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Abstract

IQ-AfGEF/BRAGH is a guanine nucleotide exchange factor for ADP ribosylation factors (Arfs), which are implicated in membrane
trafficking and actin cytoskeleton dynamics. In this study, we examined the immunohistochemical localization of IQ-AfGEF/BRAGH
in the adult mouse retina using light and electron microscopy. IQ-ArfGEF/BRAG1 was distributed in a punctate manner and
colocalized well with RIBEYE in both the outer and inner plexiform layers. Immunoelectron microscopic analysis showed that
IQ-ArfGEF/BRAG1 was localized at the synaptic ribbons of photoreceptors. When heterologously expressed in Hela cells,
IQ-AfGEF/BRAG1 was recruited to RIBEYE-containing clusters and formed an immunoprecipitable complex with RIBEYE.
Furthermore, immunoprecipitation analysis showed that anti-lQ-ArfGEF/BRAGT antibody - efficiently pulled down RIBEYE from
retinal lysates. These findings indicate that IQ-ArfGEF/BRAG1 is a novel component of retinal synaptic ribbons and forms a protein

complex with RIBEYE.

Introduction

The retina contains ribbon synapses that are specialized for the tonic
release of neurotransmitters, a process mediated by continuous
exocytosis of synaptic vesicles in response to graded changes in the
presynaptic membrane potential (Parsons & Sterling, 2003; Sterling &
Matthews, 2005; tom Dieck & Brandstatter,. 2006).. In- the outer
plexiform layer (OPL), photoreceptors make ribbon synapses with
dendrites of bipolar. cells and processes of horizontal cells, while
bipolar cells make ribbon synapses with postsynaptic ganglion cells
and amacrine cells in the inner plexiform layer (IPL). The anatomical
hallmark of ribbon synapses is the presence of osminophilic plate-like
structures, namely synaptic ribbons. They are located perpendicularly
to the plasma membrane of presynaptic active: zones: and. tether
numerous synaptic vesicles (Rao-Mirotznik' et al.; 1995). Recently,
several ribbon-associated proteins have been identified; including
KIF3A (Muresan ef al., 1999), RIM1 (Wang ef al., 1997), Bassoon
(Brandstatter ef al, 1999), Piccolo. (Dick et al,, 2001), RIBEYE
(Schmitz et al., 2000) and CtBP1 (COOH-terminal binding protein 1;
tom Dieck et al., 2005).

Small GTP-binding proteins of the ADP ribosylation factor (Arf)
family function as molecular switches by cycling between GTP-
bound and GDP-bound states, which are tightly regulated by two
regulatory proteins: guanine nucleotide exchange factors (GEF),
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which catalyse the exchange of GDP for GTP, and GTPase-
activating proteins (GAP), which trigger the hydrolysis of GTP to
GDP (D’Souza-Schorey. & Chavrier, 2006; Casanova, 2007; Gill-
ingham & Munro, 2007). Among the six Arf members (Arfl-6), the
most intensively studied are Arfl and Arf6: Arfl regulates secretory
membrane transport between the Golgi apparatus and the endoplas-
mic reticulum and between Golgi cisternae, while Arf6 regulates
endocytotic and recycling membrane transport and the cortical actin
cytoskeleton.

BRAG] (brefeldin A-resistant ArfGEF1), also known as IQSEC2,
is a member of the BRAG family of ArfGEF and was originally
identified 'in the postsynaptic density (PSD) fraction by mass
spectrometry (Walikonis ef al., 2000; Jordan ef al., 2004; Peng et al.,
2004; Murphy ef al., 2006). We have independently cloned its mouse
counterpart by homology screening with synArfGEF, another member
of the BRAG family (Inaba ef al., 2004), as bait (Sakagami ef al,
2008). We refer to it as IQ-ArfGEF/BRAGI from now on.
IQ-ArfGEF/BRAG]! is a multidomain protein’ composed of N-ter-
minal coiled coil and IQ-like motifs, central Sec7 and pleckstrin
homology (PH) domains, a C-terminal proline-rich sequence, and a
type 1 PDZ (PSD-95/discs large/zona occludens-1)-binding motif
(Murphy ef al., 2006; Sakagami et al., 2008). In the rodent brain,
1Q-ArfGEF/BRAGI is exclusively localized at the PSD and forms a
protein complex with N-methyl-D-aspartate-type glutamate receptors
(NMDAR) possibly by interacting directly with PSD-95 and insulin
receptor tyrosine kinase substrate of 53 kDa (IRSp53; Dosemeci
et al., 2007; Sakagami ef al., 2008; Sanda et al., 2009). It has been
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shown to act on Arfl and Arf6 by in vitro (Murphy et al., 2006) and
in vivo pulldown assays (Sakagami et al., 2008), respectively.

Here, we immunohistochemically demonstrated that IQ-ArfGEF/
BRAG]1 was associated with the synaptic ribbons of photoreceptors
using both light and electron microscopy. Furthermore, we showed
that IQ-ArfGEF/BRAGI forms a complex with RIBEYE.

Materials and methods

All procedures involving animals were approved by the Animal
Experimentation and Ethics Committee of the Kitasato University
School of Medicine in accordance with the guidelines of the National
Institutes of Health. All efforts were made to minimize the number of
animals used in the experiments.

Antibodies

A guinea pig polyclonal anti-RIBEYE antibody was raised against the
A-domain of RIBEYE (amino acids 1-304), which was bacterially
expressed and purified as a glutathione S-transferase fusion protein.
The antibody was affinity-purified with the A-domain, which was
purified as a fusion protein combined with maltose-binding protein
and immobilized on sepharose 4B (CNBr-activated sepharose 4B; GE
Healthcare, Little Chalfont, Buckinghamshire, UK). The specificity of
the antibody was characterized by immunoblot and immunohisto-
chemical analyses (Supporting information, Fig. S1). ‘A rabbit
polyclonal anti-IQ-ArfGEF/BRAG! antibody was raised against
the carboxyl-terminal 116 amino-acid region of mouse IQ-
ArfGEF/BRAGI. Tis specificity has previously been characterized
by immunoblot analysis (Sakagami ef al, 2008). The guinea pig
polyclonal anti-PSD-95 antibody has previously been described
(Fukaya & Watanabe, 2000).

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA (5 ug), which was extracted from the adult C57BL/6N
mouse retina and brain with Trizol reagent (Life Technologies,
Carlsbad, CA, USA), was reverse-transcribed by using the Superscript
III first-strand synthesis system (Invitrogen, Carlsbad; CA; USA) with
oligo(dT) primers.. The sequences of the PCR primets designed to
amplify the unique N-terminal region of IQ-ArfGEF/BRAG! wéte

-ATCTATCGGGATAAGGAGCG-3" "and’ 5-GAAGTATGCAGG-
GTTCTGTG-3'; as described: previously: (Sakagami: efal; 2008).
The sequences of the primers for f-actin were 5’-CAGGAGATGGC-
CACTGCCGCA-3’ and -5"-CTCCTTCTGCATCCTGTCAGCA-3’,
The PCR: conditions for IQ-AffGEF/BRAG! and B-actin’ were 35
and 25 cycles, respectively, of 96°C for 15's; 55°C for 30's, and 72°C
for 1 min; which gave a linear range of amplification as determined in
our preliminary experiment. The PCR products were electrophoresed
on a 1.2% agarose gel and photographed using an imaging analyser
(ChemiDoc XRS; Bio-Rad Laboratories, Hercules, CA, USA). As a
negative cottrol, PCR was performed with samples without RT in the
first-strand synthesis reaction.

Immunohistochemistry

C57BL/6N male mice at postnatal 10-12 weeks were purchased from
Oriental Yeast (Tokyo, Japan) and maintained under 12 h light : dark
cycles with free access to ‘water and standard diet. Ten mice were used
for light immunohistochemical analysis and six for immunoelectron

microscopic observation. During the light cycle, they were deeply
anesthetized with diethyl ether and decapitated. After the cornea, lens
and vitreous body had been quickly removed, the remaining eye cups
were immersion-fixed overnight in 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4) and cryoprotected in 30% (w/v)
sucrose in PB. The retinae were sectioned vertically with a cryostat at
a thickness of 25 ym and mounted onto slides. The sections were
treated with 1 mg/mL of pepsin (DAKO, Carpinteria, CA, USA) in
0.2 N HCl at 37°C for 5 min, washed with phosphate-buffered saline
(PBS, pH 7.4), and solubilized in 0.3% Triton X-100 for 30 min. After
being blocked with 5% normal goat serum in PBS for 30 min, they
were incubated ovemight with the antibody against IQ-Ar-
fGEF/BRAG! at a final concentration of 1 ug/mL. For double-
immunolabeling, the sections were incubated with rabbit polyclonal
anti-IQ-ArfGEF/BRAG! IgG and mouse anti-protein kinase Cu
(PKCe) IgG (#P16520, Transduction Laboratories, Lexington, KY,
USA), mouse anti-Bassoon IgG (clone SAP7F407; Stressgen, Victo-
ria, BC, Canada), guinea pig anti-RIBEYE IgG or guinea pig anti-
PSD-95 IgG at a final concentration of 1 ug/mL. Immunoreactions
were visualized with Alexa488-conjugated anti-rabbit IgG and
Alexa594-conjugated anti-mouse IgG or anti-guinea pig IgG (Molec-
ular Probes, Eugene, OR, USA). The sections were counterstained
with 4/, 6-diamidino-2-phenylindole dihydrochloride (DAPI). In the
control experiment, the anti-IQ-ArfGEF/BRAGI antibody preincu-
bated with the antigen (1 pM) was used as a primary antibody.
Immunofluorescent images (512 X 512 pixels) were taken with a
confocal laser scanning microscope (LSM 710, Zeiss, Germany) using
X 20 and x 63 plan-apochromat objective lens. The brightness and
contrast of the final images were adjusted using the Photoshop CS4
software (Adobe Systems).

For quantification of the colocalization of IQ-ArfGEF/BRAGI and
RIBEYE in the IPL, square optical sections (15 X 15 ym), on which
the immunoreactive intensities for both IQ-ArfGEF/BRAGI and
RIBEYE were peaked, were taken from three retinal sections with a
confocal laser-scanning microscope using a x.63 plan-apochromat
objective lens at a resolution of 512 X 512 pixels. Immunoreactive
puncta for IQ-ArfGEF/BRAGI and RIBEYE beyond the background
levels were identified by visual inspection, transferred onto transparent
overhead projector sheets, and the number of overlapped puncta was
counted. We: counted 2380 and 1837 puncta immunoreactive for
[Q-ArfGEF/BRAG! and RIBEYE, respectively, from three mice. As
a control for random overlapping, two immunofluorescent images
were superimposed after one of them had been tumned by 180°, and the
number: of overlapping puncta was counted. The value of the
colocalization of IQ-ArfGEF/BRAG! and RIBEYE was statistically
compared. with that of random overlapping using paired Student’s
t-test.

The procedure for the immunoelectron microscopy. was, basically
the same, except for the omission of the pretreatment with Triton
X-100. For the immunoperoxidase method, after incubation with the
primary antibody, the sections were incubated: with the Histofine
Simple Stain MAX PO (R) kit (Nichirei, Tokyo, Japan), which
contains an amino acid polymer labeled by peroxidase and goat anti-
rabbit IgG [F(ab’), fraction], for 1 h at room temperature. Immuno-
reactions were visualized with 3,3’-diaminobenzidine tetrahydrochlo-
ride chromogenic substrate (Liquid DAB and Substrate Chromogen
System, K3468; DAKO) and monitored microscopically for 5 min.
For the pre-embedding immunoelectron microscopy. with silver
enhancement, ‘nanogold-conjugated  anti-rabbit IgG (1:100; Nano-
probes, Yaphank, NY, USA) was used as a secondary antibody. The
immunoreaction was enhanced using a HQ Silver Enhancement kit
(Nanoprobe, Stony Brook, NY, USA) according to the manufacturer’s
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instructions. The sections were post-fixed with 1% osmium tetroxide,
before being incubated with 2% urany! acetate. After dehydration, the
sections were embedded in epoxy resin. Ultrathin sections were
examined with a JEM-1230 electron microscope (JEOL, Tokyo,
Japan). To quantify the distribution of the immunogold particles for
IQ-ArfGEF/BRAG]! along the synaptic ribbon, electron microscopic
images were taken at a magnification of 30 000-fold. The length of the
immunolabeled synaptic ribbons (n = 37) and the distance between
immunogold particles (n = 95) and the base of the synaptic ribbon
were measured using a slide caliper.

Hela cell culture and immunostaining

For immunostaining, HeLa cells were plated onto thin low autoflu-
orescent plastic coverslips in 35-mm dishes (Cell Desk, Sumitomo
Bakelite, Japan) at a density of 1.5 x 10° per plate, and transfected
with pCAGGS-FLAG-IQ-ArfGEF/BRAG! (Sakagami et al., 2008)
and Myc-RIBEYE/pcDNA (Schmitz et al., 2000) with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Fifieen
hours after the transfection, the cells were fixed in 4% paraformal-
dehyde in 0.1 M PB for 10 min and solubilized with 0.3% Triton
X-100 for 30 min. The slides were incubated with rabbit polyclonal
antj-IQ-ArffGEF/BRAG! and guinea pig anti-RIBEYE antibodies,
followed by the incubation with Alexa488-conjugated anti-rabbit IgG
and Alexa594-conjugated anti-guinea pig IgG as secondary antibod-
ies. Immunoreactions were observed using a confocal laser-scanning
microscope (LSM 710, Zeiss, Germany).

Immunoprecipitation

Hela cells were plated onto 10-cm dishes at a density of 2.2 X 10°
cells per plate and transfected with the combinations of expression
vectors indicated in Fig. 5 using Lipofectamine 2000 (Invitrogen).
Immunoptecipitation was- performed as "described previously (tom
Dieck et al.; 2005). Briefly, retinae from adult CS7BL/6N mice and
transfected HeLa cells were lysed in the extraction buffer (50 mM
TrisHCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate and protein inhibitor cocktail; 250 uL per mouse and
500 pL - per dish). “After  being ‘centrifuged to remove insoluble
materials, the supernatants of the retinae (500 ug) and HeLa cells
were incubated - for 30 min’ with' protein - G-sepharose 4B (GE
Healthcare) to’ block non-specific binding. They were subsequently
incubated with 2’ g of anti-IQ-ArfGEF/BRAGI IgG, anti-RIBEYE
IgG or normal IgG for 3 h at 4°C, followed by the incubation with
protein” G-sepharose 4B. The precipitates were extensively washed
with the extraction buffer ‘and boiled in the sodium dodecyl sulfate-
polyacrylamide gel electrophoresis sampling buffer. The lysates
(10 pug) and precipitates were subjected to immunoblot analysis with
antibodies - against -~ RIBEYE, = IQ-ArfGEF/BRAGI,  Piccolo
(MAB2226; Millipore, Temecula, CA; USA), RIM (BD Transduction
Laboratories, Lexington, KY, USA), kinesin II (Convarce, Emery-
ville, CA; USA) and PSD-95 (Fukaya & Watanabe, 2000).

Results
Expression of IQ-ArfGEF/BRAGT in the mouse retina

Our previous RT-PCR. analysis showed the expression' of the
IQ-ArfGEF/BRAGT transcript at a substantial level in the mouse
eye ball (Sakagami ef al,, 2008). In this study, we further examined
the expression of 1Q-ArfGEF/BRAG! at the mRNA and protein
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FiG. 1. Expression of IQ-ArfGEF/BRAG] in the mouse retina. (A) RT-PCR
analysis. First-strand ¢cDNAs from the mouse retina and hippocampus (hip)
were subjected to RT-PCR analysis with specific primers for IQ-Ar-
fGEF/BRAGH1 (upper panel) and f-actin (lower panel). As a negative control,
the samples, which were subjected to the first-strand synthesis reaction without
reverse transcription (RT), were used as PCR templates. The right lane shows
the electromobility of a 100-bp DNA marker. (B) Immunoblot analysis. Total
lysates (20 pg) of the mouse retina and hippocampus (hip) were subjected to
immunoblot analysis with the antibody against IQ-ArfGEF/BRAG!
(0.5 pg/mL).

levels in the mouse retina (Fig. 1). RT-PCR analysis with specific
primers targeted to its N-terminal region showed the expression of the
1Q-ArfGEF/BRAG]! ftranscript in both the retina and hippocampus,
although the expression level in the former was much weaker
(Fig. 1A). In the immunoblot analysis, the antibody against
1Q-ArfGEF/BRAG]I, which was raised against the C-terminal region
of 1Q-ArfGEF/BRAGI (Sakagami ef al., 2008), detected an immu-
noreactive band at approximately 200 kDa in the lysates of both the
retina and hippocampus (Fig. 1B). Consistent with the transcriptional
level, the immunoreactive intensity in the retina was much lower than
that in the hippocampus. These findings suggest the expression of
IQ-ArfGEF/BRAGI in the retina and the specificity of the anti-
IQ-ArfGEF/BRAGI antibody used in the present study.

Immunohistochemical localization of IQ-ArfGEF/BRAG1
in the mouse retina

In vertical sections of the adult mouse retina; the antibody against
1Q-ArfGEF/BRAG! produced robust immunolabeling. in . the two
synaptic. layers, the IPL and OPL (Fig.2A). In contrast, the
immunoreactivity was negligible in the inner and outer nuclear layers
and the ganglion cell layer. In the IPL, immunofluorescent puncta of
0.1~0.5: pm in size were homogenously. distributed without apparent
banding patterns; suggesting the synaptic localization of IQ-AtfGEF/
BRAG! (Figs: 2A and 4). In the OPL, the immunofluorescent puncta
were located: around the dendritic tips of PKCeu-positive rod: bipolar
cells, and their appearance was elliptic or horseshoe-shaped (Fig. 2C).
Because such a characteristic appearance was reminiscent of synaptic
ribbons; . double-immunolabeling  was - performed - with  antibodies
against IQ-ArfGEF/BRAGI and markers for the: ribbon-associated
proteins, RIBEYE and Bassoon (Fig: 2D-1). At a high magnification
of the OPL, IQ-ArfGEF/BRAGI-imnwmnoreactive: structures: clearly
overlapped with those immunoreactive for both RIBEYE (Fig. 2D-F)
and Bassoon (Fig. 2G-I). Most of the IQ-ArfGEF/BRAG! immu-
nolabeling was randomly distributed in the OPL, but some of it was
clustered, suggesting its distribution in both rod and cone ribbon
synapses (Fig. 2A). Pepsin pretreatment of sections was necessary for
the immunohistochemical. detection. of IQ-ArfGEF/BRAG!. in- the
retina and the brain (Sakagami: ef al;. 2008), suggesting  that" the
epitopes. of IQ-ArfGEF/BRAG! may. be. buried in- tight protein
complexes. In the control experiment (Fig. 2B), the immunolabeling
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FiG. 2. Immunohistochemical localization of IQ-ArfGEF/BRAG! in the mouse retina. (A and B) Confocal micrographs of vertical sections of the mouse retina
iminunostained with anti-IQ-ArfGEF/BRAG1 IgG (A) or the antibody preabsorbed with | uM antigen (B). Note the immunofluorescent puncta for
1Q-ArfGEF/BRAG1 (green) in both the inner plexiform layer (IPL) and outer plexiform layer (OPL). The arrows in (A) indicate immunoreactive clusters that
presumably corresponded to cone synapses. Also note the complete disappearance of the immunoreactivity for 1Q-ArfGEF/BRAGI (green) in the control
experiment (B). Nuclei were counterstained with DAPI (blue). (C) A confocal micrograph at a high magnification of the OPL double-immunostained with antibodies
against IQ-ArfGEF/BRAG! (green) and protein kinase Ca (PKCa; red). Note the close apposition of the 1Q-ArfGEF/BRAG1-immunoreactive puncta to the tips of
PKCa-immunoreactive rod bipolar dendrites. (D-L) Confocal micrographs at a high magnification of the OPL double-immunostained with antibodies against
IQ-ArfGEF/BRAG! (D, G, J) and RIBEYE (E), Bassoon (H) or postsynaptic density (PSD)-95 (K). Note the colocalization of IQ-ArfGEF/BRAG] and the ribbon-
associated proteins, RIBEYE and Bassoon. Also note that the distribution of IQ-ArfGEF/BRAG! did not overlap with that of PSD-95. GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars: A (10 yan); C, F,Tand L (1 pim).

described above was completely attenuated when the primary antibody We have previously shown that IQ-ArfGEF/BRAG! forms a
was preabsorbed with the antigen, suggesting the specificity of the protein complex with NMDAR, possibly through its direct interaction
antibody against 1Q-ArfGEF/BRAGI. with PSD-95 and IRSp53 (Sakagami et al., 2008; Sanda et al., 2009).
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F1G. 3. Localization of IQ-ArfGEF/BRAG! at synaptic ribbons of photoreceptor cells. Electron micrographs of the photoreceptor terminals immunostained with
anti-IQ-ArfGEF/BRAG] IgG and visualized by peroxidase (A) or silver enhancement immunogold (B) methods. H, horizontal cell processes. Scale bars: 200 nm.
(C) Quantification of the distribution of the immunogold particles for IQ-ArfGEF/BRAGI along the synaptic ribbon, The distance of each immunogold particle
(n = 95) from the base of the synaptic ribbon was nomalized to the total length of the respective synaptic ribbon (n = 37).

To examine whether this is also the case in the retina, vertical sections
of the adult mouse retina were doubly-immunostained for IQ-ArfGEF/
BRAG! and PSD-95 (Fig. 2J-L). In the OPL, IQ-ArfGEF/BRAG!-
immunoreactive puncta were located inside PSD-95-immunoreactive
structures, which corresponded to the plasma membrane of photo-
receptor terminals (Koulen ef al., 1998), but the two immunofluores-
cences showed no overlapping (Fig. 2J-L). In contrast, anti-IRSp53
antibodies, which were raised against its full length in our previous
study (Sanda et al., 2009), did not yield obvious immunoreactivity
above the background in the OPL (data not shown).

To examine the precise localization of IQ-ArfGEF/BRAGI at
the ultrastructural level, we first performed pre-embedding immuno-
peroxidase microscopy. As shown in Fig 3A, immunoreactive
products were distributed in the photoreceptor presynaptic terminals
with particularly dense accumulation of DAB products at the ribbon
structures located between horizontal processes. Because the diffusion
of DAB products prevented precise molecular localization, we further
performed pre-embedding silver-enhanced immunogold microscopy.
Consistently, immunoreactive particles were found along the synaptic
ribbons of photoreceptors (Fig. 3B). The quantification of the
immunolocalization along the synaptic ribbon revealed that the
immunogold particles for IQ-ArfGEF/BRAG! were mainly distrib-
uted in the outer two-thirds of the synaptic ribbon (Fig. 3C).

Localization of IQ-ArfGEF/BRAGT in the IPL

Because the pepsin pretreatment required for the immunodetection had
detrimental effects on morphological preservation, the precise local-
ization of 1Q-ArfGEF/BRAG]! in the IPL could not be determined at
the electron microscopic level. Therefore, we examined the colocal-
ization of IQ-ArfGEF/BRAG! with RIBEYE in the IPL using
confocal laser-scanning microscopy (Fig. 4). The quantitative analysis
showed that 92.6 + 4.8% of RIBEYE-immunoreactive puncta (total
1837 puncta from three mice) colocalized with IQ-ArfGEF/BRAGI,
and that 84.7 + 4.5% of 1Q-ArfGEF/BRAG1-immunoreactive puncta
(total 2380 puncta from three mice) colocalized with RIBEYE
(Fig. 4C). In the control in which two immunofluorescent images were
superimposed after one of them had been turned by 180° the
colocalization values were significantly decreased to 15.2 +4.5
(P = 0.00068) and 12.9 % 2.4% (P = 0.0013; Fig. 4C). These findings

d 1A

A . 1G-ArlGEF/BRAG

RIBEYE coexpi IBRAG1 p
. with 1Q-ArfGEF/BRAGY puncta with RIBEYE puncta
100 - 100
90 0 *
80 8
§m S
8o Se
ERd g
2w 2w
8 56 8 %0
£ ES
20 20
10 10 B
b o
observed  random observed  random

FI1G. 4. Colocalization of 1Q-ArfGEF/BRAG! and RIBEYE in the IPL.
Confocal micrographs at a high magnification of the IPL double-immuno-
stained with antibodies against 1Q-ArfGEF/BRAG! (A) and RIBEYE (B).
Scale bar: 1 ym, The quantitative data in (C) show the colocalization values in
comparison with those when the images were superimposed after one of them
had been tuned by 180° (*P < 0.005; paired Student’s -test). Data are shown
as the mean  SD from three mice.

suggest that IQ-ArfGEF/BRAGI exists in close association with
RIBEYE-positive ribbon synapses in the IPL as well.

Association of IQ-ArfGEF/BRAG1 with RIBEYE

RIBEYE is known to be a major component of synaptic ribbons and to
provide the structural basis of a scaffold for various signaling
molecules through multiple RIBEYE-RIBEYE self-associations.
(Schmitz et al,, 2000; tom Dieck et al, 2005; Alpadi et al., 2008;
Magupalli ef al., 2008). To examine the subcellular localization of
heterologously expressed IQ-ArfGEF/BRAG! and RIBEYE, FLAG-
1Q-ArfGEF/BRAG] and Myc-RIBEYE were transfected into HeLa
cells and visualized by immunostaining with antibodies against
IQ-ArfGEF/BRAG! and RIBEYE (Fig. 5A-F). When transfected
alone, FLAG-IQ-ArfGEF/BRAG! exhibited diffuse cytoplasmic
localization with a reticular pattern in HeLa cells (Fig. 5C), while
Myc-RIBEYE was aggregated and exhibited a spot-like distribution as
described previously (Fig. 5F; Schmitz ef al., 2000; Magupalli ef al.,
2008). When cotransfected, a small but distinct population of FLAG-
1Q-ArfGEF/BRAGI! was recruited to hot spots where Myc-RIBEYE
was aggregated (Fig. SA and B). This prompted us to examine
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FiG. 5. Association of 1Q-ArfGEF/BRAG! with RIBEYE. (A-F) Hela cells were transfected with the indicated combination of vectors for FLAG-
IQ-ArfGEF/BRAG! and Myc-RIBEYE, and subjected to immunostaining. Note the colocalization of FLAG-IQ-ArfGEF/BRAGI at the hot spots where Mye-
RIBEYE was aggregated (arrows) when HeLa cells were doubly transfected (A and B). Scale bar: 10 ym. (G) HeLa cells transfected with the indicated combination
of expression vectors were subjected to immunoprecipitation (IP) and immunoblot (IB) analyses with the indicated antibodies. Note the immunoprecipitation of the
FLAG-IQ-ArfGEF/BRAG1 and Myc-RIBEYE complex with both combinations of antibodies. (H) Retinal lysates (500 ug) were immunoprecipitated with anti-
1Q-ArfGEF/BRAG! IgG or normal rabbit IgG. The precipitates and lysates (10 p1g) were immunoblotted with antibodies against RIBEYE, 1Q-ArfGEF/BRAG],
Piccolo, RIM, kinesin II and postsynaptic density (PSD)-95. Note that anti-IQ-ArfGEF/BRAG! IgG immunoprecipitated only RIBEYE.

whether 1Q-ArfGEF/BRAGT is able to form a protein complex with
RIBEYE. In the immunoprecipitation experiment with the heterolo-
gous expression system, anti-IQ-ArfGEF/BRAG! IgG was able to
immunoprecipitate Myc-RIBEYE from Hela cells transfected with
both FLAG-IQ-ArfGEF/BRAGI! and Myc-RIBEYE, but not from
HeLla cells transfected with either of them alone (Fig. 5G). Con-
versely, anti-RIBEYE IgG was also able to immunoprecipitate FLAG-
1Q-ArfGEF/BRAG! from doubly-transfected HeLa celis (Fig. 5G).

Finally, we performed immunoprecipitation in the mouse retina to
examine the possibility of the complex formation of 1Q-ArfGEF/
BRAG! with RIBEYE in vivo (Fig. SH). The retinal lysates extracted
with 1% Triton X-100 and 0.5% sodium deoxycholate were
immunoprecipitated with anti-IQ-ArfGEF/BRAGI IgG, and the
precipitates were immunoblotted with antibodies against RIBEYE
and other ribbon-associated proteins (Fig. SH). Anti-IQ-ArfGEF/
BRAG!1 IgG, but not control rabbit IgG, efficiently pulled down
RIBEYE from the retinal lysates. In contrast, anti-IQ-ArfGEF/
BRAG]I IgG was not able to immunoprecipitate Piccolo, RIM, kinesin
II or PSD-95 from the retinal lysates.

Discussion

1Q-ArfGEF/BRAG] is a GEF for Arfl and Arf6 (Murphy ef al,
2006, Sakagami et al., 2008). In the brain, it is preferentially localized
at the PSD of excitatory synapses and forms a protein complex with

PSD proteins, including NMDAR, PSD-95 family proteins and
IRSp53 (Murphy et al., 2006; Sakagami ef al., 2008; Sanda ef al,,
2009). The major finding of this study is that in contrast to its
postsynaptic localization in the brain, IQ-ArfGEF/BRAGI was
exclusively localized at the synaptic ribbons of presynaptic photore-
ceptor terminals in the OPL. Although the precise localization of
IQ-ArfGEF/BRAG! in the IPL could not be determined at the
ultrastructural level, the extremely high rate of its colocalization with
RIBEYE in the IPL suggests its localization at the synaptic ribbons in
bipolar terminals. Because ribbon synapses occur in other sensory
neurons such as pinealocytes and the hair cells of the inner ear, it
would be of interest to examine whether IQ-ArfGEF/BRAG! is a
ubiquitous component of synaptic ribbons.

We have recently reported that EFA6A, a specific Arf6-GEF, is also
localized at photoreceptor terminals (Katsumata et al., 2008). How-
ever, the subcellular location of EFA6A differs from that of
IQ-ArfGEF/BRAG!: EFA6A was localized predominantly at the
perisynaptic processes of photoreceptor terminals without association
with synaptic ribbons (Katsumata et al., 2008). Furthermore, in our
unpublished observation, GEP100/BRAG?2, another member of the
BRAG family with specific GEF activity toward Arf6, was also found
to be expressed in the photoreceptors and to exhibit distinct
localization from IQ-ArfGEF/BRAG! in pholoreceptor terminals.
The multiple existence and distinct subcellular localization of the Arf-
GEF family suggest that the Arf pathway regulates various presynaptic
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functions of the photoreceptor ribbon synapse in a fine-tuned manner
through multiple Arf-GEF.

Retinal ribbon synapses continuously release glutamate in response
to the graded changes in the presynaptic membrane potential (Parsons
& Sterling, 2003; Sterling & Matthews, 2005; tom Dieck &
Brandstatter, 2006). Compared with conventional synapses, ribbon
synapses, therefore, require mechanisms to prepare and maintain a
large pool of readily releasable vesicles and to release them rapidly.
Synaptic ribbons are hypothesized to act as a ‘conveyor belt’ that
transports attached readily releasable synaptic vesicles to their
docking/release sites or to act as a ‘safety belt’ to tether vesicles in
stable mutual contact to allow them to fuse serially by compound
fusion (Parsons & Sterling, 2003). The first model is supported by the
presence of KIF3A, a member of the kinesin motor protein family,
along the ribbons (Muresan et al., 1999). Interestingly, kinesins have
been shown to physically interact with Arf proteins and their
regulators: Arf proteins can interact with mitotic kinesin-like protein 1
(MKLP1; Boman ef al.,, 1999). BIG1, an Arf-GEF, and centaurin-a1,
an Arf-GAP, interact with KIF21A and KIF13B, respectively
(Kanamarlapudi, 2005; Shen et al., 2008). Although our immuno-
precipitation analysis with anti-IQ-ArfGEF/BRAG] did not support
its direct complex formation with KIF3A (Fig. SH), it can be still
speculated that IQ-ArfGEF/BRAG! may activate Arf proteins,
thereby recruiting synaptic vesicles to ribbons or regulating the
transport of synaptic vesicles along ribbons in a collaborative manner
with KIF3A. However, recent accumulating evidence supports the
safety belt/compound fusion model rather than the conveyor belt
model (Parsons & Sterling, 2003). Arf proteins have been shown to
regulate exocytosis in various neuroendocrine and endocrine cells,
including adrenal chromaffin and PCI2 cells (Galas et al, 1997,
Caumont ef al, 1998; Vitale et al, 2002), pancreatic f cells
(Lawrence & Birnbaum, 2003) and pituitary melanotrophs (Rupnik
et al., 1995). Previous studies on chromaffin cells emphasized the
essential roles of Arf6 in Ca?*-regulated exocytotic fusion of secretory
vesicles: upon Ca® stimulation, Arf6 translocates to the plasma
membrane from secretory vesicles (Caumont ef al, 1998) and is
activated by ARNO, an Arf-GEF (Caumont ef al., 2000; Vitale ef al.,
2002). Subsequently, Arf6 activates phospholipase D (PLD), which
produces phosphatidic acid from phosphatidylcholine, thereby mod-
ifying the membrane lipid composition to make it fusogenic (Caumont
et al., 2000). In addition to PLD, Arf6 can directly activate another
lipid-modifying enzyme, phosphatidylinositol 4-phosphate 5-kinase
type I (PIP5K), which produces phosphatidylinositol 4,5-bisphosphate
(Honda ef al., 1999). Arf6 has previously been shown to play a role in
Ca®*-regulated exocytosis by regulating the activity of PIPSK in PC12
cells (Aikawa & Martin, 2003). Together with our previous finding
that IQ-ArfGEF/BRAG! activates Arf6 in vivo (Sakagami et al,
2008), it is thus reasonable to speculate that IQ-ArfGEF/BRAGI may
be involved in the fusion of synaptic vesicles docked to ribbons
through Arf6-dependent activation of PLD and/or PIP5K.

The mechanism for the targeting of IQ-ArfGEF/BRAGI to
synaptic ribbons remains unclear at present. 1Q-ArfGEF/BRAGI
contains various motifs that can interact with proteins and lipids,
such as the coiled coil motif, 1Q-like motif, Sec? domain, PH
domain, protine-rich sequence and PDZ-binding motif (Murphy
et al., 2006; Sakagami ef al., 2008). We have previously shown that
1Q-ArfGEF/BRAG! interacts with PSD-95 and IRSp53 through its
different C-terminal motifs, PDZ-binding motif and proline-rich
sequence, respectively, and that the C-terminal region is important
for its targeting to dendritic spines (Sakagami et al, 2008; Sanda
et al., 2009). In contrast, our present analyses showed that it did
not colocalize with or form a protein complex with PSD-95 in the
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retina. Furthermore, the immunoprecipitation analysis did not
support the complex formation of IQ-ArfGEF/BRAGI with
RIMI and Piccolo, PDZ domain-containing proteins that are
“localized at the synaptic ribbon (Dick efal, 2001). Therefore,
interactions with PDZ domain-containing proteins such as PSD-95,
RIMI1 and Piccolo seem to be unimportant for the localization of
IQ-ArfGEF/BRAG! at the synaptic ribbon. Intriguingly, our
present immunoprecipitation experiment demonstrated the tight
association of IQ-ArfGEF/BRAG]! with RIBEYE, a major compo-
nent of synaptic ribbons (Schmitz ef al, 2000), in the retina.
Furthermore, analyses with a heterologous expression system using
HeLa cells demonstrated that IQ-ArfGEF/BRAG!1 was partially
recruited to the RIBEYE aggregates and that it formed an
immunoprecipitable protein complex with RIBEYE. These findings
strongly suggest the direct interaction of IQ-ArfGEF/BRAGI! with
RIBEYE. Further studies using yeast two-hybrid and pulldown
assays are necessary to clarify the precise mechanism of the
interaction.

In summary, we immunohistochemically demonstrated that
IQ-ArfGEF/BRAGT is a novel component of the synaptic ribbons
of photoreceptors and bipolar cells, shedding new light on the roles
of the IQ-ArfGEF/BRAGI1-Atf pathway in ribbon synapses in the
retina.
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