (9) 6.8 ±0.5 (9) 1.98 ±0.23 (6) ** 1.57 ±0.22 (6) 

E176A  –63.6 ±7.9 (11)  –7.8 ±2.1 (11) 7.0 ±0.5 (11) 1.11 ±0.13 (8) 
#
 0.90 ±0.09 (8) 

#
 

M259V  –88.4 ±13.4 (14)  –6.5 ±1.3 (14) 6.9 ±0.3 (14) 1.98 ±0.31 (12) * 1.42 ±0.16 (12) 

1) *P< 0.05, **P < 0.01 versus Vector. 

2) #P < 0.05 versus WT. 

3) Numbers of cells analyzed are indicated in the parenthesis. 

4) Ba2+ currents evoked by depolarizing pulse to 0 mV from a Vh of 100 mV are divided by capacitance. 

5) Activation time constants obtained from currents elicited by 5-ms test pulse to 20 mV.  The activation phases are well 

fitted by a single exponential function. 

6) Activation time constants obtained from currents elicited by 5-ms test pulse to 0 mV. 
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28.4 mM K
+
 stimulation because robust [Ca

2+
]i elevation was obtained with 51.1 mM K

+
 stimulation in 

control vector-transfected cells, resulting in a minimal effect of RIM3 WT on [Ca
2+

]i elevation with 51.1 mM 

K
+
 stimulation (data not shown). E176A mutation significantly reduced the RIM3 promotive effect at 30 s 

after depolarization (P < 0.05), while M259V mutation reduced [Ca
2+

]i elevation immediately after 28.4 mM 

K
+
 stimulation but not 30 s after depolarization (Fig. 6B). The RIM3 protein levels of these constructs were 

not different in PC12 cells (Fig. 6C). Of the two mutations tested, E176A significantly impaired 

RIM3-mediated enhancement of ACh release in PC12 cells. 

 

Table 3 Effect of RIM3 proteins on inactivation properties of N-type VDCC in HEK cells expressing CaV2.2, 

α2/δ and β1
1) 2). 

  

Inactivation parameters 

a V0.5 (mV) k (mV) Residual current (0mV) 

(relative) 
3)

 

Vector  0.97 ±0.01 (6) –61.8 ±0.3 (6) –6.9 ±0.3 (6) 0.03 ±0.02 (6) 

WT  0.79 ±0.03 (9) –26.7 ±2.0 (9) *** –12.0 ±1.5 (9) 0.25 ±0.05 (9) * 

E176A  0.83±0.03 (13) –25.8 ±1.5 (13) *** –13.8 ±1.1 (13) 0.22 ±0.05 (13) * 

M259V  0.97 ±0.03 (7) –29.3 ±1.6 (7) *** –11.4 ±1.3 (7) 0.12 ±0.03 (7) * 

1) *P< 0.05, ***P < 0.001 versus Vector. 

2) Numbers of cells analyzed are indicated in the parenthesis. 

3) Residual current was assessed after 2-s depolarization. 

 

 

Table 4 Primer sequences used for overlap extension PCR in producing mutants. 

Gene  Mutants  Mutation primer sequences (5’ to 3’)  External primer sequences (5’ to 3’) 

RIM3  E176A  for: GAAGTGATTGCAGCTCGGGGCCTGACC  

for: ATGTTTAACGGGGAGCCTG 

rev: TTAAGAGCACGAGGGGCTGG 

    rev: GGCCCCGAGCTGCAATCACTTCCACCTCCAG  

  M259V  for: CAGATCGTGCTGGACGAGCTGGACCTGAGTGC  

    rev: GTCCAGCACGATCTGGGCCATACCCATGAAG  

for: forward primer, rev: reverse primer 
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Discussion 

Several candidate proteins with functional changes that lead to abnormalities in synaptic function have been 

implicated in the pathogenesis of autism by genetic studies [5, 28]. Here, we demonstrate that the two 

mutations, E176A and M259V, corresponding to human mutations in autism patients and identified in the 

C2B domain of RIM3, diminish RIM3 function. Our in vitro binding assay and electrophysiological 

experiments reveal that E176A mutation alters WT RIM3 regulation of P/Q-type VDCC functions but not 

N-type VDCC functions. M259V mutation alters RIM3 regulation of both P/Q-type and N-type VDCC 

inactivation properties. The physical interaction of RIM3 with VDCC β-subunits is unaffected by E176A 

mutation but is diminished by M259V mutation. In addition, E176A mutation reduces RIM3-mediated 

augmentation of depolarization-induced ACh release in PC12 cells. 

VDCC complexes are well known to be associated with presynaptic proteins including syntaxin, SNAP-25, 

and synaptotagmin via interactions with the CaV α1-subunit [29-32]. It has been revealed that β-subunits 

directly associate with presynaptic proteins including RIMs [18, 20, 33-35]. RIM proteins are widely 

distributed in the brain, and abundantly localized at the pre- and post-synapse. Although long α-RIM isoforms 

(RIM1 and RIM2) have been shown to play an essential role in synaptic vesicle recruitment, modulating 

VDCC function, and regulating presynaptic neurotransmitter release, physiological significance of the short 

γ-RIM isoforms (RIM2γ, RIM3γ, and RIM4γ) is still elusive [9, 18]. We have previously shown a functional 

role of γ-RIMs in modulating presynaptic Ca
2+

 influx via direct binding to VDCC β-subunits, suggesting that 

γ-RIMs regulate vesicle exocytosis at presynaptic terminals [20]. The C-terminal C2B domain, which is highly 

conserved among RIM family members, interacts with VDCC β-subunits [18, 20, 24]. In this study, pulldown 

and co-immunoprecipitation assays revealed that the M259V mutant interacts more weakly with β-subunits 

than WT RIM3 (Fig. 2A, 2C). M259 is predicted as a component of C2B domain cavity (Fig. 1C), suggesting 

that replacement of M259 with V in this cavity may affect interaction with β-subunits. Conversely, our binding 

experiments did not identify a distinguishable alteration in the interaction between RIM3 and VDCC 

β-subunits by E176A mutation (Fig. 2A, 2C). In addition, Kd binding values for WT or E176A mutant RIM3 

to the β4-subunit show comparable binding affinities (Fig. 2B). Interestingly, protein homology modeling 
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revealed that E176 is located on the opposite side from the C2B domain cavity (Fig. 1B). Therefore, it is 

possible that E176 is not located at an essential position in terms of interaction with β-subunits and other 

presynaptic proteins, such as α-liprin, SNAP-25, and synaptotagmin-1 [12, 24, 36]. 

E176A mutation attenuated RIM3-mediated suppression of kinetics and voltage dependence of inactivation 

(Fig. 3A, 3B), yet failed to show any alteration in interaction with β-subunits. E176A also caused abolition of 

deceleration in activation kinetics (Fig. 4A). In addition, E176A mutant failed to show any effects on N-type 

VDCCs inactivation properties (Fig. 5A, 5B). Interestingly, RIM1 and RIM2, which have positively charged 

arginine residues at the position corresponding to E176 (Fig. 1A), show no effect on activation kinetics of 

P/Q-type VDCCs, in contrast to RIM3 [20]. These findings suggest that negatively charged E176 may play a 

key role in modulating VDCC gating properties through interaction with CaV2.1 α1-subunits. With regard to 

the M259V mutant, RIM3-mediated suppressive effects of inactivation speed and voltage dependence of 

P/Q-type VDCCs were attenuated (Fig. 3A, 3B). Also, M259V mutant attenuated the RIM3 effect on voltage 

dependence of inactivation of other neuronal VDCC, N-type CaV2.2 (Fig. 5A, 5B). These attenuations may be 

caused by alteration of the interaction between mutant RIM3 and the β-subunit. However, taking into 

consideration the fact that M259V mutant slows activation kinetics, like WT, it is possible that the M259V 

mutant maintains weak association with the β-subunit and attenuates inactivation properties via allosteric 

modification of electrostatic interactions with other residues, such as E176. 

Neurotransmitter release is mediated by depolarization-induced Ca
2+

 influx via presynaptic VDCCs, 

including N- and P/Q-type Ca
2+

 channels. In PC12 cells, WT RIM3 expression enhanced membrane 

depolarization-dependent ACh release (Fig. 6A). This enhancement is thought to be due to, at least in part, 

sustained Ca
2+

 influx by suppression of voltage-dependent inactivation of VDCCs [18, 20]. Indeed, WT RIM3 

in PC12 cells stimulated global [Ca
2+

]i elevation with moderate depolarization elicited by 28.4 mM K
+
 (Fig. 

6B). Consistent with our electrophysiological recording results, E176A mutant significantly attenuated ACh 

release and [Ca
2+

]i elevation compared with WT RIM3. WT and E176A mutant, which show comparable Kd 

values for the β-subunit interaction (Fig. 2B), may compete out and extrude endogenous RIM proteins from 

the binding site on the β-subunits, resulting in the observed functional effects of E176A mutant on ACh 
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release and [Ca
2+

]i elevation in PC12 cells. However, M259V mutant did not significantly attenuate ACh 

release and [Ca
2+

]i elevation. This is presumably because M259V mutant interacts weakly with VDCC 

β-subunits, resulting in intact interaction of endogenous RIM proteins with β-subunits (as compared with the 

control vector group) and additive association of M259V mutant proteins with β-subunits free from 

endogenous RIM in PC12 cells. 

Several groups have proposed that cortical networks in autism may be characterized by an imbalance 

between excitatory glutamatergic and inhibitory GABAergic neurotransmission [37, 38]. We and others have 

previously demonstrated that presynaptic VDCCs (including P/Q-type) are associated with glutamate release 

in cultured cerebellar neurons [18, 20, 39]. In addition, N- and P/Q-type VDCCs regulate GABA release in 

hippocampal neurons and cerebellar Purkinje cells [40, 41]. These findings suggest that functional changes in 

neurotransmitter release induced by RIM3 mutation at the presynapse may underlie certain forms of autism. 

Previous findings demonstrate that transient increase in [Ca
2+

]i regulates neuronal differentiation in neuron or 

PC12 cells [42, 43]. It is interesting to note that RIM3 is important for neurite development and axonal 

outgrowth. Furthermore, RIM3 plays an important role in synapse formation and synaptic transmission at the 

post-synapse [21]. Thus, our findings may suggest that human RIM3 mutations affect [Ca
2+

]i regulation and 

neuronal differentiation and synapse formation/maturation in autism patients. Shank3 is associated with 

autism and also plays a role in synapse formation and dendritic spine maturation, and coordinately regulates 

presynaptic and postsynaptic functions that promote increased formation of excitatory synapses [44, 45]. 

Therefore, as for Shank3, RIM3 may coordinate pre-/post-signaling. 

The molecular mechanisms that underlie autism remain largely unknown, but several recent lines of 

evidence suggest that some autistic phenotypes result from abnormalities in Ca
2+

 signaling [46]. Increases in 

intracellular Ca
2+

 levels and signaling activation are important for regulating processes such as neuronal 

survival, differentiation, and synaptogenesis [47-49]. Impairment in these developmental cellular processes 

may give rise to some of the neuroanatomical abnormalities identified in autism patients [50]. Furthermore, 

many autism-associated mutations in genes that encode Ca
2+

-regulatory molecules lead to dysfunction in Ca
2+

 

signaling [51-54], suggesting that autism may result from disruption of Ca
2+

-dependent processes. These 
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previous reports are consistent with our findings on RIM3 mutants and their impact on Ca
2+

 influx pathways. 

In conclusion, we have demonstrated that the mouse RIM3 mutants, E176A and M259V, which are 

equivalent to human autism mutations, alter RIM3 function in regulating VDCC currents and neurotransmitter 

release in PC12 cells. Previous studies have revealed changes in RIM3 expression levels in schizophrenia [55, 

56]. In addition, several studies have suggested that functional mutations in genes encoding VDCCs can lead 

to autism, and SNAP-25 single nucleotide polymorphisms are associated with autism [51-53, 57]. These 

reports further suggest that synaptic dysfunction through RIM3 functional abnormalities in Ca
2+

 regulation 

may be relevant for the pathogenesis underlying neurodevelopmental disorders such as autism. 

 

 

Experimental procedures 

cDNA cloning and construction of expression vectors 

RIM3γ (GenBank Accession Number NM_182929) was cloned from mouse brain Marathon-Ready cDNA 

(Clontech) using polymerase chain reaction (PCR), and subcloned into FLAG-tagged vector pCMV-tag2 

(Stratagene), pIRES2-EGFP (Clontech) and pCI-neo (Promega). Mouse CaV2.2 (GenBank Accession Number 

NM_001042528) was cloned from mouse brain Marathon-Ready cDNA using PCR, and subcloned into 

pCI-neo. Rabbit β1a (GenBank Accession Number M25817), rabbit β2a (GenBank Accession Number X64297), 

rabbit β3 (GenBank Accession Number X64300), and rat β4b (GenBank Accession Number XM_215742) were 

subcloned into pEGFP-C1 (Clontech) and pCI-neo. To introduce point mutations into mouse RIM3γ, 

overlapping extension PCR was used for site-directed mutagenesis. The two residues associated with autism 

are at positions E176 and M259, corresponding to human E177 and M260, respectively [23]. Amino acids in 

these positions were changed to A (E176A) and V (M259V). The primers used for these mutants are 

summarized in Table 4. 

 

Structure modeling 

To build a three-dimensional structural model of the RIM3 C2B domain, SWISS-MODEL Workspace, a 
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Web-based integrated service dedicated to protein structure homology modeling [58-60], was used. The C2B 

domain of rat RIM1 (PDB # 2Q3X) was selected as the template for modeling [24]. The amino acid sequence 

of mouse RIM3 was submitted to SWISS-MODEL Automatic Modeling Mode. Structures were visualized 

using CCP4mg software version 2.9.0 [61]. 

 

Production of GST fusion proteins and recombinant β4-subunit proteins 

For production of GST fusion proteins for wild-type (WT) and mutant RIM3, cDNAs for each RIM construct 

and GST were subcloned into the pET23 vector (Novagen). The Rosetta strain (Novagen) of Escherichia coli 

were transformed with expression vectors, and protein expression/purification performed according to the 

manufacturer’s instruction (Novagen). Recombinant β4-subunit proteins [β4 (47-475)] were prepared as 

previously reported [18]. 

 

GST-pulldown assay and co-immunoprecipitation in HEK293 cells 

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10 % fetal bovine 

serum, 30 units/mL penicillin, and 30 μg/mL streptomycin. 48 h after transfection, HEK293 cells were 

solubilized using Nonidet P-40 (NP-40) buffer (150 mM NaCl, 50 mM Tris, 1 % NP-40, and protease 

inhibitors), and then centrifuged at 17,400 × g for 20 min. For GST pulldown assays, cell lysates were 

incubated with glutathione-Sepharose beads bound to purified fusion proteins, and then the beads were 

washed with NP-40 buffer at 4 °C. Proteins retained on the beads were characterized by western blotting with 

anti-GFP antibody (Clontech). For co-immunoprecipitation, cell lysates were incubated with anti-FLAG M2 

monoclonal antibody (Sigma), then immunocomplexes incubated with protein A-agarose beads (Santa Cruz), 

and washed with NP-40 buffer. Immunoprecipitated proteins were characterized by western blotting with an 

anti-β4 antibody [18]. 

 

in vitro binding of purified RIM3-GST fusion proteins and recombinant β4 protein 

RIM3-GST fusion proteins (WT and mutant) at various concentrations were incubated with 50 pM purified 
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recombinant β4-subunit for 3 h at 4 °C in phosphate-buffered saline (PBS) containing 0.1 % NP-40 and 50 

μg/mL bovine serum albumin, and then incubated with glutathione-Sepharose beads for 1 h. Beads were 

centrifuged and washed twice with PBS. Proteins retained on the beads were characterized by western blotting 

with the anti-β4 antibody, and detected by enhanced chemiluminescence (Pierce). Protein signal densities were 

calculated using the NIH image (National Institute of Health). Protein signal densities obtained at a linear 

relationship with applied amount of proteins were normalized to densities obtained from maximal binding. 

Three independent experiments were performed. 

 

Cell culture and cDNA expression in HEK293 cells 

A HEK293 cell line stably expressing rabbit CaV2.1, α2/δ, and β1a subunits has been described previously [62, 

63]. For the recording of CaV2.2 currents, we used HEK 293 cells transiently expressing mouse CaV2.2, rabbit 

α2/δ, and human β1a (GenBank Accession Number NM_000723). HEK293 cells were cultured in DMEM 

containing 10 % fetal bovine serum, 30 units/mL penicillin, and 30 μg/mL streptomycin. Transfection of 

cDNA plasmids was performed using SuperFect Transfection Reagent (Qiagen). Cells were subjected to the 

analysis of protein expression and electrophysiological measurements 48 h after transfection. Anti-RIM3 

polyclonal antibody [20] and anti-α-tubulin monoclonal antibody (Sigma) were used in the protein expression 

analysis. 

 

Current recordings 

Whole-cell mode of the patch-clamp technique was performed at 22-25 °C with an EPC-10 (HEKA 

Elektronik) patch-clamp amplifier, as previously described [64]. Patch pipette resistance ranged from 2 to 3.5 

M when filled with pipette solutions (described below). Series resistance was electronically compensated to 

>60 %, and both leakage and remaining capacitance were subtracted using the –P/4 method. For activation 

kinetics, currents were sampled at 100 kHz after low-pass filtering at 8.4 kHz (3 db), otherwise currents were 

sampled at 20 kHz after low-pass filtering at 3.0 kHz (3 db). Data were collected and analyzed using 

PATCHMASTER (HEKA Elektronik). The external solution contained (in mM): 3 BaCl2, 155 
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tetraethylammonium chloride (TEA-Cl), 10 HEPES, and 10 glucose (pH 7.4 adjusted with TEA-OH) for 

P/Q-type VDCCs recording, and 5 BaCl2, 148 TEA-Cl, 10 HEPES, and 10 glucose (pH 7.4 adjusted with 

TEA-OH) for N-type VDCCs recording. The pipette solution contained (in mM): 95 CsOH, 95 aspartate, 40 

CsCl, 4 MgCl2, 5 EGTA, 2 disodium ATP, 5 HEPES, and 8 creatine phosphate (pH 7.2 adjusted with CsOH). 

 

Voltage-dependence of inactivation 

To determine voltage dependence of inactivation (inactivation curve) of VDCCs, Ba
2+

 currents were evoked 

by a 20-ms test pulse to 5 mV after 10-ms repolarization to −100 mV following 2-s holding potential (Vh) 

displacement from −100 to 20 mV with 10-mV increments. Current amplitudes elicited by test pulses were 

normalized to those after a 2-s Vh displacement to −100 mV. Mean values were plotted against potentials for 

2-s Vh displacement. Mean values were fitted to the single Boltzmann’s equation: h(Vh) = (1–

a)+a/{1+exp[(V0.5–Vh)/k]}, with a, rate of inactivating component, V0.5, potential for half-value of inactivation, 

and k, slope factor. 

 

Voltage-dependence of activation 

Tail currents were elicited by repolarization to −60 mV after a 5-ms test pulse from −40 to 40 mV with 5-mV 

increments. Currents were sampled at 100 kHz after low-pass filtering at 8.4 kHz. Tail current amplitudes 

were normalized to those obtained with test pulses to 30 mV. Mean values were plotted against test pulse 

potentials, and fitted to Boltzmann’s equation: n(Vm) = 1/{1+exp[(V0.5–Vm)/k]}, with Vm, membrane potential, 

V0.5, potential for half-value of conductance, and k, slope factor. 

 

PC12 cell culture and release assay 

PC12 cells were cultured as described previously [27]. Acetylcholine (ACh) secretion experiments were 

performed as previously reported [18]. Briefly, PC12 cells were plated in poly-D-lysine-coated 35-mm dishes 

(BD Bioscience) with 5 × 10
5
 cells per dish. Cells were co-transfected with 5 μg of each RIM3 plasmid and 1 

μg of pEFmChAT encoding mouse choline acetyltransferase (ChAT) cDNA using Lipofectamine
®
 2000 
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(Invitrogen). 72 h after transfection, PC12 cells were washed with 5.9 mM K
+
 solution containing (in mM): 

0.01 eserine, 140 NaCl, 4.7 KCl, 1.2 KH2PO4, 2.5 CaCl2, 1.2 MgSO4, 11 glucose, and 15 HEPES (pH 7.4 

adjusted with NaOH), and incubated for 30 s with 5.9 mM K
+
 solution at 37 °C. To measure K

+
-stimulated 

ACh release, cells were then incubated for 30 s with a 51.1 mM K
+
 solution containing (in mM): 0.01 eserine, 

94.8 NaCl, 49.9 KCl, 1.2 KH2PO4, 2.5 CaCl2, 1.2 MgSO4, 11 glucose, and 15 HEPES (pH 7.4 adjusted with 

NaOH). The supernatant after stimulation of 51.1 mM K
+
 solution was used to measure secreted ACh. The 

supernatant from cells solubilized in NP-40 buffer and centrifuged at 17,400 × g for 20 min at 4 °C was used 

to measure cellular ACh that was not secreted. ACh was measured by HPLC with electrochemical detection 

(HTEC-500; EiCOM) as follows. ACh was separated on a styrene polymer reversed-phase column and 

subsequently catalyzed in a postcolumn enzyme reactor containing immobilized acetylcholinesterase (AChE) 

and choline oxidase (ChO). ACh was hydrolyzed by AChE to acetate and choline, and choline was oxidized 

by ChO to produce hydrogen peroxide and betaine. The amount of hydrogen peroxide corresponding to ACh 

was electrochemically detected by a platinum working electrode (EiCOM). The signal from the detector was 

recorded using a data acquisition system and analyzed using PowerChrom software (EiCOM). RIM3 proteins 

expression level was analyzed by western blotting. 

 

Fluorescent [Ca
2+

]i measurement 

PC12 cells were co-transfected with 3 μg of each RIM3 plasmid and 0.6 μg of pEGFP-C1 using 

Lipofectamine
®
 2000. 48 h after transfection, PC12 cells were plated onto poly-L-lysine-coated glass 

coverslips. 72 h after transfection, cells on coverslips were loaded with fura-2 by incubation in DMEM 

containing 10 μM fura-2/AM (Dojindo Laboratories), 0.04 % Pluronic F-127 (Biotium), 5 % fetal bovine 

serum, and 5 % horse serum at 37 °C for 40 min, and washed with 5.9 mM K
+
 solution. Coverslips were then 

placed in a perfusion chamber mounted to the microscope stage. Fluorescence cell images were recorded and 

analyzed using a video image analysis system (AQUACOSMOS; Hamamatsu Photonics). Fura-2 fluorescence 

at an emission wavelength of 510 nm was observed at 37 ± 1 °C by exciting fura-2 alternately at 340 and 380 

nm. Measurements were taken in 5.9 mM K
+
 solution and 28.4 mM K

+
 solution containing (in mM): 117.5 
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NaCl, 27.2 KCl, 1.2 KH2PO4, 2.5 CaCl2, 1.2 MgSO4, 11 glucose, and 15 HEPES (pH 7.4 adjusted with 

NaOH). Images of 340:380 nm ratios were obtained on a pixel-by-pixel basis and converted to Ca
2+

 

concentrations by in vivo calibration using 40 μM ionomycin [65]. 

 

Statistical analysis 

All data were expressed as mean ± SEM. Data were obtained under each condition from at least three 

independent experiments. Statistical significance was evaluated by analysis of variance followed by the 

Tukey-Kramer test. 
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Chapter 4 

 

Tankyrase contributes to the risk of spinocerebellar ataxia type 6 by binding of 

the C-terminal of voltage-dependent Ca
2+

 channels 

 

Abstract 

Spinocerebellar ataxia type 6 (SCA6), which is an autosomal dominantly inherited neurodegenerative 

disorder, is known to be caused by the expansion of polyglutamine in the carboxy (C-) terminal region 

of the voltage-dependent Ca
2+

 channel CaV2.1 α1-subunit. However, as well as many other 

polyglutamine diseases, the precise pathogenic mechanism is unclear. We show that novel interacting 

molecule with calcium channels might be involved with SCA6 pathogenesis. We identified tankyrase, a 

part of poly ADP-ribose polymerase family associated with the telomere elongation, that was strongly 

associated with the C-terminus of CaV2.1 in proportion to the length of polyglutamine. In the 

electrophysiological analysis, we found that tankyrase reduces the current density of CaV2.1 channels, 

has shifted the voltage-dependency of inactivation toward more hyperpolarized potentials, and 

accelerates inactivation kinetics of polyglutamine containing CaV2.1 currents. Moreover, an auxiliary 

subunit β4-subunit is translocated into nucleus in a polyglutamine length-dependent manner. These 

results suggest that tankyrase-association with the polyglutamine region of CaV2.1 induces the reduction 

of calcium availability at neuronal resting potential by interfering calcium channel assembly; the 

resulting low calcium concentration may disrupt the cellular function and induce cell death. Therefore, 

regulation of tankyrase activity may be a new therapeutic target of SCA6. 
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Introduction 

Spinocerebellar ataxia type 6 (SCA6) is an autosomal dominantly inherited neurodegenerative disorder, which 

is characterized by gaze-evoked nystagmus, dysarthria, progressive imbalance, and severe limb incoordination 

[1, 2]. Alternatively, late-onset cerebellar ataxia, moderate cerebellar atrophy and selective loss of Purkinje 

cells may occur in some SCA6 patients [2-4]. The disease usually progresses slowly and does not shorten 

lifespan, but most patients become wheelchair bound by their late 60s. The prevalence of SCA6 varies by 

geographic area, being highest in Japan and moderate in Europe. SCA6 is known to be caused by the 

expansion of a CAG trinucleotide repeat in the exon coding for the carboxy (C-) terminal region of the 

voltage-dependent Ca
2+

 channel (VDCC) CaV2.1 α1-subunit [1]. Because the CAG repeat encodes a 

polyglutamine tract, SCA6 is classified as one of the group of polyglutamine (polyQ) diseases including 

Huntington’s disease, dentatorubral pallidoluysian atrophy, and other types of spinocerebellar ataxia [5]. In 

contrast to other polyQ diseases, SCA6 arises from a relatively small expansion, which is ranged from 21 to 

33 repeats, compared with other polyQ diseases in which 35-300 repeats cause disease [6-8]. This raises a 

possibility that SCA6 is caused by a mechanism different from that underlying the other polyQ disease in 

common. 

P/Q-type CaV2.1 α1-subunit gene (CACNA1A) was first identified primary structure and functional 

expression in 1991 [9]. The channel is classified into high voltage-activated Ca
2+

 channels and is 

predominantly expressed in cerebellum, olfactory bulb, cerebral cortex, hippocampus, inferior colliculus and 

auditory brain stem [10]. P/Q-type CaV2.1 channel is functionally expressed as a complex composed of four 

subunits, pore-forming CaV2.1 α1-subunit and three auxiliary subunits α2/δ, β, and γ [11]. CaV2.1 channel 

complex is known to be associated with many cytosolic proteins including syntaxin, SNAP-25, synaptotagmin, 

CASK and Mint through physical association with the ‘synprint’ region in the domain II-III intracellular loop 

of CaV2.1 α1-subunit [12-20]. On the other hand, the intracellular C-terminus of the CaV2.1 α1-subunit has 

been implicated in a number of protein-protein interactions that play a prominent role in modulating Ca
2+

 

channel activity [21]. For example, calcium calmodulin readily binds to an EF hand motif in the C-terminus of 

CaV2.1, and inhibits channel currents and alters synaptic efficacy [22, 23]. Gα-protein mediated channel 
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inhibition is occurred through the interaction with the C-terminus [24]. Furthermore, β4 auxiliary subunit, 

which is thought to mainly bind to the domain I-II region, binds to the C-terminus of CaV2.1 and alters 

channel kinetics [25]. Thus, it is suggested that the C-terminus of CaV2.1 α1-subunit is an important region for 

functional channel modulation by other factors. 

To date, numerous studies have attempted to determine how the polyQ expansion affects the properties and 

molecular assembly of P/Q-type CaV2.1 channel, and ultimately how a small expansion in the C-terminus may 

lead to cell death [26-36]. Although these results appear highly variable and depend on experimental 

conditions, all of these studies provide insight into the various aspects of SCA6 pathology [37]. In this study, 

we hypothesize that there is unknown interacting protein with the C-terminus of CaV2.1 α1-subunit, and the 

disruption of relationships among these proteins may lead to functionally channel modulation and SCA6 

pathogenesis. To examine the hypothesis, we performed yeast two-hybrid screening using C-terminus of 

CaV2.1 as a bait to identify the interacting protein. Here we demonstrate a novel molecular interaction of the 

CaV2.1 C-terminus with tankyrase, which is a part of poly ADP-ribose polymerase (PARP) family [38-41]. 

The tankyrase-C-terminus interaction is modified by the length of polyQ tracts in the C-terminus of CaV2.1. 

 

 

Results 

C-terminus of CaV2.1 directly interacts with tankyrase-2 

To identify the C-terminus of CaV2.1 α1-subunit-interacting proteins, we performed yeast two-hybrid 

screening with a human brain complementary DNA library using the C-terminus fragment human CaV2.1 

subunit (GenBank Accession Number NM_023035) as a bait. Screening identified a clone encoding the 

N-terminal region (amino acid residues 89-380) of the human tankyrase-2 protein [38-41], a part of Ankyrin 

repeat domain (Fig. 1A). Subsequent two-hybrid assays using CaV2.1 α1-subunit mutants showed that amino 

acid residues 2266-2510, containing polyQ11 domains, were required for the interaction of CaV2.1 with 

tankyrase-2 (Fig. 1B). Interestingly, CaV2.1 variant without polyQ11 domain could not interact with 

tankyrase-2 (Fig. 1B, 1C). In vitro pulldown assays using glutathione-S-transferase (GST) fusion constructs of 
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Fig. 1 Direct intraction of tankyrase-2 with the C-terminus of CaV2.1 subunit. (A) Domain structure of 

tankyrase-1 and tankyrase-2. Sterile alpha motif (SAM) 2 domain and catalytically active poly-ADP ribose 

polymerase (PARP) domain are located at the C-terminus of tankyrase. The protein region encoded by identified 

clone is also indicated. (B) Mapping of tankyrase-2 binding sites on the C-terminus of CaV2.1 subunit by the 

yeast two-hybrid assay. CaV2.1 subunit constructs in bait vectors were tested with tankyrase-2 in the prey vector. 

The interactions were scored by β-galactosidase activity and His
+
 prototrophy. (C) Interaction of recombinant 

C-terminus of CaV2.1 and tankyrase-2 in HEK293 cells. The interaction was evaluated by immunoprecipitation 

with antibody for FLAG, followed by western blotting with antibody for GFP. CaV2.1 (1971-2510) or CaV2.1 

(1806-2424) is a variant with or without polyQ domain, respectively. IP, immunoprecipitation; WB, western 

blotting. (D) Pulldown assay of C-terminus of CaV2.1 with GST fusion tankyrase-2. GST fusion proteins 

immobilized on glutathione-Sepharose beads were incubated with cell lysates obtained from GFP-CaV2.1 

(1971-2510)-transfected HEK293 cells. Bound proteins were analyzed by western blotting using antibody for 

GFP. 
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tankyrase-2 also identified the interaction of tankyrase-2 with the C-terminus of CaV2.1 (Fig. 1D). These 

results suggest that a direct protein-protein interaction occurs between tankyrase-2 and polyQ domain of 

CaV2.1 C-terminus. 

 

The interaction between C-terminus of CaV2.1 and tankyrase-2 is augmented by elongated-polyQ 

An intermediated polyQ length, ranging from 21 to 40 repeats, is identified in SCA6 patients, compared to the 

number of repeat (4-20) in healthy control [6-8]. Thus we next examined the effects of polyQ elongation on 

the interaction between tankyrase-2 and the C-terminus of CaV2.1. We constructed the C-terminus containing 

40 CAG repeats (CaV2.1 (1971-2539)) by the synthetic oligonucleotides. Yeast two-hybrid assays 

 

Fig. 2 The interaction between C-terminus of CaV2.1 and tankyrase-2 is augmented by 

elongated-polyQ. (A) Interaction of tankyrase-2 and C-terminus of CaV2.1 with different polyQ length by 

yeast two-hybrid assay. Two constructs in bait vectors were tested with tankyrase-2 in the prey vector. The 

interactions were scored by β-galactosidase activity. The blue color phenotype was scored (+5: very strong, +4: 

strong, +3: intermediate, +2: weak, +1: very weak, blank: no binding). (B) Pulldown assay of tankyrase-2 with 

GST fusion C-terminus proteins of CaV2.1. Left, representative images of western blotting. GST fusion proteins 

immobilized on glutathione-Sepharose beads were incubated with cell lysates obtained from 

GFP-tankyrase-2-transfected HEK293 cells. Bound proteins were analysed using antibody for GFP. WB, 

western blotting. Right, Quantitative analysis of western blotting. Relative intensities were quantified using NIH 

software and normalized by GST-fusion protein on beads. 
*
P < 0.05. Data points are mean ± SEM. 
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demonstrated that CaV2.1 (1971-2539) bound to tankyrase more strongly than CaV2.1 (1971-2510) (Fig. 2A). 

Similarly, in vitro pulldown assays revealed that the interaction of tankyrase-2 with the C-terminus was 

slightly augmented by the elongation of polyQ in mammalian system (Fig. 2B). Therefore, polyQ length may 

affect the physical association between tankyrase-2 and CaV2.1 subunit. 

 

Tankyrase-2 reduces current densities of P/Q-type CaV2.1 

To elucidate the functional significance of direct tankyrase-2-CaV2.1 coupling, we characterized whole-cell 

Ba
2+

 currents through recombinant P/Q-type VDCCs expressed as α1,·α2/δ, and·β4 complexes containing the 

BI-1 variant with CAG (12 or 40) of CaV2.1 in BHK cells [9, 27]. In following experiments, we used CaV2.1 

 

 

Fig. 3 Effects of tankyrase-2 on the current density-voltage (I-V) relationships of P/Q-type CaV2.1 

with Q12 or Q40. (A, C) Representative traces of Ba
2+

 currents with or without tankyrase-2 on application of 

test pulses from −40 to 60 mV with 10-mV increments from a Vh of −100 mV. CaV2.1 with Q12 (A) or Q40 (C) 

was expressed in BHK cells. (B, D) I-V relationships of P/Q-type CaV2.1 with Q12 (B) or Q40 (D). 
*
P < 0.05, 

**
P < 0.01, 

***
P < 0.001 compared with Vector control. Data points are mean ± SEM. 
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with polyQ12 construct as a control. Fig. 3 shows CaV2.1 with polyQ12 (Fig. 3A, 3B) or polyQ40 (Fig. 3C, 

3D) currents and their current density-voltage (I-V) relationships in BHK cells in the presence or absence of 

full-length tankyrase-2. Ba
2+

 currents were elicited with 30-ms depolarizing pulses from a holding potential 

(Vh = −100 mV) to test potentials from −40 to 40 mV with increments of 10 mV. We found that tankyrase-2 

reduced current densities from −17.0 ± 1.3 mV to −11.1 ± 1.5 mV, or −30.1 ± 4.1 mV to −18.1 ± 3.5 mV in 

polyQ12 or polyQ40 expressing BHK cells, respectively (Fig. 3B, 3D and Table 1). These results suggest that 

tankyrase-2 reduces the number of available Ca
2+

 channels independent of polyQ length. 

 

Fig. 4 Effects of tankyrase-2 on the activation properties of P/Q-type CaV2.1 currents. (A, C) 

Activation curves of P/Q-type CaV2.1 with Q12 (A) or Q40 (C) in BHK cells. Tail currents elicited by 

repolarization to −60 mV after 5-ms test pulses from −40 to 40 mV are used to determine activation curves. (B, 

D) Activation time constants plotted as a function of test potential. The activation phases were well fitted by 

single exponential function at all potentials. τactivation were obtained from currents elicited by 5-ms step 

depolarization from −15 to 15 mV in 5-mV increments from a Vh of −100 mV. CaV2.1 with Q12 (B) or Q40 (D) 

was expressed in BHK cells. Data points are mean ± SEM. 
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On the other hand, tankyrase-2 failed to exert significant effects on the voltage-dependent activation. The 

estimated half-activation potentials in polyQ12 or polyQ40 expressing cells were −12.5 ± 1.0 mV or −10.5 ± 

0.7 mV in the absence of tankyrase-2, and −14.1 ± 0.8 mV or −10.3 ± 1.6 mV in the presence of tankyrase-2, 

respectively (Fig. 4A, 4B and Table 1). Furthermore, tankyrase-2 expression did not modulate activation 

kinetics of VDCC despite of the length of polyQ (Fig. 4C, 4D). Thus, tankyrase-2 might not be involved in the 

regulation of activation properties. 

 

Tankyrase-2 modulates inactivation properties of P/Q-type CaV2.1 

We next examined the effects of tankyrase-2 on voltage-dependent inactivation of VDCC in CaV2.1 with 

polyQ12 or polyQ40 expressing BHK cells. 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 5-mV. Peak current 

amplitudes were normalized to the peak current amplitude induced by the test pulse from a prepulse potential 

of −100 mV and were plotted against the prepulse potentials. In polyQ12 expressing cells, the 

voltage-dependent inactivation was shifted in the hyperpolarizing direction, and the midpoints of the 

inactivation curves (V0.5) fitted by the Boltzmann equation were −50.0 ± 1.7 mV and −65.3 ± 2.6 mV in the 

absence and presence of tankyrase-2, respectively (Fig. 5A, 5B and Table 2). Similarly, tankyrase-2 also 

shifted the voltage-dependence of inactivation toward hyperpolarizing potentials from −52.9 ± 3.7 mV to 

−63.3 ± 1.8 mV in polyQ40 expressing cells (Fig. 5C, 5D and Table 2). These results suggest that tankyrase-2 

tend to inactivate the channel at neuronal resting potentials (about −75 mV), and reduces the availability of 

P/Q-type channels. 

The C-terminus of CaV2.1 is partly subjected to functional modulation on the inactivation speed by VDCC 

β4-subunit [25]. Therefore, we analyzed the decay phase of Ba
2+

 currents evoked by 2 s prepulses. The decay 

phase was well fitted by two exponential functions with a non-inactivating component (Fig. 6A, 6D). 

Interestingly, tankyrase-2 significantly accelerated not slow but fast inactivation time constant (τslow and τfast, 

respectively) compared with control at test potentials between −20 mV and 30 mV in polyQ12 expressing 

BHK cells (Fig. 6B, 6C). There were no difference in the ratio of the three components, fast, slow, and 
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non-inactivating components at test potentials (data not shown). On the other hand, in polyQ40 expressing 

cells, tankyrase-2 did not affect both τslow and τfast at test potentials between −20 mV and 30 mV (Fig. 6E, 6F). 

These data indicate that tankyrase-2 modulates the inactivation kinetics dependent on the length of polyQ at 

the C-terminus of CaV2.1. 

 

VDCC β4-subunit is translocated to nucleus by the elongation of polyQ tracts 

Walker et al. have previously demonstrated that the C-terminus deletion mutant of β4 cannot interact with 

C-terminus of CaV2.1 α1-subunit, and results in slowing inactivation kinetics of VDCC [25] Thus, we 

 

Fig. 5 Effects of tankyrase-2 on the inactivation curves of P/Q-type CaV2.1 currents with Q12 or Q40. 

(A, C) Representative traces of Ba
2+

 currents with or without tankyrase-2. CaV2.1 with Q12 (A) or Q40 (C) was 

expressed in BHK cells. (B, D) The voltage dependence of inactivation, determined by measuring the amplitude 

of the peak currents evoked by 20-ms test pulses to 5 mV following 2-s prepulses to potentials from −100 to 20 

mV with increments of 10-mV from a Vh of −100 mV, was fitted with the Boltzmann’s equation. CaV2.1 with 

Q12 (B) or Q40 (D) was expressed in BHK cells. 
*
P < 0.05, 

**
P < 0.01, 

***
P < 0.001 compared with Vector 

control. Data points are mean ± SEM. 
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hypothesized that overexpression of tankyrase may interfere the β4-subunit-C-teminus of CaV2.1 interaction, 

and modify the β4 subcellular localization. We then examined the effect of tankyrase on the β4 subcellular 

localization in CaV2.1 with distinct length of polyQ expressing HEK293 cells. pK4K-BI-1-CAG (12 or 40), 

pEGFP-tankyrase-2 and pCI-β4 were transfected into HEK293 cells. In polyQ12 expressing cells, tankyrase 

and β4 highly expressed at the cytoplasm beside nucleus, the ratio of the fluorescence intensity at the  

cytoplasm, to that in a whole-cell—Fcyto/Ftotal—was 0.59 ± 0.02 (Fig. 7A, 7B). Interestingly, in polyQ40 

 

Fig. 6 Effects of tankyrase-2 on the inactivation kinetics of P/Q-type CaV2.1 channel with Q12 or 

Q40. (A, D) The peak amplitudes were normalized for Ba
2+

 currents elicited by 2-s pulses to 0 mV from a 

holding potential (Vh) of −100 mV before and after expression of tankyrase-2. CaV2.1 with Q12 (A) or Q40 (D) 

was expressed in BHK cells. (B, C) Voltage dependence of the two inactivation time constants, τfast (B) and τslow 

(C) in polyQ12-expressing cells. The mean inactivation time constants were plotted as a function of test 

potential from −20 mV to 30 mV. 
*
P < 0.05 compared with Vector control. (E, F) Voltage dependence of the two 

inactivation time constants, τfast (E) and τslow (F) in polyQ40-expressing cells. The mean inactivation time 

constants were plotted as a function of test potential from −20 mV to 30 mV. Data points are mean ± SEM. 
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Table 1 Effects of tankyrase-2 proteins on current density and activation of P/Q-type VDCC in BHK 

cells expressing CaV2.1 (Q12 or Q40), α2/δ and β
1) 2) 3)

. 

 
 
  

Current density 

(pA / pF)
4)

 

Activation parameters 

 V0.5 (mV) k (mV) 

Q12 
 Vector  –17.0 ± 1.3 (20) –12.5 ± 1.0 (15) 5.7 ± 0.3 (15) 

 tankyrase-2  –11.1 ± 1.5 (27) ** –14.1 ± 0.8 (17) 5.4 ± 0.3 (17) 

Q40 
 Vector  –30.1 ± 4.1 (14) –10.5 ± 0.7 (11) 6.1 ± 0.4 (11) 

 tankyrase-2  –18.1 ± 3.5 (16) 
#
 –10.3 ± 1.6 (9) 6.0 ± 0.6 (9) 

1) **P < 0.01 versus Q12_Vector. 

2) #P < 0.05 versus Q40_Vector. 

3) Numbers of cells analyzed are indicated in the parenthesis. 

4) Ba2+ currents evoked by depolarizing pulse to 0 mV from a Vh of −100 mV are divided by capacitance. 

 

 

 

Table 2 Effects of tankyrase-2 proteins on inactivation properties of P/Q-type VDCC in BHK cells 

expressing CaV2.1 (Q12 or Q40), α2/δ and β
1) 2) 3)

. 

 
 

  

Inactivation parameters 

 a V0.5 (mV) k (mV) 

Q12 
 Vector  1.00 ±0.00 (6) –50.0 ± 1.7 (6) –10.0 ± 1.1 (6) 

 tankyrase-2  0.97 ±0.01 (9) ** –65.3 ± 2.6 (9) *** –8.9 ± 0.7 (9) 

Q40 
 Vector  0.98 ±0.01 (8) –52.9 ± 3.7 (8) –9.3 ± 0.3 (8) 

 tankyrase-2  0.98 ±0.01 (7) –63.3 ± 1.8 (7) 
##

 –8.9 ± 0.7 (7) 

1) **P< 0.01, ***P < 0.001 versus Q12_Vector. 

2) ##P < 0.01 versus Q40_Vector 

3) Numbers of cells analyzed are indicated in the parenthesis. 
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Fig. 7 Nuclear translocation of β4-subunit in HEK293 cells expressing CaV2.1 Q12 or Q40. (A) 

Confocal imaging of HEK293 cells expressing EGFP-tankyrase-2 and recombinant β4 with CaV2.1 Q12 or 

Q40.β4 was immunostained by the antibody for β4 [49]. Nuclei were stained with Hoechst 33342. Scale bar, 10 

μm. (B) Subcellular localization of β4 in a whole-cell. Fcyto and Ftotal mean the fluorescence intensity at the 

cytoplasm besides nucleus, and that in a whole-cell, respectively. ***P < 0.001. Data points are mean ± SEM. 

 

 

 

 

 

Fig. 8 Distribution of tankyrase in the brain. (A) RT-PCR analyses of the distribution of tankyrase RNAs in 

the brain. GAPDH is a loading control. (B) in situ hybridization photomicrographs show expression of 

tankyrase-1 (left) and tankyrase-2 (right) in the brain. 
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expressing cells, the subcellular localization of tankyrase was not changed, whereas β4 was dramatically 

translocated to the nucleus (Fig. 7A). The Fcyto/Ftotal ratio was statically reduced (0.43 ± 0.04) compared with 

that in polyQ12 expressing cells (Fig. 7B). These findings suggest that tankyrase binds to the C-terminus of 

CaV2.1 replacing with β4 in the polyQ length-dependent manner, leading to the changes of VDCC function. 

 

 

Discussion 

In this work we have identified the novel interaction between tankyrase and C-terminus of CaV2.1, and 

functional modulation of tankyrase on electrophysiological properties of VDCC. Tankyrases are PARP family 

members that are comprised of ankyrin repeat domain, oligomerization domain called as SAM, and catalytic 

PARP domain (Fig. 1A). To date, it has been reported that ankyrin repeat domain often function in interaction 

with other proteins [42]. In addition, several molecules, such as polyglutamine binding protein 1, also interact 

with polyQ region of each protein [43]. Yeast two-hybrid assay and GST-pulldown assay have revealed that 

tankyrase binds to polyQ-elongated CaV2.1 α1-subunit more strongly compared to the C-terminus of CaV2.1 

with normal polyQ length. Therefore, our data indicate that the interaction of tankyrase with C-terminus is 

altered, hence the molecular assembly around VDCC might be changed in SCA6 patients. 

Tankyrase 1 and 2 are broadly expressed in mice brain at mRNA levels (Fig. 8). Tankyrases bind to the 

telomeric protein TRF1, a negative regulator of telomere length maintenance [38], which is involved in 

telomere elongation and cell survivals [44-46]. Moreover, it has been reported that tankyrase poly 

ADP-ribosylated Axin, which is a negative regulator of Wnt/β-catenin signals, and destabilized Axin-β-catenin 

Table 3 Antisense and sense PCR primers used in RT-PCR analysis. 

Gene  
Orientation  Pair of primers for PCR (5’ to 3’) 

tankyrase-1  Sense  TGCCTCTCTGATCTCACCAG 

  Antisense  CAACTTCTCCTTCCTTCCTTTC 

tankyrase-2  Sense  GCCAACCATCCGAAATACAG 

  Antisense  GACTTTCTGCCATCACTTGC 
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complex [47]. However, few studies have been investigated for the function of tankyrase in a brain, except for 

a recent study about the remyelination from oligodendrocyte precursor cells [48]. We firstly demonstrate that 

tankyrase interacts with the C-terminus of CaV2.1 α1-subunit, alters the microenvironment around VDCC 

complex, and functionally modulates VDCC properties. The fact that the interaction of tankyrase-2 with the 

C-terminus of CaV2.1 is augmented by the elongation of polyQ suggests that tankyrase affects the complex 

formation surrounding Ca
2+

 channels in SCA6 patients. 

To date, several studies have showed that the polyQ expansion affects the electrophysiological function of 

P/Q-type CaV2.1 channel. Matsuyama et al. have reported that expansion of 30 or 40 polyQ in the C-terminus 

causes a significant shift in the voltage-dependence of inactivation in the hyperpolarizing direction [27]. 

Similar phenomenon has been observed in HEK293 cells system from another group [29]. On the other hand, 

other groups have demonstrated that polyQ expansion shifts the voltage-dependence of activation toward 

hyperpolarizing potentials in rabbit/human chimeric CaV2.1 carrying an SCA6 mutation expressed in Xenopus 

oocytes, or increases current density in human CaV2.1 with an expanded polyQ stretch expressed HEK293 

cells [28, 30]. Main reason of these inconsistent results might be due to the differences in recombinant 

expression system. In either case, our data strongly support an idea that the dysfunction of VDCC has 

occurred in SCA6. In present study, tankyrase shifted the voltage-dependence of inactivation toward 

hyperpolarizing potentials in CaV2.1 with both polyQ length expressed BHK cells, despite the fact that the 

interaction between tankyrase and C-terminus of CaV2.1 is augmented by elongated polyQ length (Fig. 5). 

These results indicate that tankyrase may decrease the number of available channels at resting potentials. 

Although the reason for these differences between the molecular interaction and functional modulation is not 

completely understood, these effects might not be irrelevant. Furthermore, tankyrase reduced the current 

density of VDCC, thus it has been suggested that tankyrase suppresses the expression of Ca
2+

 channels at 

plasma membrane and inhibits the signal transduction after Ca
2+

 influx. This reduction of current density 

might be implicated in the fact that C-terminal fragment of CaV2.1 is translocated to the nucleus [37]. 

In consist with previous findings that VDCC β4-subunit binds to the C-terminus of CaV2.1 and accelerates 

inactivation kinetics of VDCC [25], we have showed that tankyrase also accelerates VDCC inactivation in 
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polyQ12 expressed cells (Fig. 6). In addition, we have demonstrated that tankyrase facilitates the nuclear 

translocation of β4 in a polyQ length dependent manner (Fig. 7). These results indicate that the acceleration of 

VDCC inactivation by tankyrase results from altering β4-subunit localization at subcellular level. β4 is present 

in the nucleus, and an atypical short splice variant of β4 (β4c) interacts with a nuclear protein, heterochromatin 

protein 1 gamma [49-51]. Recently, it has been reported that β4 accumulates in the nucleus and regulates gene 

expression under membrane depolarization [52]. Thus, VDCC β4-subunit might be movable and modulate 

several cellular responses. Taken together with our data that molecular interaction between tankyrase and 

C-terminus of CaV2.1 is dependent of the length of polyQ, it might be involved with the pathogenesis of 

SCA6 that tankyrase and β4 may competitively associate with the C-terminus and regulate the Ca
2+

 channel 

function. 

In conclusion, we demonstrate here that the direct interaction of tankyrase with polyQ containing 

C-terminus of CaV2.1, and modulate the channel function and the surrounding environment around Ca
2+

 

channel, thus tankyrase might contribute the cause of SCA6. To uncover the role of tankyrase in disease 

condition, further in vivo experiments are required. 

 

 

Experimental procedures 

Yeast two-hybrid screening and β-galactosidase assay 

The C-terminus (encoding 1971-2510 amino acid residue) of human CaV2.1 α1-subunit (GenBank Accession 

Number AF_004884) subcloned from human brain Marathon-Ready cDNA (Clontech) into pGBK-T7 was 

used as a bait to screen a human brain pACT2 library (Clontech) in the yeast strain AH109 according to the 

manufacturer’s instructions (Clontech). 2.5 × 10
6
 transformants plated to synthetic medium lacking adenine, 

histidine, leucine, and tryptophan. His
+
 colonies were assayed for β-galactosidase activity by a filter assay. Of 

the transformants, 56 were His
+
, of which 6 were also LacZ

+
. Prey clone encoding amino acid residues 89-380  

of full length tankyrase-2 (GenBank Accession Number NM_025235) was isolated. Expression plasmids 

pGBK-T7 carrying CaV2.1 α1- or its mutants were constructed by polymerase chain reaction (PCR). 
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cDNA cloning and construction of expression vectors 

Tankyrase-1 (GenBank Accession Number NM_003747) and tankyrase-2 were cloned from human brain 

Marathon-Ready cDNA (Clontech) using PCR, and was subcloned into pEGFP-C1 (Clontech), the 

FLAG-tagged vector pCMV-tag2 (Stratagene), and the pIRES2-EGFP (Clontech). Human CaV2.1 C-terminus 

(amino acid residues 1971-2510) was subcloned into the pEGFP-C1. β4-subunit (GenBank Accession Number 

XM_215742) was subcloned into pCI-neo (Clontech). 

 

Construction of CAG-elongated CaV2.1 

To construct CAG-elongated CaV2.1, the ApaI (7186)–MscI (7230) fragment of human CaV2.1 (GenBank 

Accession Number AF_004884) containing 11 CAG repeats was replaced by the synthetic oligonucleotides 

containing CAG (40); the SCA6 sequence contains forty CAG repeats. For electrophysiological experiments, 

we used pK4K-BI-1-CAG (12) and CAG (40) described previously [27]. 

 

Production of GST fusion proteins 

For production of GST fusion proteins for tankyrase-2 and the C-terminus of CaV2.1, cDNA for tankyrase-2 or 

C-terminal constructs, and the GST were subcloned together into the pET23 vector (Novagen). The Rosetta 

strain (Novagen) of Escherichia coli was transformed by the expression vectors, and protein 

expression/purification was performed according to the manufacturer’s instruction (Novagen). 

 

GST-pulldown assay and co-immunoprecipitation in HEK293 cells 

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10 % fetal bovine 

serum, 30 units/ml penicillin, and 30 μg/ml streptomycin. 48 h after transfection, HEK293 cells were 

solubilized in Nonidet P-40 (NP-40) buffer (150 mM NaCl, 50 mM Tris, 1 % NP-40, and protease inhibitors), 

and then centrifuged at 17,400 × g for 20 min. For pulldown assay, the cell lysate was incubated with 

glutathione-Sepharose beads bound with purified fusion proteins at 4 °C, and then the beads were washed with 
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NP-40 buffer. The proteins retained on the beads were characterized by western blotting with anti-myc 

antibody (invitrogen). For co-immunoprecipitation, the cell lysate was incubated with anti-FLAG M2 

monoclonal antibody (Sigma), and then the immunocomplexes were incubated with protein A-agarose beads 

(Santa Cruz), and the beads were washed with NP-40 buffer. Immunoprecipitated proteins were characterized 

by western blotting with anti-GFP antibody (Clontech). 

 

Cell culture and cDNA expression in BHK cells 

Baby hamster kidney (BHK) lines stably expressing α2/δ and β4b was described previously [53]. BHK cells 

were cultured in DMEM containing 10 % fetal bovine serum, 30 units/ml penicillin, and 30 μg/ml 

streptomycin. This BHK line was co-transfected with pK4K-BI-1-CAG (12 or 40) subunit and expression 

plasmids carrying tankyrase-2 constructs (pIRES2-EGFP-vector, pIRES2-EGFP-tankyrase-2) using Effectene 

Transfection Reagent (Qigagen). The cells were subjected to electrophysiological measurements 48 h after 

transfection. 

 

Current recordings 

Whole-cell mode of the patch-clamp technique was carried out at 22-25 °C with EPC-10 (HEKA Elektronik) 

patch-clamp amplifier as previously described [54]. Patch pipettes were made from borosilicate glass 

capillaries (1.5 mm outer diameter, 0.87 mm inner diameter; Hilgenberg) using a model P-87 Flaming-Brown 

micropipette puller (Sutter Instrument Co.). The patch electrodes were fire-polished. Pipette resistance ranged 

from 2 to 3.5 megohm when filled with the pipette solutions described below. The series resistance was 

electronically compensated to > 60 %, and both the leakage and the remaining capacitance were subtracted by 

–P/4 method. Currents were sampled at 100 kHz after low pass filtering at 8.4 kHz (3 db) in the experiments 

of activation kinetics, otherwise sampled at 20 kHz after low pass filtering at 3.0 kHz (3 db). Data were 

collected and analyzed using the PATCHMASTER (HEKA Elektronik). The external solution contained (in 

mM): 3 BaCl2, 155 tetraethylammonium chloride (TEA-Cl), 10 HEPES, and 10 glucose (pH 7.4 adjusted with 

TEA-OH). The pipette solution contained (in mM): 95 CsOH, 95 aspartate, 40 CsCl, 4 MgCl2, 5 EGTA, 2 
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disodium ATP, 5 HEPES and 8 creatine phosphate (pH 7.2 adjusted with CsOH). 

 

Voltage-dependence of inactivation 

To determine the voltage-dependence of inactivation (inactivation curve) of VDCCs, Ba
2+

 currents were 

evoked by 20-ms test pulse to 5 mV after the 10-ms repolarization to –100 mV following 2-s holding potential 

(Vh) displacement from −100 mV to 20 mV with 10-mV increments. Amplitudes of currents elicited by the 

test pulses were normalized to those elicited by the test pulse after a 2-s Vh displacement to −100 mV. The 

mean values were plotted against potentials of the 2-s Vh displacement. When the inactivation curve was 

monophasic, the mean values were fitted to the single Boltzmann’s equation:  h(Vh) = (1–a)+a/{1+exp[(V0.5–

Vh)/k]}, with a, rate of inactivating component, V0.5, potential to give a half-value of inactivation, and k, slope 

factor. 

 

Voltage dependence of activation 

Tail currents were elicited by repolarization to −60 mV after 5-ms test pulse from −40 to 40 mV with 5-mV 

increments. Currents were sampled at 100 kHz after low pass filtering at 8.4 kHz. Amplitude of tail currents 

were normalized to the tail current amplitude obtained with a test pulse to 30 mV. The mean values were 

plotted against test pulse potentials, and fitted to the Boltzmann’s equation: n(Vm) = 1/{1+exp[(V0.5–Vm)/k]}, 

with Vm, membrane potential, V0.5, potential to give a half-value of conductance, and k, slope factor. 

 

Confocal imaging and immunocytochemistry 

At 48 h after transfection, HEK293 cells were plated onto poly-L-lysine coated glass coverslips. Fluorescence 

images were acquired with a confocal laser-scanning microscope (Olympus FV500) using the 405-nm line of 

an laser diode for excitation and a 430-nm to 460-nm 5 band-pass filter for emission (Hoechst 33342), the 

488-nm line of an argon laser for excitation and a 505-nm to 525-nm band-pass filter for emission (EGFP), or 

the 543-nm line of a HeNe laser for excitation and a 560-nm long pass filter for emission (Cy3). The 

specimens were viewed at high magnification using plan oil objectives (x60, 1.40 numerical aperture (NA), 
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Olympus). For immunocytochemistry, HEK293 cells were fixed in 0.1 M phosphate-buffer (PB, pH7.4) 

containing 4 % paraformaldehyde for 20 min at room temperature thoroughly washed with PB. Fixed cells 

were permeabilized with 5 % bovine serum albumin (BSA)/0.3 % Triton X-100/PB for 30 min at room 

temperature, and then incubated overnight with primary β4 antibody [55] diluted in the blocking buffer (1 % 

BSA/PB) at 4 °C. The next day, cells were washed three times with PB and then were incubated with 

Cy3-conjugated secondary antibody at a 1:1000 dilution and Hoechst 33342 (1 μg/ml, Dojindo) in blocking 

buffer for 90 min at room temperature. Hoechst 33342 was used to stain nuclei. 

 

RNA preparation, reverse transcription PCR (RT-PCR), and in situ hybridization histochemistry 

Total RNA was prepared from various brain regions of 2-month-old C57BL/6 mice with ISOGEN total RNA 

isolation reagent (Nippon Gene) according to the manufacturer’s instructions. RT-PCR analysis was 

performed using the LA-PCR kit (TaKaRa), according to the manufacturer’s instructions. Primer sequences 

are indicated in Table 3. For histological staining of the central nervous system (CNS), adult mice (C57BL/6, 

body weight 20-25 g) were deeply anesthetized with an overdose of Nembutal and then transcardially 

perfused by 0.9 % NaCl, followed by 3 % paraformaldehyde in 0.1 M PB. The brains of the animals were 

dissected. Cryoprotection of the tissue blocks in 30 % sucrose for 24 h at 4 °C was followed by histological 

sectioning on a cryostat (Leica). For details about in situ hybridization histochemistry, see Kagawa et al. [56]. 

Briefly, in vitro transcribed DIG-labeled cRNA probe was generated against template tankyrase-1 or 

tankyrase-2 cDNA fragment corresponding to cording sequence of mouse tankyrase-1 or tankyrase-2 using 

DIG High Prime kit (Roche Applied Science). The probe (0.3 μg/ml) was hybridized overnight to mouse CNS 

histological 35-μm-thick sections at 50 °C. Positive signals were detected by alkaline phosphatase-conjugated 

antidigoxigenin antibody and the nitro blue tetrazolium/5-bromo-4-chloro-3’-indolyl phosphate reaction. 

 

Statistical analysis 

All data are expressed as means ± SEM. We accumulated the data under each condition from at least three 

independent experiments. Statistical significance was evaluated with an ANOVA followed by Tukey-Kramer 
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test. P < 0.05 was considered statistically significant. 
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General Conclusion 

 

The first two chapters carried out to reveal physiological role of novel VDCC complexes in neurotransmission 

and suggested novel function of the VDCC β-subunit as a node of presynaptic protein assembly. The second 

two chapters carried out to reveal physiological role of VDCC complexes in neuronal disease conditions and 

suggested novel pathological mechanism involved with the disruption of VDCC functions. 

 

Physical and functional interaction of the active zone protein CAST/ERC2 and the β-subunit of the 

voltage-dependent Ca
2+

 channel 

In the nerve terminals, active zone protein CAST/ERC2 forms a protein complex with the other active zone 

proteins, and is thought to play an organizational and functional role in neurotransmitter release. This study 

demonstrates that CAST/ERC2 physically interacts with VDCC β-subunits and forms channelsomes at the 

presynaptic active zone. Moreover, CAST/ERC2 functionally modulates the opening of VDCCs via 

interacting β-subunit. Notably, this is the first report to show that the activation of VDCC is directly modified 

by an active zone protein. Thus, these findings suggest that the voltage-dependent Ca
2+

 channelsomes 

including CAST/ERC2 are required for efficient neurotransmission. 

 

Functional impacts of Munc18-1 on gating properties of voltage-dependent Ca
2+

 channels 

Coupling of presynaptic VDCCs with various active zone proteins is essential for neurotransmitter release in 

mammalian neuron. The study shows that Munc18-1, which is one of the presynaptic proteins, directly 

associates with VDCC α1- and β-subunits and forms complexes. Functional characterization of Munc18-1 

demonstrates that Munc18-1 negatively shifts the voltage-dependence of VDCC inactivation and inhibits Ca
2+

 

entry into the cells. Moreover, the study suggests Munc18-1 functionally modulates VDCC function, 

competitive with syntaxin 1A. Therefore, the present study provides new insights into the molecular assembly 

to work for neurotransmitter release at presynaptic nerve terminal.  
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Rab3 interacting molecule 3 mutations associated with autism alter regulation of voltage-dependent 

Ca
2+

 channels. 

Autism is a wide-spectrum neurodevelopmental disorder and it has been thought to be involved with synaptic 

disturbance. Our present study provide new insights that autism phenotypes are at least partly due to altered 

regulation of presynaptic VDCC currents and neurotransmitter release. We demonstrate that the mouse 

RIM3 mutant E176A and M259V, equivalent to the human autism mutation, alter RIM3 function in 

regulating VDCC currents. In addition, two RIM3 mutants partly suppress the neurotransmitter 

release and [Ca
2+

]i elevation in PC12 cells. Hence, the present data suggest that functional alteration 

of RIM3 on calcium regulation may be relevant for the pathological mechanism of 

neurodevelopmental disorders caused by synaptic dysfunction. 

 

Tankyrase contributes to the risk of spinocerebellar ataxia type 6 by binding of the C-terminal of 

voltage-dependent Ca
2+

 channels 

SCA6 is one of the intractable neurodegenerative diseases related to polyQ expansion. In present study, we 

showed the possibility that tankyrase is a contributor to the pathogenic risk of SCA6. Tankyrase directly binds 

to the C-terminus of CaV2.1, and modulates Ca
2+

 channel function in a polyQ length-dependent manner. 

Moreover, we also demonstrate that VDCC β4-subunit is translocated into nucleus by the elongation of polyQ 

in CaV2.1. These results indicate that the impairment of channel-tankyrase complex formation and dysfunction 

in Ca
2+

 channels are implicated in the SCA6 pathogenesis. Therefore, functional modulators of tankyrase may 

have therapeutic potentials for SCA6. 
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