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Mutations in the Drosophila retinal degeneration B (rdgB) gene
cause a rapid loss of the electrophysiological light response
and subsequent light-enhanced photoreceptor degeneration.
The rdgB gene encodes a protein with an N-terminal phospha-
tidylinositol transfer protein domain, a large C-terminal seg-
ment, and several hydrophobic regions thought to multiply
span the subrhabdomeric cisternal membrane. A mammalian
rdgB homolog (m-rdgB1) was previously identified and shown
to exhibit widespread tissue distribution and functionally rescue
the Drosophila rdgB mutant phenotypes. We describe a second
mammalian rdgB homolog (m-rdgB2) that possesses 46%
amino acid identity to Drosophila RdgB and 56% identity to
M-RdgB1. M-RdgB2 possesses a neuronal-specific expression
pattern, with high levels in the retina and the dentate gyrus

mossy fibers and dendritic field. Using M-RdgB2-specific anti-
bodies and subcellular fractionation, we demonstrate that
M-RdgB2 is not an integral membrane protein but is stably
associated with a particulate fraction through protein—protein
interactions. Although transgenic expression of M-RdgB2 in
rdgB2 null mutant flies suppressed the retinal degeneration, it
failed to fully restore the electrophysiological light response.
Because transgenic expression of M-RdgB2 does not restore
the wild-type phenotype to rdgB2 mutant flies to the same
extent as M-RdgB1, functional differences likely exist between
the two M-RdgB homologs.
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The Drosophila retinal degeneration B (rdgB) gene was discov-
ered in three independent screens for mutants that exhibited
either abnormal photoreceptor physiology or retinal degeneration
(Hotta and Benzer, 1969; Pak et al., 1970; Heisenberg, 1971). The
rdgB mutant exhibits a defective light response as measured by the
electroretinogram (ERG) and subsequently undergoes a light-
enhanced photoreceptor degeneration (Harris and Stark, 1977).
The rdgB mutant flies produce an initial light response of near
wild-type amplitude but require prolonged dark recovery times to
regenerate any subsequent light response (Milligan et al., 1997).
Within a day, rdgB mutants lose their light response entirely. This
suggests the rdgB mutation disrupts an aspect of the visual trans-
duction cascade, which is mediated by phospholipase C hydrolysis
of phosphatidylinositol (4,5)-bisphosphate (PIP,) (Ranganathan
et al., 1995). Consistent with this hypothesis, mutations in several
genes encoding phototransduction components, such as ninaE
(rhodopsin), norpA (phospholipase C), or trp (light-activated
Ca?* channel), suppress rdgB-dependent photoreceptor degen-
eration (Harris and Stark, 1977; Paetkau et al., 1999).
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The rdgB gene encodes a 160 kDa protein that possesses a
calcium-binding domain, six hydrophobic segments purported to
be membrane spanning regions, and an N-terminal 281 amino
acids that are greater than 40% identical to rat brain phosphati-
dylinositol transfer protein (PITP) (Vihtelic et al., 1991, 1993).
PITPs are 30-35 kDa soluble proteins operationally defined by
their ability to transfer PI and phosphatidylcholine (PC) between
membrane compartments in vitro (Bankaitis et al., 1990; Cleves et
al., 1991; Wirtz, 1991). A soluble form of the RdgB PITP domain
possessed PI and PC transfer activity in vitro and rescued the
rdgB2 mutant phenotypes in vivo (Vihtelic et al., 1993; Milligan et
al., 1997). Therefore, RdgB represents a novel PITP with an
extended hydrophobic C terminus. However, PI transfer activity
does not fully account for the function of RdgB, because neither
the soluble rat brain PITPa nor a hybrid RdgB protein in which
the PITP domain was replaced by the rat brain PITP«a rescued
the rdgB mutant phenotypes (Milligan et al., 1997).

Recently, a mammalian rdgB (m-rdgB) homolog was identified
and characterized (Aikawa et al., 1997; Chang et al., 1997, Guo
and Yu, 1997; Rubboli et al., 1997). Similar to the Drosophila
protein, mammalian RdgB possesses an N-terminal PITP domain
and multiple hydrophobic segments. The Drosophila and mam-
malian homologs are also functionally related, because transgenic
expression of M-RdgB1 fully restores the ERG light response and
prevents retinal degeneration in rdgB mutant flies (Chang et al.,
1997). The remarkable structural and functional conservation has
led to the suggestion that the PI cycle may participate in some
aspect of mammalian photoreceptor physiology through
M-RdgB1 (Chang et al., 1997). We describe the characterization
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of a second mammalian rdgB homolog that is selectively ex-
pressed in the dentate gyrus of the hippocampus and the retina.
We show that this mammalian homolog, M-RdgB2, also rescues
photoreceptor degeneration in rdgB mutant flies, without fully
restoring the ERG light response. Contrary to our expectation,
M-RdgB2 does not behave as an integral membrane protein in
subcellular fractionation assays.

MATERIALS AND METHODS

¢DNA cloning. Poly(A") mRNA from adult C57BL/6J mouse retinas
(Charles River Laboratories, Wilmington, MA) was used to construct a
cDNA library in the Uni-ZAP XR vector (Stratagene, La Jolla, CA).
The library was screened with a DNA probe corresponding to the PITP
domain of human rdgB (Guo and Yu, 1997). The identities of isolated
clones were analyzed by DNA sequencing.

Northern analysis. Poly(A") mRNAs from mouse retina, cerebrum,
cerebellum, and heart were separated by denaturing agarose gel electro-
phoresis (0.5 pg/lane of RNA), transferred to nitrocellulose, and hybrid-
ized overnight (60°C; 6X SSC, 5X Denhardt’s, 0.1% SDS, and 10 mg/ml
salmon sperm DNA) to a *?P-labeled m-rdgB2 DNA probe correspond-
ing to the entire coding sequence. The final stringency wash was in 0.2X
SSC at 60°C. To assess gel-loading equivalency, the membrane was
stripped and reprobed with a 700 bp mouse B-actin DNA fragment.
Northern analysis was also performed on multiple tissue blots containing
2 pg of poly(A™) mRNA each from mouse heart, brain, spleen, lung,
liver, skeletal muscle, kidney, and testis (Clontech, Palo Alto, CA).

In situ mRNA hybridization. Mouse eye and brain tissues were fixed in
4% formaldehyde—PBS, pH 7.0, for 2 hr, and the anterior segments and
lens were removed. After sequential soaking in 10 and 30% sucrose,
tissues were quick frozen in OCT and sectioned at 12 um. Sections were
treated sequentially in 0.25% Triton X-100-PBS, proteinase K (10 pg/
ml; 10 min at room temperature), and 2X SSC, dehydrated in a graded
ethanol series, and prehybridized for 3 hr at 60°C (50% formamide, 5X
SSC, 2X Denhardt’s, 5 mm EDTA, 0.1% CHAPS, and 200 ug/ml yeast
tRNA). Digoxigenin-labeled sense and antisense m-rdgB2 RNA probes
spanning the entire coding region were generated using a Genius 4
digoxigenin RNA labeling kit (Boehringer Mannheim, Indianapolis, IN)
and alkaline hydrolyzed to an average size of 400 bp. The probes (1
ng/ul) were hybridized for 36—40 hr at 60°C. Sections were washed
sequentially in 2X SSC, 1X SSC, and 0.5X SSC (10 min each at room
temperature), followed by 0.1 SSC and 0.1X SSC-20% formamide (1
hr each at 55°C). Sections were treated with RNase A (20 ug/ml) for 30
min at 37°C. Detection of the digoxigenin-labeled probe using alkaline
phosphatase-conjugated anti-digoxigenin antibodies was performed per
the manufacturer’s instructions.

Antibodies. Two segments in the m-rdgB2 coding sequence correspond-
ing to codons 233-460 (a2) and codons 1114-1281 (a3) were selected for
generating polyclonal antibodies based on their lack of similarity with
known proteins and predicted hydrophilicity. DNA fragments were sub-
cloned into the pET28 vector (Novagen, Madison, W1) at the EcoRlI site,
and the fusion proteins were expressed and affinity purified from Esch-
erichia coli BL21pLysS using His-Bind resin according to the manufac-
turer’s protocol (Novagen). Antibodies were produced in chicken (a2
fusion protein; Cocalico Biologicals, Inc., Reamstown, PA) or rabbit (a3
fusion protein; Zymed, South San Francisco, CA). Specific antibodies
were affinity purified from rabbit antiserum or total chicken IgY using
the cognate antigens immobilized to agarose beads (AminoLink Plus
Immobilization kit; Pierce, Rockford, IL). Antibody specificity was dem-
onstrated by blocking with competing antigens and by lack of cross-
reactivity against M-RdgB1. Both the a2 and a3 antibodies detected a
single polypeptide in retinal and brain extracts on immunoblots and
identical patterns in tissue sections. Because the a3 antiserum gave a
consistently better signal-to-noise ratio, it was used for all subsequent
analyses.

Immunocytochemistry. Tissue was fixed in 4% formaldehyde for 30
min, frozen sectioned (12 wm), blocked in 5% normal rabbit or goat
serum in PBS for 1 hr, and incubated with anti-a2 IgY (1:2000) or anti-a3
IgG (1:4000) for 4 hr to overnight. After washing in PBS, sections were
incubated in secondary antibodies: either Cy3-conjugated rabbit anti-
chicken IgY or goat anti-rabbit IgG (Jackson ImmunoResearch, West
Grove, PA) for 1 hr. Preimmune serum or IgY were used as negative
controls.
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Chromosomal mapping. The m-rdgB2 gene was mapped by PCR using
an interspecific backcross mouse DNA panel from The Jackson Labora-
tory (Bar Harbor, ME) (Rowe et al., 1994). A primer pair flanking a 6.8
kb DNA segment from exon 1 to intron 3 (5'-AGAACCGGCCC-
TACACAGACGGCCC-3" and 5'-GTGTACCACTGAGCCTGGTTC-
3") was used for first-round PCR amplification, followed by nested PCR
with  primers 5-TGGCGGCTCCGGGCAATACA-3' and 5'-
GGATTCAACCTCAGGTGCAC-3'. The 6.8 kb product was digested
with the restriction enzyme Tagl and electrophoresed through a 1%
agarose gel. A number of bands were identical between the parental
strains, but two unique bands of 1.5 and 1.4 kb were found only in one
parental strain, whereas the other strain had a 2.9 kb band. This restric-
tion site polymorphism allowed the typing of crossovers at this locus.
Chromosomal location was assigned by The Jackson Laboratory.

Subcellular fractionation of M-RdgB2. One mouse brain or 10 retinas,
freshly isolated, were used in each experiment. The cerebellum and the
anterior third of the cerebrum were removed to enrich for areas express-
ing M-RdgB2. Tissues were homogenized in 1 ml of extraction buffer
(EB) (10 mm HEPES, pH 7.4, 140 mm KOAc, 1 mm MgCl,, 0.1 mm
EGTA, 1 mm DTT, 0.2 mm PMSF, 10 pg/ml trypsin inhibitor, 0.5 pg/ml
leupeptin, and 5 ug/ml chymostatin) using a motor-driven homogenizer.
Nuclei were pelleted at 2000 X g for 10 min. The postnuclear supernatant
was divided into equal aliquots and centrifuged at 170,000 X g for 40 min
in a Beckman TL-100 ultracentrifuge. The supernatants were combined,
and the pellets were resuspended in one of the following solutions: NaCl
(EB plus 1 M NaCl), Na,CO; (0.2 m Na,CO;,pH 11, plus protease
inhibitors as in EB), Triton (EB plus 2% Triton X-100), Triton plus NaCl
(EB plus 2% Triton X-100 plus 1 M NaCl), Urea (EB plus 5 M urea), or
Guanidine (6 M guanidine chloride). The samples were incubated for 40
min at 4°C. After incubation, the guanidine extraction was diluted to 3 M.
All the samples were centrifuged again at 170,000 X g for 40 min in a
Beckman TL-100 ultracentrifuge. Supernatants were collected sepa-
rately, dialyzed against water overnight, and lyophilized. Supernatant or
pellet proteins were solubilized in 70 ul of protein loading buffer (20 mm
Tris, pH 6.8, 1% SDS, 2 mMm DTT, and 10% glycerol) and boiled for 5
min, and 7 ul of each sample was analyzed by immunoblotting. Sucrose
density centrifugation was performed as described previously (Parkin et
al., 1999) with minor modifications. Briefly, one mouse cerebrum was
mechanically homogenized and sonicated, and the postnuclear superna-
tant was centrifuged at 100,000 X g for 90 min in a Beckman SW50.1
rotor. The pellet was resuspended by sonication in 0.6 ml of 10 mm
phosphate buffer containing 2% Triton X-100 and left at 4°C for 2 hr, and
0.5 ml of this suspension was mixed with 0.5 ml of 80% sucrose prepared
in the same phosphate buffer. The sample was loaded at the bottom of a
5 ml centrifuge tube and layered with 2 ml of 30% sucrose and 2 ml of
5% sucrose sequentially on top. Centrifugation was performed at
100,000 X g for 22 hr. Seven fractions of ~0.7 ml each was collected from
the top. Proteins from each supernatant fraction were recovered by
precipitation with 10% trichloroacetic acid. Proteins recovered from each
fraction were resuspended in 200 ul of SDS protein sample buffer, and 10
wul of each sample was loaded for immunoblot analysis.

Mouse immunoblot analysis. Samples were separated on 6% SDS-
polyacrylamide gels and electroblotted to polyvinylidene difluoride
membranes. Membranes were blocked in 5% BSA-PBS for 1 hr and
incubated with either the a2 or a3 primary antibodies (1:4000) for 3 hr at
room temperature or overnight at 4°C. Antibodies against synaptotagmin
or actin (Sigma, St. Louis, MO) were included as controls. Antibody
against caveolin-1 was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Antiserum against flotillin (Bickel et al., 1997) was a gift from
Dr. Perry Bickel (Washington University, St. Louis, MO). The protein—
antibody complex was detected with peroxidase-conjugated secondary
antibodies (Calbiochem-Novabiochem International, La Jolla, CA) fol-
lowed by chemiluminescent exposures (SuperSignal Substrate; Pierce) on
Biomax ML film (Eastman Kodak, Rochester, NY).

Germline transformation of Drosophila. The m-rdgB2 cDNA (cDNA
clone 11-6) was placed downstream of the Drosophila R1-6 opsin
(ninaE) promoter (Chang et al., 1997), followed by subcloning into the
P-element transformation vector pCaSpeR-4 (Ashburner, 1989) to gen-
erate the transformation construct P[m-rdgB2]. Plasmid DNA (Wizard
Midiprep; Promega, Madison, WI) was coinjected with A2-3 helper
DNA into w'''® embryos (Ashburner, 1989). Three independent inser-
tion lines were phenotypically characterized. All three lines suppressed
the rdgB retinal degeneration phenotype. Based on its greater eye color
intensity, line 21-2 was chosen for more detailed analysis.
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Amino acid sequence alignment of M-RdgB1,M-RdgB2, D-RdgB, and rat brain PITPc«. Identical residues are highlighted. Alignment was

performed using MacVector 6.0 (Oxford Molecular Group, Oxford, UK) with manual adjustment. The complete m-rdgB2 cDNA sequence is available

from GenBank (accession number AF058693).

Drosophila immunoblot analysis. Five fly heads of each genotype
(Oregon R, rdgB2, or rdgB2; P[m-rdgB2]) were homogenized in 40 ul of
extraction buffer (62.5 mMm Tris-HCI, pH 6.8, 2.3% SDS, 1 mm EGTA, 1
mM DTT, and 0.01% bromophenol blue), boiled for 3 min, and micro-
centrifuged for 1 min. Eight microliters of supernatant was electropho-
resed through a 10% SDS-PAGE and electroblotted to nitrocellulose (15
V; 60 min). The membranes were blocked for 60 min at room tempera-
ture using 5% nonfat dry milk in TTBS (TBS, pH 7.4, and 0.05% Tween
20), briefly rinsed in TTBS, and incubated overnight at room tempera-
ture with either anti-M-RdgB2 a2 antibodies (1:10,000 in TTBS) or
anti-Drosophila RdgB (D-RdgB) hybridoma supernatant (1:100). Mem-
branes were washed in TTBS (three times in 10 min), incubated in
appropriate HRP-conjugated secondary antibody (sheep anti-chicken,
1:15,000 or donkey anti-mouse, 1:3000) for 60 min, and then washed as
described above. Chemiluminescent exposures (Amersham, Arlington
Heights, IL) ranged from 30 sec to 2 min.

Electroretinography. ERGs were performed on newly eclosed flies as
described (Zars and Hyde, 1996). Flies were dark adapted for at least 4
min before stimulation with white light (1.2 X 10 > W/cm?). At least five
different flies of each genotype were recorded.

Histology of Drosophila retina. Control and experimental flies were
raised in a 12 hr light/dark cycle for the desired time period and
decapitated, the proboscis was removed, and the heads were fixed and
processed into Polybed 812 for plastic sections as described previously
(Chang et al., 1997). One micrometer sections were stained with 1%
methylene blue-1% azure II.

RESULTS

m-rdgB2 is a novel mammalian homolog of

Drosophila rdgB

We screened our mouse retinal cDNA library with a probe
corresponding to the human rdgB PITP domain and identified
two classes of clones. One class represents the previously identi-
fied mouse rdgB homolog. Although the open reading frame of
our cDNA encodes an additional 184 amino acids at the C
terminus than that published by one group (Chang et al., 1997), it
is identical to the cDNA sequence reported by others (Aikawa et
al., 1997; Rubboli et al., 1997). The second class of cDNA clones
is derived from a novel gene. The full-length transcript is ~7.6 kb
and contains an open reading frame of 1281 amino acids. The
predicted protein shares 46 and 56% amino acid identity over its
entire length with D-RdgB and the previously published mam-
malian RdgB, respectively (Fig. 1). The conceptually translated
protein contains several common features of invertebrate and
vertebrate RdgB proteins, such as a highly conserved N-terminal
PITP domain (amino acids 1-271; 46% identity to rat PITPa)
(Fig. 1) and five hydrophobic segments that could represent
membrane spanning regions. Therefore, this novel gene repre-
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Figure 2. Tissue expression patterns of m-rdgB2 by RNA analysis. A, Northern blot analysis with a m-rdgB2 probe. Retina and cerebrum showed a
prominent band at ~7.6 kb, and cerebellum showed a weak signal of the same size. The blot was stripped and probed again with a labeled mouse B-actin
cDNA to control for equivalency of loading. Heart has predominantly a-actin (with a lower molecular weight), which cross-hybridized with the B-actin
probe. B, Sagittal sections of mouse brain after in situ hybridization with sense (negative control; top) and antisense (bottom) m-rdgB2 probes. Arrowheads
point to areas encompassing the hippocampal formation. Scale bar, 1 mm. C, Higher magnification of the hippocampal formation after in situ

hybridization as in B.

sents a second mammalian homolog of Drosophila rdgB, which we
designate m-rdgB2 (for mammalian rdgB2) and refer to the pre-
viously published homolog as m-rdgB]I.

A GenBank database search revealed extensive homology only
with other mammalian PITPs, whereas a search of Expressed
Sequence Tag databases identified only sequences matching
m-rdgB1. Interestingly, we identified a domain of limited homol-
ogy (amino acids 702-774) with a phosphatidic acid-preferring
phospholipase Al, as well as three other putative phospholipases
from Caenorhabditis elegans, enzymes presumably involved in
phospholipid signaling (Higgs et al., 1998). Similar homology also
exists between this phospholipase and the other known RdgB
proteins. A motif search against the PROSITE database yielded
an RGD sequence at amino acids 1020-1022, indicating the
potential to interact with integrins. There is also a region (amino
acids 1205-1226) that matches the leucine zipper repeat pattern,
although this region was predicted to have a low probability of
being in a coiled coil conformation by a 2ZIP program
(Bornberg-Bauer et al., 1998).

Neural m-rdgB2 expression is restricted to the retina
and dentate gyrus
To determine the full extent of m-rdgB2 expression in the mouse,
we performed mRNA hybridization studies (Fig. 2), immunoblot
analyses (Fig. 3), and tissue immunolocalization experiments
(Fig. 4). These experiments demonstrated a highly restricted
pattern of expression for m-rdgB2, primarily confined to the
retina and brain. The m-rdgB2 transcript was readily detected in
the retina and cerebrum, with lower levels in cerebellum (Fig.
2A4). Although a multiple tissue RNA blot detected m-rdgB2
transcript in testis, it failed to detect m-rdgB2 gene expression in
the kidney, lungs, liver, skeletal muscle, or spleen (data not
shown).

Polyclonal antibodies generated against two different regions of
the M-RdgB2 protein (a2 and a3; see Materials and Methods)
each detected a single 147 kDa polypeptide on SDS-

4M-RdgB2
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Figure 3. Immunoblot analysis of multiple tissue homogenates probed
with M-RdgB2 antibodies (a3). M-RdgB2 is found at high levels in the
retina and cerebrum and at a lower level in the testis. An anti-actin
antibody was included to control for loading.

polyacrylamide gels (Fig. 3). Consistent with the RNA analysis,
M-RdgB?2 possessed a highly restricted tissue expression pattern
(Fig. 3). For example, high M-RdgB2 levels were detected in the
retina and the cerebrum, whereas lower levels were observed in
testis. Although m-rdgB2 transcript was found in the cerebellum,
M-RdgB2 protein in this brain region was only marginally
detectable.

We examined M-RdgB2 protein localization in the retina by
immunocytochemistry. The M-RdgB2 protein was localized by
fluorescence microscopy to the inner layers of the retina, includ-
ing the inner nuclear layer and both synaptic layers with lower
levels of signal in the photoreceptor inner segments (Fig. 44).
Consistent with this localization, m-rdgB2 transcript was detected
in all the retinal layers (data not shown). In contrast, m-rdgBI
mRNA and protein were predominantly detected in the photo-
receptor inner segments and inner nuclear layer (Chang et al.,
1997).
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Figure 4. Immunocytochemistry of retina and brain sections, stained
with M-RdgB2 antibodies (a3). A, Retina. OS, Outer segments; 1S, inner
segments; ONL, outer nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer. B, Hippocampus in a transverse section of mouse
brain. DG, Dentate gyrus; MF, mossy fibers.

The m-rdgB2 gene exhibits a highly restricted pattern of ex-
pression in the brain unlike its generalized retinal expression
pattern. In situ hybridization revealed that m-rdgB2 expression
was predominantly localized to the dentate gyrus; we did not
detect m-rdgB2 mRNA in other regions of the hippocampus (field
CA1-CA3) (Fig. 2B,C). All other areas of the brain were either
negative for the transcript or stained only slightly above back-
ground relative to the sense probe control. This was in contrast to
m-rdgB1, which exhibited diffuse expression throughout the brain
(data not shown). Immunocytochemistry with the M-RdgB2-
specific antibodies was consistent with the in situ hybridization
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pattern. On whole-brain sections, the dentate gyrus was promi-
nently stained, including both the mossy fibers (axons) and the
molecular layer dendritic field (Fig. 4B). In other areas of
the brain, only the caudate putamen exhibited weak staining with
the M-RdgB2 antibody. Thus, the higher level of M-RdgB2 in
cerebrum relative to cerebellum could be attributed to the very
high dentate gyrus expression.

M-RdgB2 is likely associated with the cytoskeleton
M-RdgB2, as well as D-RdgB and M-RdgBl1, possess multiple
hydrophobic segments downstream from the PITP domain that
could act as membrane spanning segments. To investigate
whether M-RdgB2 is an integral membrane protein, we per-
formed subcellular fractionation studies. Although M-RdgB2 was
associated with the high-speed pellet, it did not behave as an
integral membrane protein (Fig. 5). Conditions that disrupt pro-
tein—protein interactions, such as 1 m NaCl, high pH, or strong
denaturants, solubilized M-RdgB2 partially or completely. In
contrast, the detergent Triton X-100 failed to solubilize any
M-RdgB2. This extraction pattern is completely opposite that of
an integral membrane protein marker synaptotagmin (Fig. 54).
M-RdgB2 was not solubilized by either 2% CHAPS, Triton X-100
at 37°C, or a combination of 2% Triton X-100 and 0.5% saponin
(data not shown), suggesting it is not associated with a “rafts”-like
membrane structure or Triton-insoluble membrane microdo-
mains (Simons and Ikonen, 1997). This was further supported by
separating tissue homogenates on a sucrose equilibrium density
gradient before immunoblot analysis. In these experiments (Fig.
5B), Triton-insoluble membranes were found concentrated in
fraction 4, as indicated by the presence of a light scattering band
and confirmed by the presence of two proteins known to be
enriched in Triton-insoluble membranes, flotillin (Bickel et al.,
1997), and caveolin-1 (Parton, 1996). M-RdgB2 was present only
in the pellet fraction. Therefore, M-RdgB2 is not an integral
membrane protein but is associated in vivo with a large protein
complex likely to be the cytoskeleton.

m-rdgB2 maps to a syntenic region that contains loci
associated with retinitis pigmentosa and autism

We mapped the chromosomal location of the mouse m-rdgB2
gene using gene polymorphisms across strains and analyzing the
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Figure 5. Subcellular fractionation of brain and retina M-RdgB2 detected by immunoblotting. 4, High-speed pellets from tissue homogenates were
extracted with a variety of conditions as indicated. See Materials and Methods for concentrations of reagents. S, Supernatant; P, pellet. The integral
membrane protein synaptotagmin was included as an indicator of membrane solubilization. B, Immunoblot analysis of Triton-insoluble materials from
mouse brain homogenate after sucrose equilibrium density centrifugation. Fraction numbers are in the order of increasing densities. 8 is the pellet. Two
marker proteins known to be associated with Triton-insoluble membranes are found in fraction 4, whereas M-RdgB2 is present exclusively in the pellet.
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Figure 6. Transgenic suppression of Drosophila rdgB mutant phenotypes by M-RdgB2. 4, The immunoblot analysis was performed using head protein
extract from wild-type (Oregon R), rdgB2 null mutants (rdgB2), or rdgB2 transgenic flies expressing the M-RdgB2 protein. M-RdgB2 was expressed in
the transgenic flies only (top plot). The bottom plot, probed with anti-Drosophila RdgB, confirms that Drosophila RdgB protein is not expressed in the
transgenic rdgB2; P[m-rdgB2] flies. B, ERG traces from newly eclosed, dark-adapted wild-type (Oregon R), rdgB2 null mutants (rdgB2), and rdgB2
transgenic flies expressing the M-RdgB2 protein (rdgB2; P[m-rdgB2]). The flies were stimulated with 5 min of constant saturating light, followed by 30
sec dark adaptation, 2 sec light stimulus, 5 min dark adaptation, and then another 2 sec light stimulus. The initiation of the 5 min and 2 sec light stimuli
are marked with an arrow and an arrow with asterisk, respectively. A 5 mV and 1 min scale are shown. C, Histological sections from wild-type, rdgB2,
and rdgB2; P[m-rdgB2] flies aged in 12 hr light/dark conditions. The rdgB2 retina at 7 d of age shows severe retinal degeneration, whereas the rdgB2;
P[m-rdgB2] retina at 8 d of age is nearly like wild-type (Oregon R). The arrows point to R7 cells, which are degenerating in the rdgB2; P[m-rdgB2] retinas.

segregation of a target gene against known markers in back-
crossed progeny. Two interspecific backcross panels with 94 in-
dividual DNA samples in each panel were used. We determined
that m-rdgB2 is on the distal end of mouse chromosome 5. This
chromosomal location is different from m-rdgBI, which was
mapped to chromosome 19 (Chang et al., 1997). The order and
recombination distances, expressed in centimorgans (cM * SE,
>95% confidence), are D5Mit188, 1.59 + 0.91; D5SMit95, 0.53 =
0.53; m-rdgB2, 10.64 = 2.25; Azgpl, Epo-distal. The interval
between D5Mit25 and Azgpl is syntenic to human chromosome
7p12-q22 in which one form of retinitis pigmentosa and autism
were mapped (http://www.ncbi.nlm.nih.gov/htbin-post/Omim/
getmap?d1924).

Transgenic expression of M-RdgB2 partially rescues
the Drosophila rdgB mutant phenotypes

To begin defining the function of M-RdgB2 in vivo, we expressed
the m-rdgB2 cDNA in rdgB2 null mutant flies. We confirmed that

the M-RdgB2 protein was expressed in rdgB2; P[m-rdgB2] trans-
genic flies by immunoblots (Fig. 6.4). The M-RdgB2 a2 antibodies
detected the correct size protein in transgenic flies and did not
cross-react with the Drosophila RdgB protein (Oregon R flies).
The ERG light response of the transgenic flies was compared with
both wild-type (Oregon R) and rdgB2 mutant flies (Fig. 6B). The
ERG measures the sum electrical potential of the retina in re-
sponse to a light stimulus. Newly eclosed flies that were raised in
constant darkness were recorded during a 5 min saturating light
stimulus, 30 sec of dark recovery, a 2 sec light stimulus, 5 min of
dark recovery, and a final 2 sec light stimulus. Wild-type flies
exhibited a 25 mV light response amplitude that was maintained
for the entire initial 5 min stimulus, and <30 sec of dark recovery
was required to reproduce a 25 mV light response amplitude (Fig.
6B). Although the rdgB2 mutant also possessed a 25 mV response
amplitude to the first light stimulus, it could not be maintained for
the entire 5 min stimulation (Fig. 6B). Furthermore, the rdgB2
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mutant did not recover a significant light response, even after 5
min of dark recovery. Previously, we demonstrated that the rdgB2
mutant requires >30 min of dark recovery to regenerate the 25
mV response amplitude under this regimen (Milligan et al., 1997).
Thus, the rdgB mutant is defective in ERG light response main-
tenance and also in the dark recovery. In comparison, the rdgB2;
P[m-rdgB2] transgenic flies produced a 20 mV light response
amplitude to the first stimulus that was maintained for nearly all
of the 5 min stimulation, although at a significantly reduced level
relative to wild-type (Fig. 6B). Thus, a detectable ERG light
response amplitude was present in the transgenic flies significantly
longer than in the rdgB2 mutants. Furthermore, in contrast to the
rdgB2 flies, the transgenic flies produced a full 25 mV light
response to the second light stimulus after only 30 sec of dark
recovery. Therefore, expression of M-RdgB2 fully restored the
rapid dark recovery to rdgB2 mutant flies.

The transgenic flies were also examined for suppression of the
rdgB2-mediated retinal degeneration phenotype (Fig. 6C). At 8 d
posteclosion, the retina of the rdgB2; P[m-rdgB2] transgenic flies
lacked the massive photoreceptor cell loss and ommatidial disor-
ganization that was observed in 7-d-old rdgB2 null mutants.
However, the retina of the transgenic flies possessed slightly
smaller rhabdomeres and some disorganization, which were not
apparent in the wild-type control. Degenerating R7 photorecep-
tors were apparent in the transgenic flies (Fig. 6C, arrows) be-
cause of m-rdgB2 expression being restricted to the R1-6 photo-
receptors from the ninaE promotor (Milligan et al., 1997) The
suppression of R1-6 degeneration is not complete, because 14-
d-old transgenic flies begin to demonstrate the rdgB2 degenera-
tion phenotype (data not shown).

DISCUSSION
We identified a second mammalian rdgB gene (m-rdgB2) that
encodes a protein possessing 56% amino acid identity with that
encoded by m-rdgBI. The M-RdgB2 protein contains a PITP
domain and several stretches of hydrophobic amino acids found in
all previously reported RdgB family members. Analyses of the
M-RdgB2 neural expression pattern, m-rdgB2 transgenic expres-
sion in rdgB mutant flies, and subcellular fractionation suggest the
two mammalian RdgB proteins likely mediate nonredundant
functions. Recently, three human rdgB homologs were identified
by virtue of their ability to interact with the protein tyrosine
kinase PYK2 (Lev et al., 1999). Based on protein sequence and
chromosomal mapping, M-RdgB1 and M-RdgB2 are likely or-
thologs of the human Nir2 and Nir3 proteins, respectively. This
raises the intriguing possibility that the M-RdgB activity or its
association with the cytoskeleton is regulated by phosphorylation.
M-rdgB2 expression, determined at both the mRNA and pro-
tein level, is primarily limited to the retina and dentate gyrus of
the brain. This differs from m-rdgBI expression in several re-
spects. First, the relative expression levels of M-RdgB2 and
M-RdgBl1 differ by retinal layer. Fluorescent immunolocalization
results revealed that M-RdgB2 is expressed at highest levels in the
inner retina, whereas M-RdgB1 protein expression is more prom-
inent in the photoreceptor layer (Chang et al., 1997). Second, the
brain expression pattern of m-rdgB2 differs from the expression
pattern of m-rdgBI. Based on in situ mRNA hybridization,
m-rdgB2 expression is primarily restricted to the dentate gyrus,
which is consistent with the immunolocalization of the M-RdgB2
protein. In contrast, in situ hybridization demonstrated that
m-rdgB1 transcript is expressed diffusely throughout the brain.
Finally, using both Northern and immunoblot analysis, we did not

J. Neurosci., September 1, 1999, 19(17):7317-7325 7323

detect m-rdgB2 expression in most of the non-neural tissues we
examined. Although m-rdgB1 expression was detected in many
non-neural tissues by some (Aikawa et al., 1997), others reported
an expression pattern that was restricted to retina and brain
(Chang et al., 1997). Therefore, the spatial expression patterns of
m-rdgB1 and m-rdgB2 suggest the two mammalian RdgB proteins
might perform different roles in the retina and that the M-RdgB2
protein may mediate specialized functions in the hippocampus as
well.

The hippocampal formation has an important role in learning
and memory, with the dentate gyrus being part of the trisynaptic
pathway that relays information from the entorhinal cortex to the
CA3 field of the hippocampus. A long-standing hypothesis is that
synaptic plasticity and long-term potentiation (LTP) are the basis
of learning and memory (Malenka, 1994). The mossy fiber LTP is
both induced and expressed presynatptically, and is independent
of NMDA receptors (Zalutsky and Nicoll, 1990). In sharp con-
trast, the LTP in the CA1 and CA3 regions of the hippocampus is
both postsynaptic and NMDA receptor-dependent (Zalutsky and
Nicoll, 1990). In this regard, it may be significant that dentate
gyrus expresses M-RdgB2, which is not detected in the other
hippocampal regions. An analogous region of the Drosophila
brain involved in sensory processing and learning is the mush-
room bodies, which also exhibit relatively high levels of RdgB
expression (Vihtelic et al., 1993).

Biochemical analysis of M-RdgB2 indicates that the protein is
likely associated with the cytoskeleton either directly or indirectly
through protein—protein interactions. The original model for
D-RdgB existing as an integral membrane protein was based only
on alkaline membrane extraction and the existence of six hydro-
phobic regions (Vihtelic et al., 1993). Parallel experiments using
both retina and brain tissue indicated that M-RdgB2 was solubi-
lized from the particulate fraction after treatment with the strong
denaturing agent guanidine chloride and not with detergents.
Contrary to the previous model that the multiple hydrophobic
domains identified in all RdgB proteins function to span cellular
membrane, these data suggest the mammalian RdgB proteins do
not assume an integral membrane topology. Our current data
show that the RdgB protein is a component of a large protein
complex.

Expression of the M-RdgB2 protein delayed rdgB2-dependent
retinal degeneration and partially restored the ERG light re-
sponse to rdgB2 null mutant flies but not to the same extent that
M-RdgB1 expression rescued the rdgB2 mutant phenotypes
(Chang et al., 1997). It is unlikely that the differences in pheno-
typic rescue were because of expression levels of M-RdgB1 and
M-RdgB2 because we tested multiple independent lines and ex-
amined flies that expressed one and two copies of each transgene.
Thus, the difference between M-RdgB1 and M-RdgB2 in sup-
pressing the rdgB2 mutant phenotypes further suggests there are
functional differences between the two mouse homologs and that
M-RdgBl1 is functionally more similar to D-RdgB than M-RdgB2.
Although the ERG phenotypes resulting from expression of
either M-RdgB1 or M-RdgB2 can be compared, it is difficult to
correlate their phenotypes to the molecular function of the two
proteins because the ERG merely measures the voltage change
across the entire retina and thus does not resolve changes at the
single cell level. The functional conservation of the mammalian
RdgB proteins in the Drosophila retina is not attributable entirely
to the presence of a PITP domain because the rat brain PITP«
failed to have any effect on the rdgB2 mutant phenotypes (Milli-
gan et al.,, 1997). We recently identified a zebrafish RdgB ho-
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molog that lacks the N-terminal PITP domain (pl-RdgB). Trans-
genic expression of pl-RdgB in rdgB2 mutant flies suppressed the
retinal degeneration without restoring the mutant light response
(V. A. Elagin, R. B. Elagina, C. J. Doro, T. S. Vihtelic, and D. R.
Hyde, unpublished observations). This suggests that regions of
the RdgB protein other than the PITP domain are functionally
important in the Drosophila photoreceptor cell. Because both
mouse proteins suppress the retinal degeneration and restore an
electrophysiological light response, these essential functions must
reside in both molecules and indicate that the functional differ-
ences may lie in regulation of protein activity.

PITPs are required in a number of cellular processes relying on
phosphatidylinositol metabolites (for review, see Wirtz, 1997,
Kearns et al., 1998; Wiedemann and Cockcroft, 1998). Based on
kinetic studies, Cunningham et al. (1995) suggested the main
function of PITPs is to present PI to lipid kinases for localized
production of PIP, for use as a signaling molecule or as a
substrate for the generation of second messengers (Kearns et al.,
1998; Wiedemann and Cockcroft, 1998). In contrast, others have
shown that PITP is simply a passive transporter of PI down a
chemical gradient from its site of synthesis to the site of consump-
tion (Currie et al., 1997). Direct interactions between a PITP and
multiple downstream enzymes are inconsistent with the finding
that Secl4p, a yeast PITP that bears no homology to mammalian
PITP, is equally effective in PI signaling reconstitution assays
(Hay and Martin, 1993; Cunningham et al., 1995, 1996; Kearns et
al., 1998). The inconsistency may be reconciled by considering the
possibility that RdgB proteins function as intermediates between
soluble PITPs and the localized regulation of polyphosphoinosi-
tide synthesis and cycling. An RdgB protein associated with
either the membrane skeleton or internal cytoskeleton provides
an excellent candidate to anchor localized production and con-
sumption of PI signaling molecules for the tasks discussed above.
Spatially restricted PI signaling may be a general mechanism for
encoding spatial information in neurons (Finch and Augustine,
1998). However, it was demonstrated that expression of the
N-terminal PITP domain of D-RdgB was sufficient to completely
restore the wild-type phenotypes to rdgB2 null mutant flies (Mil-
ligan et al., 1997). This suggests that either the spatial restriction
of RdgB in Drosophila photoreceptors is not critical or that the
soluble RdgB-PITP domain possesses an unidentified mechanism
for proper subcellular localization.

The initial characterization of m-rdgB2 and its corresponding
protein has allowed direct comparisons to the previously reported
m-rdgB1, which demonstrated important differences between the
two mammalian rdgB homologs. These differences lie in their
tissue expression specificities and their ability to functionally
substitute in the Drosophila phototransduction cascade. Biochem-
ical analysis by subcellular fractionation represents the first data
indicating the RdgB proteins are not integral membrane proteins
and opens speculation regarding the function of the multiple
distinct hydrophobic domains. PI metabolism and signaling me-
diate a myriad of essential eukaryotic functions and, although the
role of RdgB in retinal photoreceptor cells remains unclear, the
cloning and characterization of two different mammalian rdgB
genes should make it possible to put hypotheses to direct tests.
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