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Summary

Ca2+ influx through voltage-gated channels initiates the exocytotic fusion of synaptic vesicles to 

the plasma membrane. Here we show that RIM-binding proteins (RBPs), which associate with 

Ca2+ channels in hair cells, photoreceptors, and neurons, interact with α1D (L-type) and α1B (N-

type) Ca2+-channel subunits. RBPs contain three Src homology 3 domains that bind to proline-rich 

motifs in α1 subunits and Rab3-interacting molecules (RIMs). Overexpression in PC12 cells of 

fusion proteins that suppress the interactions of RBPs with RIMs and α1 augments the exocytosis 

triggered by depolarization. RBPs may regulate the strength of synaptic transmission by creating a 

functional link between the synaptic-vesicle tethering apparatus, which includes RIMs and Rab3, 

and the fusion machinery, which includes Ca2+ channels and the SNARE complex.

Introduction

The secretion of neurotransmitters and hormones is triggered by Ca2+ influx through 

voltage-gated channels. Cytoplasmic Ca2+ triggers a fusion reaction between vesicles and 

the plasma membrane whose central component is the SNARE complex comprising the 

vesicle-associated protein VAMP/synaptobrevin and the plasma-membrane proteins syntaxin 

and SNAP-25. This core complex interacts with additional proteins that modulate SNARE 

assembly and dissociation (reviewed in Lin and Scheller, 2000; Mochida, 2000). The 

SNARE complex also interacts with the Ca2+-binding protein synaptotagmin, which initiates 

vesicle fusion, and with snapin, which regulates the SNARE-synaptotagmin interaction 

(reviewed in Geppert and Südhof, 1998; Mochida, 2000). Finally, SNARE proteins associate 

with α1B (CaV2.2) N-type and α1A (CaV2.1) P/Q-type subunits of voltage-gated Ca2+ 

channels in neurons and with α1C (CaV1.2) and α1D (CaV1.3) L-type subunits in endocrine 

cells (reviewed in Atlas, 2001; Catterall, 1999). By tethering the fusion machinery near the 

site of Ca2+ influx, these interactions speed and synchronize synaptic transmission and 

hormone release.

Vesicle release is modulated by the GTP-binding protein Rab3 and the associated proteins 

rabphilin (Shirataki et al., 1993), Noc2 (Haynes et al., 2001), and RIM1 (Wang et al., 1997). 

Rab3 is a negative regulator of exocytosis (reviewed in Geppert and Südhof, 1998). In its 
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GTP-bound form, Rab3 is associated with synaptic vesicles as well as with rabphilin, Noc2, 

and RIM1. Because RIM1 is specifically associated with the synaptic plasma membrane at 

the active zone, it may act as a regulator of vesicle fusion by inducing the formation of a 

GTP-dependent complex between synaptic vesicles and the plasma membrane (Wang et al., 

1997).

Hair cells and photoreceptors ordinarily do not produce action potentials, so their afferent 

synapses release transmitter in response to graded receptor potentials. Because at threshold 

these signals are smaller than 1 mV, the vesicle-release machinery must be especially 

sensitive. The afferent synapses of hair cells are also unusual in that those in the auditory 

system can transmit information at frequencies as great as 10 kHz, whereas those in the 

vestibular system can signal steady accelerations indefinitely. Photoreceptors, too, are 

required to release neurotransmiter continuously in darkness. Presumably to facilitate their 

particular functions, the afferent synapses of receptor cells are morphologically specialized. 

Each presynaptic active zone in a hair cell comprises a spherical or ovoid dense body, 

surrounded by a halo of lucent synaptic vesicles, and apposed to a prominent presynaptic 

membrane density (Hama, 1980). In a photoreceptor, vesicles are instead packed against a 

broad, flattened synaptic ribbon (Zenisek et al., 2000).

Although the biochemical features of synapses in sensory receptors must be adapted for the 

cells’ specialized roles, little is known about the molecular constituents of the presynaptic 

active zones in these cells. In both hair cells and photoreceptors, the Ca2+ current that 

triggers exocytosis is borne by L-type Ca2+ channels (Corey et al., 1984; Roberts et al., 

1990; Zidanic and Fuchs, 1995), rather than the N- and P/Q-type channels that predominate 

in synapses of the central nervous system. The hair cell’s L-type Ca2+ channels, which 

contain unique domains owing to an unusual pattern of mRNA splicing (Kollmar et al., 

1997a, b; Platzer et al., 2000), have a relatively negative threshold of activation, rapid 

activation and deactivation kinetics, and little or no Ca2+-dependent inactivation (Hudspeth 

and Lewis, 1988; Zidanic and Fuchs, 1995). To seek other novel constituents of sensory 

synapses, we have searched for proteins that interact with the modified α1D Ca2+-channel 

subunit in hair cells. The protein identified in this endeavor appears to be involved in vesicle 

release, not only at the synapses of hair cells and photoreceptors, but also at those of many 

neurons.

Results

Identification of RBP2 as an α1D-binding protein

To identify proteins that bind to the α1D subunit of L-type Ca2+ channels in the inner ear, we 

performed a yeast two-hybrid screen with the cytoplasmic carboxyl-terminal domain of α1D 

as bait. Screening of a cDNA library derived from the sensory epithelium of the chicken’s 

cochlea, the basilar papilla, led to the isolation of seven clones of similar sequence (Fig. 

1A). These clones closely resembled the human expressed-sequence tag KIAA0318 and a 

rat cDNA that encodes the carboxyl terminus of a protein termed RBP2, which is related to 

RIM-binding protein 1 (RBP1)/PRAX-1 (Galiegue et al., 1999; Wang et al., 2000). We 

therefore designated the novel protein encoded by the cloned cDNAs as cRBP2, for chicken 

RBP2.
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To obtain a full-length cDNA encoding RBP2, we sequentially screened chicken cochlear 

and brain cDNA libraries (Fig. 1A). Two clones (clones 31 and 34) corresponding to 

divergent 5′ ends of RBP2 cDNA were isolated from the brain library. RT-PCR analysis of 

cDNA from the chicken’s cochlea and brain indicated that the sequence corresponding to 

clone 31, which contained an ATG codon downstream of an in-frame stop codon, is more 

strongly expressed in both tissues than that corresponding to clone 34 (Fig. 1A, inset). We 

therefore used clone 31 to assemble a full-length cDNA for cRBP2 (GenBank accession 

number AY072908).

The deduced structure of cRBP2 (Fig. 1B) includes an initial Src homology 3 (SH3) domain 

(SH3-I), three contiguous fibronectin type III domains (FNIII), and two additional SH3 

domains (SH3-II and SH3-III). This overall organization is identical to that of rat RBP1/

PRAX-1 (Galiegue et al., 1999; Wang et al., 2000), to which chicken RBP2 is 38% identical. 

Chicken RBP2 is 84% identical to the partial rat RBP2 sequence (Wang et al., 2000) over 

the range of overlap.

By analyzing the sequences of all cDNAs isolated, we deduced that the RBP2 gene contains 

at least twelve exons (Fig. 1A, top panel) and that alternative splicing occurs from this gene. 

The three SH3 domains and three fibronectin motifs seem to be conserved in the splice 

variants that are produced by this gene.

We next verified that RBP2 forms a protein complex with the α1D subunit of Ca2+ channels 

upon expression in mammalian cells (Fig. 1C). tsA201 cells were transiently transfected 

with the α1D subunit in the presence or absence of a myc-tagged form of RBP2 and the cell 

lysates were used for immunoprecipitation. The anti-myc tag antibodies precipitated α1D 

when myc-RBP2 was coexpressed (Fig. 1C). No precipitation of the α1D subunit by anti-

myc antibodies was observed from a lysate of cells expressing only α1D. Moreover, the 

subcellular distribution of RBP2 was strikingly modified upon coexpression with α1D (Fig. 

1D). When expressed alone, RBP2 displayed a diffuse cytoplasmic distribution, whereas 

α1D was clustered. When coexpressed, the two proteins showed an overlapping, clustered 

distribution. These results indicate that RBP2 and α1D interact when they are coexpressed.

Colocalization of RBPs and α1D

We next determined the cellular and subcellular localization of RBP2 in the brain, cochlea, 

and retina. When used in Western blot analysis, affinity-purified antibodies directed against 

the carboxyl-terminal region of RBP2 detected four proteins in the brain (Fig. 2A). The full-

length RBP2 expressed in tsA201 cells is approximately equal in size to the largest of these. 

Because antibodies against RBP2 also recognize the carboxyl-terminal domain of RBP1 (not 

shown), some of the proteins detected in the brain may have represented RBP1 and its splice 

variants. The three smaller proteins may have corresponded to the products of alternatively 

spliced mRNAs for both genes lacking some of the exons delineated in Fig. 1A. We 

therefore refer to the proteins recognized by anti-RBP2 antibodies as RBPs.

When used for immunohistochemistry, anti-RBP2 antibodies labeled the chicken’s brain 

extensively and almost uniformly, indicating a wide distribution of the RBPs (not shown). 

The labeling was principally neuronal. In the cerebellum, for example, the cell bodies and 
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dendrites of Purkinje cells and the climbing fibers wrapping the dendrites were highly 

labeled (Fig. 2B), suggesting both post- and presynaptic localizations of the RBPs.

To further characterize the localization of RBPs, we prepared subcellular fractions of brain 

proteins and probed them with antibodies directed against synaptotagmin/P65, Rab3, RIM1, 

RBP2, and α1D (Fig. 2C). As expected, synaptotagmin/P65 was enriched in the synaptic-

vesicle fraction (Wang et al., 1997). Rab3 occurred in both the synaptic plasma-membrane 

and synaptic-vesicle fractions, whereas RIMs were found primarily in the synaptic plasma-

membrane fraction (Wang et al., 1997). Immunoreactivities to both RBP2 and α1D occurred 

in the synaptic plasma-membrane fraction. Synaptic localization of RBPs was then 

confirmed in vivo by using cultured neurons isolated from chicken dorsal root ganglia (Fig. 

2D). In these neurons, RBP2 immunoreactivity partially overlaps the SV2 immunoreactivity 

that labels the synaptic areas (Boudin et al., 2000). To separate presynaptic particles and 

postsynaptic densities by centrifugation (Phillips et al., 2001), we next extracted brain 

synaptosomes with 1% Triton X-100 at different pH values. SNAP-25 was present in the 

pellet at the lowest pH values but was extracted at pH values over 7 as expected for a protein 

present in the presynaptic specialization (Fig. 2E). Consistent with its linkage to 

postsynaptic densities, NMDA receptor type 1 (NMDAR1) was found in the insoluble 

fraction at both low and high pH. As expected, β-catenin, which is present on both pre- and 

postsynaptic membranes, was found in soluble and insoluble fractions; the vesicle protein 

synaptophysin was found exclusively in the soluble fraction.

As previously observed (Phillips et al., 2001), the presynaptic proteins RIMs (Fig. 2E) and 

bassoon (not shown) were insoluble at all pH values tested, indicating that these proteins 

remain associated with postsynaptic densities under conditions in which the presynaptic 

particles are extracted. In these experimental conditions, we found that the RBPs distribution 

was identical to that of RIMs and bassoon (Fig. 2E). The fact that RIM2 and RBP2 

expressed in tsA201 cells are completely soluble at all pH values over 6 (not shown) rules 

out insolubility as an intrinsic property of these proteins, and strongly suggests that RBPs 

and RIMs belong to a same insoluble presynaptic complex in the brain. Finally, we found 

that α1D was completely extracted at a pH over 8 (Fig. 2E), a result compatible with the 

partially presynaptic localization of this channel subunit in the brain.

Because RBPs and α1D occur together in the synaptic plasma-membrane fraction, we 

solubilized this fraction and used it for GST-pulldown assays of native proteins. A GST 

fusion protein containing the last two SH3 domains of RBP2 quantitatively precipitated the 

α1D subunit expressed in the brain (Fig. 2F). Conversely, a GST fusion protein including the 

cytoplasmic carboxyl terminus of α1D precipitated native RBPs.

In the retina, L-type Ca2+ channels containing α1D and α1F subunits mediate 

neurotransmission at the ribbon synapses of photoreceptors (Morgans, 1999; Strom et al., 

1998). We therefore examined the distribution of RBP2 in the chicken’s retina and compared 

it to that of α1D. Whereas α1D immunoreactivity was specifically detected in the outer 

plexiform layer, the distribution of RBPs was far broader (Fig. 3A). RBPs were expressed in 

the outer nuclear layer, outer plexiform layer (arrowheads), and ganglion cell layer. To 

examine whether α1D and RBPs are colocalized in the outer plexiform layer, we performed 
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double-immunolabeling using an antibody against SV2, a presynaptic protein specifically 

expressed at the active zones of ribbon synapses (Yang et al., 2002). The immunoreactivities 

of α1D and RBPs perfectly overlapped that of SV2 (Fig. 3B).

To further confirm the presynaptic distribution of α1D and RBPs, we conducted double-

immunolabeling using an antibody against Ca2+-ATPase (PMCA), a protein expressed along 

the lateral membranes of photoreceptor terminals but not at active zones (Morgans et al., 

1998). There was no overlap between the distribution of PMCA and that of α1D or RBPs 

(Fig. 3C). Therefore, α1D is colocalized with RBPs at the presynaptic active zones of ribbon 

synapses in photoreceptors. The RBP immunoreactivity observed beneath photoreceptors 

likely belongs to the postsynaptic processes of bipolar or horizontal cells. 

Immunohistochemistry also suggested that α1D is colocalized with RBPs at the presynaptic 

active zones of hair cells (not shown).

Characterization of the α1D-RBP2 interaction

To identify the molecular domains through which RBP2 and α1D interact, we conducted 

yeast two-hybrid and GST-pulldown assays with deletion and point mutants (Fig. 4). For the 

pulldown assays, glutathione-Sepharose beads charged with GST fusion proteins were 

incubated either with lysates of tsA201 cells expressing the full-length α1D subunit or with 

solubilized synaptic-membrane proteins. Bound proteins were analyzed by Western blotting 

with anti-α1D or anti-RBP2 antibodies.

In the two-hybrid system, the carboxyl-terminal portion of α1D (α1D-a) interacted with each 

of the three SH3 domains of RBP2, but not with the fibronectin type III repeat (Fig. 4A). In 

addition, fragments of human RBP1 and RBP2 corresponding to the last two SH3 domains 

interacted with α1D. GST-pulldown assays using the full-length α1D subunit gave exactly the 

same results (Fig. 4B), indicating that the SH3 domains of RBP family members are 

necessary for interaction with α1D.

We next identified the RBP-interaction site of α1D. This channel subunit contains at its 

carboxyl terminus the sequence ITSL, a potential site of interaction for PDZ domains. 

Because a deletion mutant (α1D-b) lacking this site nevertheless bound RBP2, this motif is 

not essential for interaction.

SH3 domains usually interact with proline-rich domains (reviewed in Mayer, 2001), four of 

which occur near the carboxyl terminus of α1D. The α1D-c construct lacking the first PXXP 

motif was able to bind to RBP2. Further deletions of the second and third PXXP motifs 

abolished this interaction (α1D-d, Fig. 4C and 4D). The construct α1D-e, which contained 

only the second and third PXXP motifs, clearly bound to RBP2. By contrast, α1D-f, a 

construct that retained only the third PXXP motif, no longer associated with RBP2. To 

confirm that the second PXXP motif is responsible for the interaction, we mutated the 

second (α1D-c/MI) or the third (α1D-c/MII) PXXP motif by replacing the two proline 

residues with alanines (Fig. 4C). RBP2 bound to α1D-c/MII, but not to the α1D-c/MI mutant. 

The second motif, PPTP, is therefore the site at which α1D interacts with the SH3 domains 

of RBPs.
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An 18-meric peptide corresponding to the PPTP motif and its flanking sequences was then 

used to inhibit the binding between GST·α1D-c and native RBPs. The inhibition was 

concentration-dependent, with 50% inhibition observed at a peptide concentration of around 

10 μM (Fig. 4E). Because the interactions between GST·α1D-c and the different RBP 

proteins found in the brain were similarly inhibited, the different RBPs probably display a 

comparable affinity for α1D. As expected, a control peptide with a mutated PXXP motif, 

APTA, had no inhibitory effect on the interaction.

In addition to the four PXXP motifs near the carboxyl terminus, the α1D subunit contains 

two additional PXXP motifs in intracellular loop II/III and one in intracellular loop III/IV. In 

two-hybrid experiments, however, neither loop bound to the SH3 domains of RBP2 (not 

shown). α1D can therefore interact with any of the three SH3 domains of RBP2, and 

probably those of RBP1, through a unique PXXP sequence near its carboxyl terminus. Two 

major classes of ligands for SH3 domains have been identified (Mayer, 2001). Class I 

ligands have the general consensus +XΦPXΦP whereas class II ligands display the 

consensus sequence ΦPXΦPX+, in which + is a basic residue, usually arginine, X is any 

amino acid, and Φ is a hydrophobic residue. The α1D motif, RLLPPTP, fits the consensus 

sequence for class I ligands, differing only by a non-hydrophobic threonine residue in the 

sixth position.

In the yeast two-hybrid system, there was no apparent interaction between the SH3 domains 

of RBPs and the RRQPPTP motif of the type 1 GABAB receptor. In addition, α1D was not 

pulled down by GST fusion proteins containing SH3 domains from proteins as different as 

the p47phox subunit of NADPH oxidase, p85 subunit of phosphatidyl-inositol 3-kinase, 

adapter molecule Crk, amphiphysin I, and p21ras GTPase-activating protein (not shown). 

These observations provide strong support for a specific interaction between the SH3 

domains of RBPs and the motif that we have identified in α1D.

RBPs potentially interact with other Ca2+-channel α1 isoforms

The distribution of RBPs in the brain is far broader than that of α1D (Hell et al., 1993). 

Because N- and P/Q-type Ca2+ channels are abundant and more widely distributed in the 

brain than L-type channels (Westenbroek et al., 1992; Westenbroek et al., 1995), α1 subunits 

other than α1D may interact with RBPs. To test this hypothesis, we first searched protein 

databases for other α1 subunits that contain a motif similar to the SH3 domain-binding 

sequence of α1D. We determined that this motif—including the unusual threonine found in 

α1D—is conserved among α1A, α1B, and α1F subunits (Fig. 5A). α1E lacks the threonine 

residue in the sixth position but otherwise accords with the α1D sequence. We therefore 

examined the interaction between RBPs and the α1B subunit of the N-type Ca2+ channel 

(Fig. 5B and 5C).

A GST fusion protein containing the last two SH3 domains of RBP2 quantitatively 

precipitated a full-length α1B subunit expressed in tsA201 cells (Fig. 5B). Furthermore, 

native brain RBPs were precipitated by a GST fusion protein containing the RQLPQTP 

motif of α1B and its flanking sequences (Fig. 5C). Taken together, these results suggest that 

RBPs can interact with α1B and perhaps with other α1 isoforms in the brain.
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SH3 domains of RBPs interact with RIMs

RBP1 and a fragment of RBP2 were first identified by their capacity to interact with RIM1, 

a synaptic protein involved in neurotransmitter release (Wang et al., 2000). The authors of 

the original study suggested that the interaction between the RBPs and RIM1 resulted from 

binding of a SH3 domain of RBPs to a PXXP motif located between the two C2 domains of 

RIMs (Fig. 6A). Consistent with this suggestion, we found that a GST fusion protein 

containing the last two SH3 domains of RBP2 specifically precipitated native RIMs from a 

brain lysate (Fig. 6B). Although the antibodies used for this Western blot analysis were 

directed against RIM1, they were not specific but cross-reacted with the closely related 

protein RIM2 (not shown). The multiple proteins detected by these antibodies may therefore 

have corresponded to RIM1, RIM2, and splice variants of either or both proteins (Ozaki et 

al., 2000; Wang et al., 2000).

We next produced a GST fusion protein with a fragment of RIM2 containing a specific 

PXXP motif. This fusion protein precipitated RBPs from a brain lysate (Fig. 6C). The PXXP 

motif of RIM1, RQLPQVP, closely resembles the RQLPQLP motif of RIM2. Because these 

sequences are found at equivalent positions in the two proteins, the previously reported 

interaction between RIM1 and RBP2 is also likely to be mediated by this PXXP site. The 

interaction of brain RBPs with RIM2 was inhibited by a peptide corresponding to the RBP2-

interacting site of α1D (Fig. 6C). This result confirms that the SH3 domains of RBPs 

mediate binding to the RIMs. Moreover, the SH3 domains of RBP1 and RBP2 that bind to 

RIM1 and RIM2 can also interact with α1D. That each RBP possesses three SH3 domains 

raises the possibility that RBPs may interact simultaneously with RIM and α1. In the 

absence of RBP2, α1D and a RIM2-GFP fusion protein did not occur together upon 

heterologous expression in cotransfected cells (not shown). When the full-length RBP2 and 

α1 proteins were coexpressed with RIM2-GFP, however, the three were clearly colocalized 

(Fig. 6D and 6E). RBP2 is therefore able to bind RIM and α1D simultaneously.

Inhibition of RBP interactions increases hormone secretion in PC12 cells

To inquire whether RBPs are involved in Ca2+-dependent exocytosis, we used a human 

growth hormone (GH) coexpression assay with PC12 cells. After GH and a polypeptide to 

be tested had been cotransfected, the cells were stimulated with a high K+ concentation in 

the presence of Ca2+. The elevated K+ concentration caused membrane depolarization, 

opening of voltage-gated Ca2+ channels, entry of Ca2+, and finally vesicle fusion and GH 

release. PC12 cells bear N-type Ca2+ currents mediated by α1B channel subunits (Liu et al., 

1996) and express both RBPs (not shown) and RIM2 (Ozaki et al., 2000). These cells 

therefore constitute a useful model system in which to test the physiological function of 

interactions between RBPs and both α1D and RIMs.

Overexpression of the α1D-e fragment of α1D that associates with RBPs would be expected 

to inhibit the interaction of native RBPs with Ca2+-channel α1 subunits as well as with 

RIMs. An α1D-e/MI mutant of α1D-e that cannot interact with RBP2 was chosen as a 

negative control. cDNAs encoding these fragments were fused to the cDNA encoding DsRed 

fluorescent protein and transfected into PC12 cells expressing GH. By monitoring the 

fluorescence produced by the DsRed fusion proteins, we verified that the transfection 
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efficiencies and expression levels were identical for the two proteins (not shown). We then 

measured the secretion of GH induced by high-K+ treatment as well as the basal GH 

secretion in a control solution (Fig. 7A).

The control construct α1D-e/MI altered neither the basal rate of GH secretion nor that 

induced by depolarization in comparison with DsRed-mock plasmid (not shown). The 

construct α1D-e, which does interact with RPBs, also did not affect basal GH secretion. 

Upon cellular depolarization, however, this construct significantly enhanced GH secretion in 

comparison to the level achieved with α1D-e/MI (16.7%±0.1% versus 13.1%±0.5%, mean

±standard error, n=8 experiments). To confirm this result, we performed a similar 

experiment with a DsRed construct (RIM-PXXP) containing the PXXP motif of RIM2, 

which interacts with the same SH3 domains in RBPs as the PXXP motif found in α1D-e. As 

expected, this RIM-PXXP construct was able to enhance the stimulated GH secretion 

(17.1%±0.1%, n=8).

If overexpression of the RBP-binding sites of α1D and RIM2 is able to enhance the 

stimulated GH exocytosis by inhibiting the interactions of RBPs with α1D and RIMs, 

overexpression of the α1D- and RIM-interacting sites of RBP2 is expected to produce the 

same effect. To test this hypothesis, we overexpressed the third SH3 domain of RBP2 

(RBP2-SH3) in PC12 cells (Fig. 7B). The SH3 domain of amphiphysin I (Amph-SH3) was 

chosen as a negative control, because its GST fusion protein does not interact with α1D and 

the neurons of amphiphysin I knock-out mice release glutamate normally (Di Paolo et al., 

2002). As anticipated, the expression of RBP2-SH3 was associated with a significant 

increase of stimulated GH secretion when compared to the expression of Amph-SH3 (Fig. 

7B; 15.9%±0.3% versus 13.0%±0.5%, n=8).

Finally, we examined the effects of expressing full-length RIM2 and RBP2 (Fig. 7C). RIM2 

significantly enhanced stimulated GH secretion (19.8%±0.9% versus 13.4%±0.6% for the 

negative control β-galactosidase, n=8), whereas RBP2 had no effect (13.1%±0.6%).

Discussion

Neurotransmitter release is marked by its spatial restriction to synaptic active zones and its 

efficiency even at high action-potential frequencies. To ensure the coordination of synaptic-

vesicle trafficking and exocytosis, the processes of vesicle docking, priming, and fusion are 

likely to be coupled at the molecular level. The many proteins known to be involved in 

neurotransmitter secretion have indeed been found to engage in a complex network of 

interactions.

We have shown that RBPs interact with synaptic RIMs and voltage-gated Ca2+ channels. 

RIM1 and RIM2 are active zone-specific proteins, each of which contains a PDZ domain, 

two C2 domains near the carboxyl terminus, and a pair of Cys4 zinc fingers near the amino 

terminus (Wang et al., 1997). A RIM is associated with the plasma membrane, presumably 

through its PDZ or C2 domain, whereas its amino-terminal regions interacts with Rab3 in 

the GTP-bound form (Wang et al., 1997). Rab3 is involved in synaptic-vesicle trafficking 

and interacts with the vesicle membrane when bound to GTP (Geppert and Südhof, 1998). 
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RIMs may therefore recruit vesicles to the active zone in a tethering reaction. 

Overexpression of the amino-terminal domain of RIM1, which is expected to suppress the 

interaction of RIMs with Rab3, increases stimulated secretion in PC12 cells (Wang et al., 

1997). This result suggests that the interaction of Rab3 with RIMs limits the number of 

vesicles that are released during an action potential. In addition, RIMs interact in secretory 

cells with cAMP-GEFII, a cAMP sensor (Ozaki et al., 2000). This interaction mediates 

cAMP-induced, PKA-independant Ca2+-dependent secretion.

Voltage-gated Ca2+ channels interact with the SNARE complex that constitutes the fusion 

machinery (Atlas, 2001; Catterall, 1999). In neurons, α1 subunits, more specifically α1B for 

N-type channels and α1A for P/Q-type channels, interact with syntaxin, SNAP-25, and 

synaptotagmin. These interactions provide an effective association between Ca2+-entry and 

vesicle-release sites that ensures the rapid triggering of neurotransmitter release when an 

action potential invades the nerve terminal. Similar interactions have been reported to occur 

in endocrine cells with the α1C and α1D subunits of L-type channels, which are important 

for the fast stimulated secretion of hormones.

RBP1 and RBP2 form a novel class of proteins displaying three SH3 domains and three 

contiguous fibronectin type III domains. Because the SH3 domains are more closely related 

to one another than to any other SH3 sequences deposited in protein databases, these 

domains probably recognize specific PXXP motifs. We have established that these SH3 

domains can bind to RQLPQL/VP, a motif found in RIM1 and RIM2, to RLLPPTP, a motif 

found in α1D, and to RQLPQTP, a motif found in α1B and α1A. The binding of RBPs to α1D 

or to RIMs can be inhibited by a synthetic peptide corresponding to the RBP-interacting site 

of α1D. The half-maximal concentration for this inhibition is near 10 μM, a value that 

accords with the affinities of specific ligands for other SH3 domains (Mayer, 2001).

In the brain, RBPs have a very wide distribution and are not specifically localized to 

presynaptic active zones. Like SNAP-25 and syntaxin (Garcia et al., 1995), RBPs also occur 

postsynaptically in dendrites and cell bodies. This distribution argues against an exclusive 

role of the RBPs in the targeting of RIMs or Ca2+ channels to the presynaptic membrane. A 

more plausible function for RBPs in the presynaptic area is as a scaffold for the association 

between RIMs and voltage-gated Ca2+ channels. According to this model, RBPs act as 

bifunctional linkers that interact simultaneously with RIMs, which bind Rab3-GTP present 

on vesicles, and with Ca2+ channels, which are associated with the SNARE complex that 

constitutes the vesicle-fusion machinery. RBPs could therefore provide a molecular coupling 

between the vesicle-tethering and the priming-fusion apparatus (Fig. 7D). The domain 

structure of RBPs—three SH3 domains and three fibronectin III motifs—further suggests 

that RBPs provide the exocytotic machinery with other regulatory proteins through their free 

domains. A similar role as a link between the vesicle-tethering and -release apparatus has 

been proposed recently for UNC-13, which interacts with both RIM1 and syntaxin (Betz et 

al., 2001). It has also been suggested that RIM1 is important for vesicle priming (Koushika 

et al., 2001; Lloyd and Bellen, 2001). The binding of active Rab3-GTP to the synaptic 

vesicle may activate RIMs. Once released from Rab3 after GTP hydrolysis, the activated 

RIMs may bind and stimulate UNC-13, which in turn dissociates the complex of UNC-18 

and syntaxin by promoting a conformational change of the syntaxin. This “open” syntaxin 
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can form core complex with synaptobrevin and SNAP-25, priming the synaptic vesicle for 

fusion.

The enhancement of depolarization-induced secretion in PC12 cells by fusion proteins that 

suppress the associations of RBPs with RIMs and α1 suggests that RBPs may repress RIMs, 

either directly or through associated proteins. If the interaction of RBPs with RIMs were 

prevented, more RIMs would be free to activate UNC-13, resulting in an increase of primed 

vesicles and ultimately in stimulated secretion. Overexpression of RIMs would also be 

expected to lead to an increase in the number of primed vesicles. The lack of effect of RBP 

overexpression in PC12 cells may indicate that every native RIM already interacts with an 

endogenous RBP.

The increase in stimulated secretion could alternatively reflect inhibition of the interaction 

between RBPs and Ca2+ channels rather than of that between RBPs and RIMs. The 

expression level and electrophysiological properties of voltage-gated Ca2+ channels are 

modulated by various auxiliary and accessory subunits (Catterall, 1999). The association of 

neuronal Ca2+ channels with syntaxin, for example, causes a change in the voltage 

dependence of channel inactivation (Bezprozvanny et al., 1995). The interaction of RBPs 

with Ca2+ channels might tonically repress channel activity. Inhibition of this interaction 

would then result in increased channel activity, more cytoplasmic Ca2+, and ultimately an 

increase of Ca2+-dependant exocytosis.

RIMs have been suggested to bind directly to the α1B and α1C subunits of voltage-gated 

Ca2+ channels (Coppola et al., 2001). We failed to observe any interaction between full-

length α1B and RIM2 from transfected cells, whereas an association of RBP2 and RIM2 was 

clear under the same experimental conditions (unpublished results). However, this result 

does not signify that α1B and RIMs could not interact under other conditions. Such an 

association would provide additional support for a complex network of interactions between 

the different components of the exocytotic machinery. Coppola and co-authors reported that 

this interaction did not occur between RIMs and the α1D subunits that constitute the 

presynaptic Ca2+ channels in hair cells and photoreceptors. Hair cells lack synaptophysin 

and synapsin (Safieddine and Wenthold, 1999), which are components of the exocytotic 

machinery at brain synapses. The unique interaction of RBPs with α1D and RIMs in the hair 

cell is also a distinctive property of these sensory cells, and may be associated with some of 

the specific properties of their synaptic transmission.

Experimental Procedures

Yeast two-hybrid assays

Yeast two-hybrid screening was performed using the GAL4 system. DNA encoding a bait 

consisting of residues 1493-2190 from the cytoplasmic carboxyl terminus of the α1D subunit 

(Kollmar et al., 1997a, 1997b) in frame with the DNA-binding domain of GAL4 was 

constructed by PCR and subcloned into the pBDGal4 vector (Stratagene, La Jolla, CA). A 

sensory epithelial cDNA library was constructed in the pADGal4 prey vector from basilar 

papillae of late embryonic chickens, then screened with the α1D bait. Positive clones were 

selected by His prototrophy and assayed for β-galactosidase activity. Doubly positive clones 
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were isolated and characterized by sequencing. From 10 million cDNA clones screened, 20 

were recovered and analyzed. Of seven positive cDNAs, two were identical to cDNA 2HS 

77-A and five to cDNA 2HS 4-A. These cDNAs encode overlapping regions of RBP2. For 

the localization of the interacting sites between α1D subunit and RBP2, additional baits of a 

α1D cytoplamic domain and additional preys of RBP2 were generated by PCR amplification.

Cloning of the full-length RBP2 cDNA and RT-PCR analysis

The complete sequence of RBP2 was determined from partial cDNA clones obtained by 

screening two cDNA libraries. The 5′ region of clone 2HS 77-A was first amplified by PCR, 

subcloned into the TA vector (pCR2.1; Invitrogen, Carlsbad, CA), and used as a probe 

(probe I, Fig. 1A) for screening of a chicken sensory-epithelium library constructed in the 

HybriZAP vector (Heller et al., 1998). Clones 1, 10, and 17 were isolated. Using a PCR 

product corresponding to the 5′ terminal region of clone 10 (probe II, Fig. 1A) as a probe, 

we then screened a chicken brain library (5′-STRETCH, Clontech, Inc., Palo Alto, CA). The 

positive clones 31 and 34 were sequenced on both strands. To obtain the full-length cDNA 

for RBP2, we fused clones 10 and 31 and ligated them into the pCMV-myc (Clontech) and 

pcDNA3.1(+) vectors (Invitrogen).

For RT-PCR experiments, cochleae and brains were dissected from one-week-old chickens 

of the White Leghorn strain and total RNAs were isolated with Trizol (Gibco BRL, 

Rockville, MD). cDNAs were synthesized with Superscript II reverse transcriptase (Life 

Technologies, Grand Island, NY). Oligo-(dT) and random-hexamer primers were 

independently used to obtain cDNAs, and the two types of cDNA were mixed. The 

equivalent of 400 ng of total RNA was used for each PCR reaction. The sequences of 

primers specific to cRBP2 (Fig. 1A) were: 21F, 5′-GTAGACTGCAGAGCTTTCTCG-3′; 
22F, 5′-CCTGGAGCCCGTCAGTATC-3′; and 22R, 5′-CATTTTTCCTCTAGCTCTCG-3′.

Antibodies

Polyclonal antibodies were generated against the chicken α1D subunit and RBP2. Rabbit 

anti-α1D antibodies were raised against a (His)6 fusion protein corresponding to residues 

1973-2190 and affinity-purified against an equivalent GST·α1D fusion protein transferred 

onto nitrocellulose. Rabbit anti-RBP2 antibody was raised against a GST fusion protein 

corresponding to residues 1100-1325 and affinity-purified using an equivalent (His)6-RBP2 

fusion protein. Antisera directed against β-catenin, synaptotagmin/p65, Rab3, and RIM1 

were purchased from BD Transduction Laboratories (Lexington, KY). Antisera against α1B, 

myc, NMDAR1, SNAP-25, synaptophysin, and PMCA were obtained from Affinity 

Bioreagents (Golden, CO), Alomone Laboratories (Jerusalem, Israel), Clontech, and Santa 

Cruz Biotechnology (Santa Cruz, CA).

Subcellular fractionation

Subcellular fractions of the chicken brain were prepared essentially as described (Jones and 

Matus, 1974) and were maintained at −70°C until use. Solubility analysis of synaptic 

proteins was conducted as described previously (Phillips et al., 2001). Chicken brain 

synaptosmes were prepared using a one-step preparation method based on the known 

isopycnic densities of various cellular components, then diluted in ice-cold 0.1 mM CaCl2. 
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An equal volume of solubilization solution (2% Triton X-100, 0.1 mM CaCl2, and 40 mM 

Tris buffered at various pH values) was added and the samples were mixed and incubated 30 

min on ice. The samples were then centrifuged at 10,000 × g. Supernatants were collected 

and pellets resuspended in an equal volume of 0.1 mM CaCl2. The samples were analyzed 

immediately after preparation. After subcellular fractions and synaptic proteins had been 

separated on 4%–20% SDS-polyacrylamide gels, the proteins were transferred to 

nitrocellulose and the membranes were probed with antibodies.

Production of glutathione-S-transferase (GST) fusion proteins

DNA fragments corresponding to specific regions of chicken α1D subunit and RBP2, human 

RBP1 and RBP2, rat α1B subunit, and human RIM2 were amplified by PCRs and ligated 

into the pGEX-4T-1 vector (Amersham Pharmacia Biotech, Piscataway, NJ). Point 

mutations of α1D-c/MI and α1D-c/MII were created by using the overlap PCR method (Ho 

et al., 1989). The BL21 strain of Escherichia coli was transformed by the expression vectors 

and fusion protein expression was induced by the addition of 1 mM IPTG for 3–4 hrs at 

37°C. Bacteria were lysed by sonication in PBS containing 1% Triton X-100, 1 mM EDTA, 

and a cocktail of protease inhibitors (Roche). After centrifugation, lysates were recovered 

and the fusion proteins were purified on glutathione-Sepharose.

tsA201 cell transfection, coimmunopreciptation, and GST-pulldown assay

Using Lipofectamine (Gibco BRL) according to the manufacturer’s protocol, we transfected 

tsA201 cells with the full-length α1D subunit inserted in the GW1 vector in the presence or 

absence of a myc-tagged full-length cRBP2 plasmid. Cells were harvested 48 hr after 

transfection. After extraction with a lysis solution containing 1% Triton X-100 and 150 mM 

NaCl in 40 mM Tris-HCl at pH 7.4, proteins were incubated overnight at 4°C with beads 

conjugated to anti-myc antibodies (Clontech). The beads were washed four times with the 

same solution. Immunoprecipitated proteins were resolved by SDS-PAGE and probed with 

anti-α1D antibody.

For pull-down assays, tsA201 cells transfected with full-length α1D subunit, rat α1B subunit, 

or brain synaptic plasma membranes were solubilized in PBS containing 1% Triton X-100, 2 

mM EDTA, and a proteinase inhibitor cocktail (Roche), then centrifuged at 100,000 × g for 

15 min at 4°C. One hundred micrograms of solubilized proteins was incubated overnight at 

4°C with 30 μl of glutathione-Sepharose beads bound to 5 μg of purified fusion protein. 

Samples were washed four times at room temperature with 0.05% Triton X-100 in PBS. The 

materials retained on the beads were eluted with sample-buffer solution and analysed by 

SDS-PAGE and immunobloting using anti-α1D, anti-α1B, anti-RIM1, or anti-RBP2 

antibodies.

Immunohistochemistry

Immunohistochemistry was performed as described previously (Hibino et al., 1997) with 

two-week-old chickens and adult male C57BL/6 mice. Retinae were isolated after fixation 

by perfusion with 4% formaldehyde in PBS. Twelve-micrometer-thick cryosections were 

incubated with antibodies against α1D, RBP2, SV2, or PMCA and treated with fluorescein-

conjugated anti-rabbit (α1D and RBP2) or Texas Red-labeled anti-mouse (SV2 and PMCA) 
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antiserum. For immunocytochemistry of tsA201 cells, the transfected cells were incubated 

with anti-myc and anti-α1D antisera and visualized with respectively fluorescein- and Texas 

Red- or Cy-5-labeled secondary antibodies. A cDNA encoding residues 914-953 of RIM2 

was inserted into the pEGFP-C2 vector (Clontech); after transfection, the product was 

directly visualized by GFP fluorescence. Images were obtained with a laser-scanning 

confocal microscope (MRC-1024; Bio-Rad, Hertfordshire, England). The same procedure 

was applied for immunocytochemistry of cultured neurons. Dorsal root ganglia from 

embryonic chickens were dissected and neurons were plated and cultured as described 

(Nishi, 1996). The anti-SV2 antibody was provided by the Developmental Studies 

Hybridoma Bank (University of Iowa).

Measurements of growth hormone in cultured cells

DNA fragments of α1D-e, α1D-e/MI, RIM2, RBP2, and amphiphysin I were amplified by 

PCRs and inserted into the pDsRed1-C1 vector (Clontech). PC12 cells were transfected with 

0.5 μg of the pXGH5 plasmid (Nichols Institute Diagnostics, San Juan Capistrano, CA) in 

the presence of 1 μg of DsRed constructs or full-length β-galactosidase, RBP2, and RIM2 

expression plasmids. The cells were maintained in low-K+ solution consisting of 145 mM 

NaCl, 5.6 mM KCl, 2.2 mM CaCl2, 0.5 mM MgCl2, 5.5 mM glucose, 0.5 mM ascorbic acid, 

and 20 mM HEPES at pH 7.4. The cells were stimulated for 20 min at 37°C by 

depolarization in a high-K+ solution of identical composition save for the presence of 95 

mM NaCl and 56 mM KCl. The concentration of growth hormone was measured with the 

hGH ELISA kit (Roche).
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Figure 1. Interaction of RBP2 with the Ca2+ channel α1D subunit
(A) Cloning of RBP2 cDNAs and deduced gene organization. The cDNA clones 2HS-4 and 

2HS-77 encode polypeptides that interact with the carboxyl terminus of the α1D channel 

subunit in a yeast two-hybrid screen. A 5′ probe (probe I) from 2HS-77 was used to isolate 

clones 1, 10, and 17 from a cochlear cDNA library. An additional round of screening using a 

probe corresponding to the 5′ part of clone 10 (probe II) led to the cloning of cDNAs 31 and 

34 from a brain library. Sequencing of these clones revealed the occurrence of alternative 

splicing in the RBP2 gene. The minimal number of exons and their relative positions are 

indicated (exons a to l). Inset: PCR analysis indicates that the mRNA corresponding to clone 

31, but not that associated with clone 34, is abundant in brain and cochlea.

(B) RBP2 protein structure. A full-length cDNA was obtained by ligating clones 10 and 31. 

The positions of Src homology domain 3 motifs and repeat of three contiguous fibronectin 

type III domains in the deduced RBP2 protein are indicated as respectively SH3 and FNIII.

(C) Coimmunoprecipitation of RBP2 and α1D from transfected tsA201 cells. First and 
second lanes: In Western blots of the lysates from transfected cells expressing α1D alone or 
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α1D plus a myc-tagged form of RBP2, α1D was detected by use of specific affinity-purified 

antibodies and myc-tagged RBP2 was identified by anti-myc antibodies. Third and fourth 
lanes: α1D was precipitated by anti-myc antibodies when it was coexpressed with myc-

RBP2 but not when it was expressed alone.

(D) Subcellular colocalization of myc-tagged RBP2 and α1D in transfected tsA201 cells. 

Expressed alone, RBP2 (fluorescein, green) has a diffuse cytoplamic distribution (upper left 

panel) and α1D (Texas red, red) is clumped (upper right panel). When RBP2 is coexpressed 

with α1D, its distribution changes and largely overlaps that of α1D, yielding yellow in the 

merge panel. Scale bar: 10 μm.
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Figure 2. Distribution of RBPs in chicken brain and pulldown of native RBPs and Ca2+ channel 
α1D subunit
(A) Identification of RBPs in adult brain by Western blot analysis with affinity-purified 

antibodies raised against RBP2. Proteins from mock- and RBP2-transfected tsA201 cells 

were analyzed as negative (first lane) and positive (second lane) controls.

(B) Immunohistochemical localization of RBPs in chicken Purkinje cells. Scale bar: 10 μm. 

Right panels: serial confocal images showing the RBP2 immunoreactivity of a presynaptic 

climbing fiber (arrowheads) as well as that of a postsynaptic Purkinje cell dendrite. Scale 

bar: 3 μm.
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(C) Subcellular distribution of α1D and RBPs. Subcellular fractions were prepared from 

adult chicken brains as described in Experimental Procedures.

(D) RBP2 immunoreactivity in cultured dorsal-root-ganglion neurons from the chicken. 

Scale bar: 15 μm. Right panels: double labeling with antibodies against RBP2 and the 

vesicle protein SV2. Scale bar: 3 μm.

(E) Solubility analysis of synaptic proteins. After chicken-brain synaptosomes had been 

extracted with 1% Triton X-100 at the indicated pHs, equal volumes of soluble and insoluble 

material were analysed by Western blotting.

(F) Pulldown of native RBPs and α1D. The carboxyl-terminal domains of RBP2 and α1D 

were expressed as GST fusion proteins, immobilized on gluthatione-Sepharose beads, and 

used for affinity chromatography. Left panel: Pulldown of α1D by GST·RBP2 fusion protein. 

Right panel: Pulldown of RBPs by GST·α1D fusion protein. Solubilized synaptic proteins 

(brain lysate lanes) were analyzed as positive controls; GST alone (GST lanes) provided a 

negative control.
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Figure 3. Distribution of RBPs and Ca2+ channel α1D subunit in retinal neurons
(A) The expression of α1D (upper panel) and RBPs (lower panel) in the chicken’s retina. 

ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 

plexiform layer; GCL, ganglion cell layer. Scale bar: 10 μm.

(B) Colocalization of α1D subunit and RBPs in ribbon synapses of photoreceptors. The 

chicken’s neural retina was immunolabeled with anti-α1D or anti-RBP2 (fluorescein, green) 

and with anti-SV2 (Texas Red, red). Scale bar: 2 μm.

(C) Distinct distributions of α1D and RBPs from that of plasma-membrane Ca2+-ATPase 

(PMCA) in photoreceptors. The retina was immunolabeled with anti-α1D or anti-RBP2 

(fluorescein, green) and with anti-PMCA (Texas Red, red). Scale bar: 2 μm.
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Figure 4. Characterization of the interaction sites of RBPs and α1D by two-hybrid and GST-
pulldown experiments
(A) In a two-hybrid assay with the carboxyl terminus of α1D as a bait, five chicken RBP2 

fragments and the carboxyl-terminal portions of human RBP1 and RBP2 were tested. The 

interactions were scored as the ratio of β-galactosidase activity to His prototrophy. SH3: Src 

homology 3 domain, FNIII: fibronectin type III repeat.

(B) For GST-pulldown assays, the RBP2 fragments used in A were transferred to a GST 

plasmid to produce the corresponding GST fusion proteins in bacteria. These proteins were 

immobilized on gluthatione-Sepharose beads, then incubated with a cell lysate prepared 

from α1D-transfected tsA201 cells. Bound proteins were analyzed by Western blotting with 

anti-α1D antibodies.

(C) In a two-hybrid assay with the carboxyl-terminal region of RBP2 as a bait, five α1D 

fragments and two additional fragments containing point mutations were tested. In the α1D-

c/MI fragment, the PPTP motif (residues 1941-1944) had been altered to APTA; in α1D-c/

MII, the PLSP motif (residues 1967-1970) had been replaced by ALSA. Interactions were 

scored as in A.

(D) In GST-pulldown assays, the α1D fragments employed in C were transferred to a GST 

plasmid to produce the corresponding GST fusion proteins in bacteria. These proteins were 

immobilized on gluthatione-Sepharose beads, then incubated with solubilized synaptic-

membrane proteins from adult chicken brain. Bound proteins were analyzed by Western 

blotting with anti-RBP2 antibodies.

(E) In a competitive pulldown assay, the GST·α1D-c fusion protein was immobilized on 

glutathione-Sepharose beads, then incubated with solubilized synaptic-membrane protein 

from adult chicken brain in the presence of increasing concentrations of peptide. The PPTP 

peptide was an 18-mer corresponding to residues 1933-1950 of α1D. The APTA peptide was 

identical to PPTP except that the prolines 1941 and 1944 had been replaced by alanines. 

Signals were quantified with NIH Image software and are represented in arbitrary units.
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Figure 5. Interaction of RBPs with various Ca2+-channel α1 subunit isoforms in the brain
(A) Voltage-gated Ca2+ channel α1 subunits contain sequences similar to the RBP2-binding 

site of α1D. Accession numbers: α1A, NP_075461; α1B, NP_000709; α1C, CAA84353; α1D, 

AF027602; α1E, XP_001815; α1F, NP_005174; α1G, O43497.

(B) The α1B subunit was expressed in tsA201 cells, then precipitated by a GST fusion 

protein (GST·SH3-II+III) containing the last two SH3 domains of RBP2. α1B was detected 

with specific antibodies.

(C) Native brain RBPs were precipitated by a GST fusion protein (GST·α1BPQTP) 

containing the RQLPQTP motif of rat α1B and its flanking sequences (residues 2158-2221). 

RBPs were detected with anti-RBP2 antibodies.
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Figure 6. Characterization of the RBP-RIM interaction
(A) Structure of Rab3-interacting molecules (RIMs).

(B) In a GST-pulldown assay, a GST fusion protein containing the carboxyl terminus of 

RBP2 was immobilized on glutathione-Sepharose beads, then incubated with solubilized 

brain proteins. Bound proteins were analyzed by Western blotting with anti-RIM1 

antibodies.

(C) A GST fusion protein containing residues 914-953 of RIM2 was immobilized on 

glutathione-Sepharose beads and incubated with solubilized brain proteins in the presence of 

various concentrations of PPTP peptide or with 50 μM of APTA peptide. Bound proteins 

were analyzed by Western blotting with anti-RBP2 antibodies. Signals were quantified by 

using NIH Image software and are represented in arbitrary units.
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(D) Single transfection in tsA201 cells of RIM-GFP (GFP, green), α1D (Cy-5, blue), or myc-

tagged RBP2 (Texas Red, red) results in differing distributions.

(E) After cotransfection of the three clones, RIM, α1D, and RBP immunoreactivities are 

colocalized. Scale bar: 3 μm.
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Figure 7. Enhanced secretion in PC12 cells owing to overexpression of fusion proteins that 
inhibit RBP interactions
(A) Expression of α1D-e increases the depolarization-activated GH secretion in PC12 cells 

by comparison with α1D-e/MI, which differs only by two residues in the RBP2-binding site. 

A similar effect was observed by expressing the RBP-binding site of RIM2 (RIM-PXXP, 

residues 914-953).

(B) Expression of the third SH3 domain of RBP2, which is a RIM- and α1D-binding site 

(RBP2-SH3, residues 1210-1317), specifically enhances stimulated GH secretion when 

compared to the expression of the SH3 domain of amphiphysin I (Amph-SH3, residues 

588-695), which is not able to interact with RBP and α1 subunits.

(C) Expression of full-length RIM2, but neither full-length RBP2 nor the negative control β-

galactosidase, enhances stimulated GH secretion.

(D) By virtue of their multiple SH3 domains, RBPs may act as bifunctional linkers between 

RIMs and voltage-gated Ca2+ channels, thus forming a physical connection between the 

priming and fusion apparatus constituted by the SNARE complex and the vesicles tethered 

by RIM and Rab3 at the presynaptic active zone. The proteins cAMP-GEPII and UNC-13 

also interact with RIM.
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