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Rhodopsin Formation in Drosophila Is Dependent on the
PINTA Retinoid-Binding Protein

Tao Wang and Craig Montell
Department of Biological Chemistry, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Retinoids participate in many essential processes including the initial event in photoreception. 11-cis-retinal binds to opsin and under-
goes a light-driven isomerization to all-trans-retinal. In mammals, the all-trans-retinal is converted to vitamin A (all-trans-retinol) and is
transported to the retinal pigment epithelium (RPE), where along with dietary vitamin A, it is converted into 11-cis-retinal. Although this
cycle has been studied extensively in mammals, many questions remain, including the specific roles of retinoid-binding proteins. Here,
we establish the Drosophila visual system as a genetic model for characterizing retinoid-binding proteins. In a genetic screen for muta-
tions that affect the biosynthesis of rhodopsin, we identified a novel CRAL-TRIO domain protein, prolonged depolarization afterpoten-
tial is not apparent (PINTA), which binds to all-trans-retinol. We demonstrate that PINTA functions subsequent to the production of
vitamin A and is expressed and required in the retinal pigment cells. These results represent the first genetic evidence for a role for the
retinal pigment cells in the visual response. Moreover, our data implicate Drosophila retinal pigment cells as functioning in the conver-

sion of dietary all-trans-retinol to 11-cis-retinal and suggest that these cells are the closest invertebrate equivalent to the RPE.
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Introduction

Vitamin A (all-trans-retinol) and other retinoids are critical for
processes ranging from development to visual pigment regener-
ation, neuronal plasticity, and cell proliferation (for review, see
Simoni and Tolomeo, 2001; Thompson and Gal, 2003; Mey and
McCaffery, 2004). Defects in retinoid levels are associated with
many forms of cancer as well as neurodegenerative diseases in-
cluding retinitis pigmentosa, Parkinson’s disease, and Hunting-
ton’s disease (for review, see Simoni and Tolomeo, 2001; Thomp-
son and Gal, 2003; Mey and McCaffery, 2004). In contrast to
mammals, the fruit fly, Drosophila melanogaster, appears to re-
quire retinoids exclusively in the retina (Harris et al., 1977).

The retinoids required for Drosophila and mammalian pho-
totransduction (3-hydroxy-11-cis-retinal and 11-cis-retinal, re-
spectively) (Wald, 1968; Vogt and Kirschfeld, 1984; Tanimura et
al., 1986) bind to the opsin to form rhodopsin (Rh). Light results
in a cis-to-trans isomerization of the chromophore, and this
transformation represents the only light-driven step during pho-
totransduction. Regeneration of the cis-retinal in mammalian
rods involves release of the all-trans-retinal from the opsin and
formation of vitamin A, which is transported to the retinal pig-
ment epithelium (RPE) and converted into 11-cis-retinal. A more
rapid retinoid cycle leading to regeneration of the cone rho-
dopsins occurs in the Miiller cells (Mata et al., 2002). The 11-cis-
retinal is then returned to the rods and cones. The critical role for
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this cycle is reflected by the severe retinal diseases resulting from
mutations disrupting two retinal dehydrogenases and two
retinoid-binding proteins (RBPs) (for review, see Thompson and
Gal, 2003).

Retinoids must associate with RBPs, because they are hydro-
phobic. In addition, some RBPs are thought to promote transfer
of retinoids between cell types, whereas others are proposed to
sequester retinoids to create concentration gradients that facili-
tate reactions that would otherwise be unfavorable (Noy, 2000;
Gonzalez-Fernandez, 2002). However, the specific roles of many
RBPs are unresolved.

In Drosophila, light does not cause the chromophore to release
from the opsin. The all-frans-retinal is converted to cis-retinal in
photoreceptor cells in a light- rather than an enzyme-dependent
manner. Nevertheless, the RBPs and enzymes necessary for con-
version of free all-trans- to cis-retinal must exist, because dietary
vitamin A is sufficient for production of the 11-cis-retinal. One
enzyme that functions in the transformation of the retinal to the
chromophore is an oxidoreductase encoded by the neither inac-
tivation nor afterpotential G (ninaG) locus (Sarfare et al., 2005).
In addition, two genes (ninaB and ninaD) function outside the
retina for production of vitamin A (Stephenson et al., 1983; Gu et
al., 2004) and encode a [3,B8-carotene-15,15"-dioxgenase and a
class B scavenger receptor, respectively (von Lintig et al., 2001;
Kiefer et al., 2002). However, the RBPs required for Drosophila
vision have not been identified.

Here, we describe the isolation of the prolonged depolariza-
tion afterpotential (PDA) is not apparent ( pinta) locus, which
encodes an RBP. The PINTA protein bound preferentially to
all-trans-retinol and was required subsequent to the formation of
vitamin A. Elimination of PINTA profoundly effected produc-
tion of rhodopsin and the visual response. Furthermore, unlike
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other Drosophila proteins required for the visual response,
PINTA was required in retinal pigment cells (PCs). These data
indicate that the retinal pigment cells represent the closest Dro-
sophila counterpart to the RPE, which in mammals is also re-
quired for conversion of dietary vitamin A to 11-cis-retinal.

Materials and Methods

Fly stocks. The pinta mutant was isolated by performing ethylmethane
sulfonate mutagenesis and screening for third-chromosome mutations
affecting the PDA, as we have described recently (Wang et al., 2005). The
PDA is so named because there is an afterpotential after cessation of a
blue light stimulus. The Bloomington Stock Center (Bloomington, IN)
was the source for the third-chromosome deficiency kit and the follow-
ing stocks: BG00076, P[PZ]1(3)rQ178r, EY05255, P[Gaw-B]|LL54, ni-
naE"” (deletion disrupting ninaFE, which encodes Rh1), and P[GMR-
GAL4].EP738, EP3575, EP561, EP3224, and EP3303 were obtained from
the Szeged Stock Center (Szeged, Hungary). Dr. W. Pak (Purdue Univer-
sity, West Lafayette, IN) provided ninaE™?*? and ninaD"?*°, and Dr. C.
Desplan (New York University, New York, NY) supplied the
P[ninaE-GAL4)].

Electroretinogram recordings. Electroretinogram (ERG) recordings
were performed as described previously (Wes et al., 1999). Briefly, two
glass microelectrodes filled with Ringer’s solution were inserted into
small drops of electrode cream placed on the surfaces of the compound
eye and the thorax. A Newport (Irvine, CA) light projector (model 765)
was used for stimulation. The ERGs were amplified with a Warner In-
struments (Hamden, CT) IE-210 electrometer and recorded with a Ma-
cLab/4s analog-to-digital converter and the
Chart version 3.4/s program (AD Instruments,

Colorado Springs, CO). All recordings were A
performed at room temperature. M

Mapping of mutation responsible for the inac-
tivation phenotype. The pinta mutation was un-
covered by Df(3R)93F[x2] and Df(3R)hh.

Df(3R )e-GC3 and Df(3R)23D1 did not uncover

the mutation (see Fig. 2A). Therefore, the mu-

tation responsible for the pinta phenotype lo- El_
calized to 93F-94B. The breakpoints of wfss
Df(3R)hh  and Df(3R)23D1 were further

mapped using P-element inserts. rQ178 was o B B
uncovered by Df(3R)hh, but EP561 was not.

EY05255 but not EP3303 was uncovered by

Df(3R)23D1 (see Fig. 2 A). Based on these data,

the pinta locus was localized to the interval D
spanning 94A6-94A14.

Generation of transgenic flies. CG13848
(pinta) genomic DNA was excised from
BAC30J14 and introduced into the Pst] site of
pCaSpeR-4 (Thummel and Pirrotta, 1992). To
express the CG13848 ( pinta) cDNA under the
control of the upstream-activating sequence
(UAS) promoter, the cDNA [expressed se-
quence tag (EST) clone RH67675; Invitrogen,
San Diego, CA] was subcloned between the
EcoRI and Xhol sites of the pUAST vector
(Brand and Perrimon, 1993). To express cellu-
lar retinaldehyde-binding protein (CRALBP)
and cellular retinol-binding protein type I
(CRBPI) in flies, the human cDNAs (EST
clones 4861258 and 5782072, respectively; In-
vitrogen) were subcloned between the Notl and
Xbal sites of the transformation vector
pCaspeR-hs (Thummel and Pirrotta, 1992),
under the control of the heat shock protein 70
promoter. The CRBPI ¢DNA was fused to a
C-terminal MYC-tag. The constructs were in-
jected into w'''® embryos, and transformants
were identified on the basis of eye pigmentation.
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Fusion proteins. The full-length pinta cDNA was subcloned into both
pGEX5X-1 (Amersham Biosciences, Arlington Heights, IL) and pRSETA
vector (Invitrogen) to create glutathione S-transferase (GST)- and
polyhistidine-tagged proteins, respectively. The human cellular retinoic
acid (RA)-binding protein I (CRABP-I) cDNA (EST 4864636) was also
subcloned into pGEX5X-1 vector. The GST fusion proteins were ex-
pressed in Escherichia coli BL21 codon-plus (Stratagene, La Jolla, CA) and
purified using glutathione agarose beads (Amersham Biosciences, Pisca-
taway, NJ). The polyhistidine (His tag) fusion protein was also expressed
in E. coli BL21 codon-plus and purified using nickel-nitrilotriacetic acid
agarose beads (Qiagen, Hilden, Germany).

Antibodies. Anti-PINTA antibodies were generated in rabbits (Co-
vance, Princeton, NJ) inoculated with the recombinant GST-PINTA fu-
sion proteins. Monoclonal anti-Rh1 and anti-tubulin antibodies were
purchased from the Developmental Studies Hybridoma Bank (Iowa City,
TA). Drs. J. Saari (University of Washington, Seattle, WA) and J. Crabb
(Cleveland Clinic Foundation, Cleveland, OH) supplied the anti-
CRALBP antibodies, and the anti-Rh4 polyclonal antibodies were a gift
from Dr. C. Zuker (University of California San Diego, La Jolla, CA). The
anti-No Receptor Potential A (anti-NORPA; a phospholipase Cf3) anti-
bodies were prepared as described previously (Wang et al., 2005).

Western blots. To detect Rh1, Rh4, or PINTA on Western blots, sam-
ples were homogenized in SDS sample buffer with a pellet pestle
(Kimble-Kontes, Vineland, NJ), and the proteins were fractionated by
SDS-PAGE. The proteins were transferred overnight at 25 V to
Immobilon-P transfer membranes (Millipore, Bedford, MA) in Tris-
glycine buffer. The blots were probed with rabbit anti-PINTA primary
antibodies (1:2000 dilution), mouse anti-Rh1 antibodies, or rabbit anti-
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Rhodopsin biosynthesis and PDA defects in pinta. A-C, ERG paradigm that elicits a PDA in wild type, but not mu-
tants, with reduced Rh1 levels. Flies (<2 d after eclosion) were dark-adapted for T min and subsequently exposed to 5 s pulses of
orange light (0) or blue light (B) interspersed by 7 s, as indicated. A PDA is induced in wild type by blue light and terminated by
; B, ninaf™3*, C, pinta. D, Rh1 is reduced in ninaf™>** and pinta flies. Western blots containing
extracts prepared from fly heads (2 d after eclosion) were probed with anti-Rh1 and anti-tubulin antibodies. Molecular weight
markers (in kilodaltons) are indicated to the left. A parallel blot containing the same extracts was probed with anti-NORPA
antibodies. £, ninaf mRNA levels assayed by Northern blot analysis. Each lane contained 20 r.g of total RNA. Similar signalsin each
lane were obtained after reprobing with a ribosomal protein 49 probe (data not shown). Single-stranded RNA markers are indi-
cated to the left. wt, Wild type. F, Western blot showing Rh4 expression was reduced in pinta heads. The Western blot was probed
with anti-Rh4 antibodies. The same blot was reprobed with anti-tubulin antibodies.
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Rh4 antibodies and subsequently with anti-rabbit or mouse IgG peroxi-
dase conjugate (Sigma, St. Louis, MO) or '**I-labeled protein A (ICN
Biochemicals, Costa Mesa, CA). The signals were detected using ECL
reagents (Amersham Biosciences) or a phosphoimager.

Northern blots. Total RNAs were prepared using Trizol reagent (In-
vitrogen) and fractionated on 3% formaldehyde, 1.5% agarose gels. The
RNAs (20 pg of each sample) were transferred to nitrocellulose mem-
branes and allowed to hybridize with *?P-labeled probes, which were
prepared using random primers and a ninaE reverse transcription-PCR
product (nucleotides 600-950 of the ninaE mRNA) as the template. The
hybridization was performed at 65°C in 7% SDS, 2 mm EDTA, 250 pg/ml
salmon sperm DNA, 0.5 M Na,HPO,, pH 7.2, and the membranes were
washed at 65°C in 0.1X SSC.

Retinoid-binding assays. Isotope retinoic acid-binding assays were per-
formed according to procedures similar to those described previously
(Bernstein et al., 1995). Briefly, 1 pg of recombinant proteins GST—
CG13848, GST-CRABP, and GST were incubated in a 100 ul of solution
containing 25 mm Tris-HC, pH 7.4, 1 mm EDTA, 1 mm DTT, and 0.01
wCi [’H]RA (NEN, Boston, MA) in the presence or absence of 20 um RA.
After an incubation for 1 h at room temperature, the unbound [*H]RA
in the samples was removed by adsorption to dextran-coated charcoal
(50 ul 0f 0.25% activated charcoal, 0.025% dextran, 25 mm Tris-HCI, pH
7.4) and centrifugation at 10,000 X g. The bound | SH]RA was counted in
5 ml of Biodegradable Counting Scintillant scintillation fluid (Amer-
sham Biosciences).

Fluorescence retinoid-binding measurements were performed at 25°C
in 1X PBS, pH 7.4, using 0.1 um His tag recombinant proteins using
procedures similar to those described previously (Cogan et al., 1976; Li et
al., 1987). The protein solution was excited at 287 nm, and the emission
peak was monitored at 339 nm. The fluorescence was measured at a

Df(3R)S3F[x2)
Di(3R)hh

J. Neurosci., May 25, 2005 - 25(21):5187-5194 « 5189

variety of retinoid concentrations. The dissociation constant of a single
binding site (K;) and the number of binding sites (1) were evaluated by
linear least-squares plots of the following equation: Ky = C,(1 — a)/ac —
Py/n (1 — a). This equation was derived from the mass law equation,
where « is the fraction of free binding sites, C, is the total retinoid
concentration, P, is the total protein concentration, and # is the number
of binding sites. In the following equation: « = (F, — F)/(F, — F,,,,), F
represents the fluorescence intensity at a given C,, F,,,, represents the
fluorescence intensity after saturation of all the apoprotein molecules, and F,,
is the initial fluorescence intensity in the absence of retinoid. 11-cis-retinal
was obtained from Dr. R. Crouch (University of South Carolina, Charleston,
SC), and other retinoids were purchased from Sigma.

In situ hybridizations. Digoxigenin (DIG)-labeled sense or antisense
RNA probes were prepared using the full-length pinta cDNA (pcDNA3-
pinta) in conjunction with either SP6 or T7 polymerase. The RNAs were
allowed to hybridize to frozen 8 wm sections of adult fly heads at 70°C in
50% formamide, 5X SSC, 0.02% SDS, and 1X blocking buffer (Roche
Products, Welwyn Garden City, UK). The sections were subsequently
incubated with anti-DIG alkaline phosphatase-conjugated antibodies
and the signals detected using nitroblue—tetrazolium—chloride and
5-bromo-4-chlor-indolyl-phosphate (Roche Products).

Results

A mutant defective in production of rhodopsin

To identify new genes that function in Drosophila phototrans-
duction, we screened the third chromosome for mutations that
cause defects in the visual response by performing ERG record-
ings (for details, see Wang et al., 2005). ERGs are extracellular
recordings that measure the summed responses of all retinal cells
to light. To conduct the screen, we used a paradigm that previ-
ously lead to the identification of muta-
tions that disrupt production of the major
rhodopsin, Rh1 (for review, see Pak and
Leung, 2003). In response to orange light,
wild-type flies display a rapid corneal neg-
ative response, which quickly returns to
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The pinta locus. A, Mapping of the pinta mutation. The pinta gene was localized to 94A6 —94A14 using a series of
deficiencies. The nonsense mutation (CAG—>TAG; residue 90 in wild type) is indicated. B, Alignment of the PINTA amino acid
sequence with TTP, CRALBP, and SECT4. Identical residues, which are found in at least two proteins, are enclosed in black boxes.
The CRAL-TRIO domain is indicated by the solid line underneath the corresponding sequence. The running tally of amino acids is

tion afterpotential (Fig. 1A) after cessa-
tion of the light stimulus, which results
from stable conversion of the Rh1 into the
light-activated form (metarhodopsin).
The PDA is terminated by subsequent ex-
posure to a pulse of orange light (Fig. 1 A)
as a result of conversion of the metarho-
dopsin to inactive rhodopsin.

We identified 10 mutations that either
eliminated or greatly reduced the PDA,
which fell into three complementation
groups. These included mutations in the two
previously described third-chromosomal
genes that eliminate the PDA: ninaE (eight
alleles) (Fig. 1B) and ninaB (one allele).
The ninaE locus encodes the structural
gene for the Rhl opsin (O’Tousa et al.,
1985; Zuker et al., 1985), and ninaB en-
codes a f3,B-carotene-15,15'-dioxgenase
required external to the retina for biogen-
esis of the chromophore (von Lintig et al.,
2001; Gu et al., 2004). The remaining mu-
tation, referred to as pinta (Fig. 1C), failed
to complement either nina mutant and
therefore appeared to represent a new lo-
cus required for production of the PDA.

Psti
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The dramatic reduction in the pinta PDA indicated that there
was a defect in Rh1 function. To determine whether the concen-
tration of Rh1 was reduced in pinta, we probed Western blots
with anti-Rh1 antibodies and found that the level of Rh1 was
dramatically decreased (Fig. 1D). The diminished Rh1 concen-
tration was not attributable to an effect on Rhl transcription,
because the RNA was present in similar amounts in wild-type and
pinta heads (Fig. 1 E).

In addition to Rh1, which is the predominant Drosophila rho-
dopsin, there are four minor rhodopsins (Rh3-6) detected in the
compound eye (for review, see Montell, 1999). Rh1 is localized to
the major class of the photoreceptor cells, the R1-6 cells
(O’Tousa etal., 1985; Zuker et al., 1985; De Couet and Tanimura,
1987), whereas the four minor opsins are expressed in nonover-
lapping subsets of the smaller R7 and R8 cells (Montell et al.,
1987; Fortini and Rubin, 1990; Chou et al., 1996, 1999; Huber et
al., 1997; Papatsenko et al., 1997). We checked the protein levels
of one of the minor opsins, Rh4, and found that the concentra-
tion of this protein was also diminished in pinta (Fig. 1F); how-
ever, the levels of other retinal proteins, such as the phospho-
lipase C encoded by norpA (Bloomquist et al., 1988), were
unaffected (Fig. 1D).

PINTA is a CRAL-TRIO domain protein

To identify the altered gene responsible for the pinta phenotype,
we mapped the site of the mutation to the 94A4—A14 region (Fig.
2A) (see Materials and Methods), which included 27 predicted
and known genes (http://flybase.bio.indiana.edu). To find the
most likely candidate gene among this set, we considered whether
expression of any of the genes was enriched in the compound
eyes, because nearly all of the known genes that function in pho-
totransduction were expressed predominantly in the eyes (Xu et
al., 2004). Among the 27 genes in the 94A4—A14 interval, only
one (CG13848) was expressed at higher levels in wild-type heads
(2.6-fold) than in mutant heads devoid of eyes [sine oculis (s0);
disrupts a homeodomain transcription factor required for eye
formation]. The 273 amino acid CG13848 protein appeared to be
the PINTA protein, because there was a translation stop codon in
place of residue 90 (Fig. 2A, B).

To confirm that CG13848 was the pinta locus, we introduced
a transgene encoding CG13848 into pinta flies. This transgene
restored normal levels of the CG13848 and Rh1 proteins in the
mutant flies (Fig. 3A,B) and a wild-type PDA (Fig. 3C,D).

The PINTA protein shares significant amino acid identities
with CRAL-TRIO domain proteins that bind to small lipophilic
molecules (Panagabko et al., 2003) (Fig. 2B). These include the
a-tocopherol-binding protein (TTP; 27% identical over 218 res-
idues) (Sato et al., 1993), CRALBP (23% identical over 196 resi-
dues) (Crabb et al., 1988), and the yeast phosphatidylinositol
transfer protein Secl4 (26% identical over 210 residues)
(Szolderits et al., 1989).

PINTA is a retinoid-binding protein
The presence of the CRAL-TRIO domain suggests that PINTA
binds a small lipophilic molecule. Because one of the PINTA
related proteins, CRALBP, is a retinoid-binding protein, and the
chromophore for the Drosophila rhodopsins is a retinal deriva-
tive, we tested the proposal that PINTA is a retinoid-binding
protein. To perform the binding experiments, we used a GST—
PINTA fusion protein purified on a glutathione column. We found
that GST-PINTA, but not GST alone, bound to *[H]RA as effec-
tively as GST fused to CRABP-I (Fig. 4A) (Astrom et al., 1991).
The three main classes of retinoids are retinol, retinal, and
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Figure3. Rescue of the rhodopsin synthesis and PDA defects in pinta by apinta™ transgene.
A, Rh1 expression is restored in P[(G73848];pinta flies. Head extracts were prepared from flies
2 d after eclosion and probed with anti-Rh1 and anti-tubulin antibodies. B, PINTA is absent in
pinta flies and restored by the P[(G73848] transgene. The same blot was reprobed with anti-
tubulin antibodies. The identity of the high-molecular-weight crossreacting band, which is
present in both wild-type and pinta flies, is not known. C, PDA was eliminated in pinta flies. D,
PDA was restored in P[(G73848];pinta flies. The ERG paradigm using orange light (0) and blue
light (B) was as described in Figure 1A.

retinoic acid. To determine which of these retinoids bound to
PINTA with the highest affinity, we used purified polyhistidine-
tagged PINTA and assayed for quenching of the intrinsic fluores-
cence from internal tryptophans by binding to retinoids. Using
retinoids in the all-frans configuration, we found that PINTA had
the greatest affinity to retinol (25 nm) (Fig. 4 B-D), followed by
retinoic acid (43 nm) (Fig. 4D, supplemental Fig. 1 A, available at
www.jneurosci.org as supplemental material). The affinity of ret-
inal (89 nm) was the lowest (Fig. 4 D, supplemental Fig. 1 D, avail-
able at www.jneurosci.org as supplemental material). The affini-
ties of the cis forms of those retinoids tested were lower than the
all-trans-retinoids. These include 11-cis-retinal (286 nM) and
9-cis-retinoic acid (317 nm) (Fig. 4D, supplemental Fig. 1C,D,
available at www.jneurosci.org as supplemental material).

Vitamin A supplementation does not rescue the

pinta phenotype

The phenotypes resulting from mutations of either of two nina
genes known to be required for retinal metabolism (ninaB and
ninaD) are rescued by supplementation of the food with vitamin
A. Therefore, we tested whether the severity of the pinta pheno-
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Figure 4.  PINTA is a retinoid-binding protein. 4, Binding of [ *H] all-trans-retinoic acid to
GST-CRABP, GST, and GST—PINTA. The levels of bound [ *H] all-trans-retinoic acid were mea-
sured using a scintillation counter. The SEMs (error bars) were based on three sets of experi-
ments. B, Fluorometric titration of 0.1 wum solutions of His-PINTA was performed with all-trans-
retinol. Fluorescence emission was measured at 339 nm after excitation at 287 nm. (, Linear
plot of C4(1 — a)/ceversus T — cv. ceis the fraction of free binding sites. In the equationy =
0.101x + 0.027, K; = 0.027 and n = 1. D, K, values for PINTA/retinoid interactions. Fluores-
cence titration (supplemental Fig. 1, available at www.jneurosci.org as supplemental material)
was used to measure the K, values. The SEMs were based on three sets of experiments.

J. Neurosci., May 25, 2005 - 25(21):5187-5194 « 5191

A £ 8 B
® 8 <€
E EBa 8
Tz Q9 wild-type
2B Eg S
s eSS

98 =

- eseseses Tubulin

L 2
wl5s

c Vitamin A teed ninaD D

56 =

25 -0

ninaD
.
E Vitamin A feed pinta F pima
Wﬂ [
g S g Ny BNy BN | g S g N oy N g BN gy |
o} B B o 0 ] B B o O
Figure 5.  PINTA functions downstream of vitamin A production. A, Normal Rh1 levels are

restored in ninaD"*flies (Stephenson etal., 1983) but not in pinta flies by feeding with vitamin
A(VA). Both ninaD"* and pinta flies were fed either normal food or instant food with 10 g/ml
all-trans-retinal. A Western blot containing fly head extracts (2 d after eclosion) was probed
with anti-Rh1 or anti-tubulin antibodies. B—F, PDAs performed using the same paradigm as in
Figure 1A. Flies were fed normal food unless indicated otherwise. B, Wild type; C, vitamin A-fed
ninaD; D, ninaD; E, vitamin A-fed pinta; F, pinta. 0, Orange light; B, blue light.

type was reduced by addition of vitamin A. Consistent with pre-
vious studies (Stephenson et al., 1983), the decreases in Rh1 levels
and the PDA were reversed in ninaD flies fed on vitamin
A-containing media (Fig. 5A, C,D). However, addition of vita-
min A had no impact on the pinta phenotype (Fig. 5A,E,F).
These results suggest that pinta functions downstream of ninaB
and ninaD in retinal metabolism.

Expression of PINTA is enriched in pigment cells
To address the expression pattern of pinta, we performed in situ
hybridizations and Western blots. We found that the PINTA pro-
tein was detected initially during the third-instar larval stage and
was expressed at maximal levels in adult heads (Fig. 6A,B). Be-
cause the anti-PINTA antibodies were ineffective for immuno-
staining, we performed in situ hybridizations and Western blots.
We found that the pinta RNA was enriched in the retina and was
also expressed in the lamina, medulla, and optic lobes, consistent
with the microarray analyses (Fig. 6C). In addition, we found that
the level of the PINTA protein was reduced in the heads of the
eyeless mutant so (Fig. 6 B).

The two major cell types in the compound eye are the photo-
receptor cells and pigments cells. To determine whether PINTA
was enriched in either of these cell types, we performed Western
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blots using extracts prepared from fly
heads missing either photoreceptor cells
or retinal pigments cells. We found that
the concentration of PINTA was similar in
wild type and in a mutant, glass (disrupts a
zinc finger transcription factor), missing
photoreceptor cells (Fig. 6 B). To generate
flies missing the retinal pigment cells, we
used the GAL4/UAS system (Brand and

Embryos
18tinstar
2™ instar

Perrimon, 1993) to direct expression of 57 =
the proapoptotic gene reaper (rpr), specif-
ically in the pigment cells (PC-GAL4;
UAS-rpr). In these flies, the concentration 38—
of PINTA was reduced to a similar extend
(approximately threefold) as in so heads i

(Fig. 6B). PINTA was expressed at ele-
vated levels in a mutant (hippo; disrupts a
serine/threonine protein kinase 20 family
protein kinase), which produced a surplus
of pigment cells (Udan et al., 2003; Wu et
al., 2003) (Fig. 6 B). These results indicate
that PINTA is enriched in retinal pigment
cells.

Requirement for pinta in pigment cells
Both ninaB and ninaD activity are re-
quired outside of the retina for rhodopsin
biogenesis (Gu et al., 2004). Conversely,
ninaG functions in the retina, although
the cellular requirement is not known
(Sarfare et al., 2005). To address whether
pinta functions in pigment or photorecep-
tor cells, we generated UAS-pinta trans-
genic flies and crossed the transgenic ani-
mals with GAL4 lines, which direct
different patterns of expression. We found that expression of
pinta throughout the retina, using P[GMR-Gal4], fully rescued
the pinta phenotype (Fig. 7A-D). Expression of PINTA exclu-
sively in photoreceptor cells, using P[ninaE-GAL4] in combina-
tion with P[UAS-pinta], did not reduce the severity of the pinta
phenotype (Fig. 7A, E). However, the pinta phenotype was res-
cued by expressing PINTA exclusively in pigment cells using a
pigment cell GAL4 line (Fig. 7A,F). These results demonstrate
that pinta is required in retinal pigment cells for biosynthesis of
rhodopsin.

Figure 6.

retina.

Discussion

In the current work, we demonstrate that PINTA is a new mem-
ber of the CRAL-TRIO family of proteins, which bind small li-
pophilic molecules such as retinal, inositol, and vitamin E (Pan-
agabko et al., 2003). Disruption of the pinta locus causes severe
defects in rhodopsin production, resulting in an electrophysio-
logical phenotype similar to that induced by other mutations
affecting rhodopsin biosynthesis.

Because rhodopsin is comprised of an opsin moiety linked to
achromophore, a reduction in rhodopsin levels could result from
mutations affecting either the protein or retinal subunits (Ste-
phenson et al., 1983). Genetic approaches in Drosophila have led
to the identification of genes essential for the synthesis and trans-
port of the opsin (O’Tousa et al., 1985; Zuker et al., 1985; Colley
etal., 1991), several enzymes required for biosynthesis of vitamin
A (Stephenson et al., 1983; von Lintig et al., 2001; Kiefer et al.,
2002) or subsequent to the production of this precursor for gen-
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PINTA
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sense

PINTA expressed in retinal pigment cells. A, Developmental Western blot probed with anti-PINTA antibodies. Sam-
ples were prepared from the indicated developmental stages. Molecular weight markers (in kilodaltons) are indicated to the left.
B, Relative PINTA protein levels in various genotypes: sine oculis (flies missing eyes), glass (missing photoreceptor cells), PC-GAL4
(a pigment cell GAL4: P[Gaw-BLL54), UAS-rpr, and hippo [produces a surplus of pigment cells (Udan etal., 2003; Wu etal., 2003)].
Error bars represent SEM. wt, Wild type. C, D, In situ hybridizations to 8 wum cryostat sections of adult heads hybridized with
digoxigenin-labeled RNA probes. C, Antisense pinta RNA probe. D, Sense pinta RNA probe. Br, Brain; L, lamina; M, medulla; R,

eration of the chromophore (Sarfare et al., 2005) 11-cis-retinal
(11-cis-3-hydroxy-retinal in Drosophila) (Vogt and Kirschfeld,
1984; Goldsmith et al., 1986; Seki et al., 1986; Tanimura et al.,
1986). A gap in our understanding of Drosophila vision concerns
the identities of RBPs required for transformation of vitamin A to
the chromophore. This conversion is of particular relevance to
mammalian vision because such steps occur during the light-
driven rhodopsin cycle. Although the fly chromophore does not
dissociate from the opsin after light excitation, both mammals
and Drosophila are faced with a similar problem of converting
vitamin A from the diet into 11-cis-retinal. In mammals, these
metabolic events take place in the RPE. Thus, an additional ques-
tion concerns the Drosophila cell type involved in the transfor-
mation of all-trans-retinol to the chromophore.

Several observations indicate that PINTA functions in the ret-
inal pigment cells for a step subsequent to production of all-
trans-retinol. These include the findings that PINTA is expressed
in pigment cells and that the pinta phenotype is rescued fully by
introduction of wild-type PINTA into pigment cells but not pho-
toreceptor cells. Thus, PINTA is unlikely to function in the bio-
synthesis of the opsin, which occurs in the photoreceptor cells.
Rather, these data suggest that PINTA functions in the metabo-
lism of the chromophore. In support of this proposal, PINTA
contains a CRAL-TRIO domain and binds preferentially to all-
trans-retinol. Moreover, PINTA binds to all-trans-retinol with an
affinity comparable with that of other RBPs. In contrast to the
ninaB and ninaD phenotypes, which are rescued by dietary vita-
min A, addition of vitamin A does not suppress the severity of the
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Figure7. pintafunctions in retinal pigment cells. 4, Examination of Rh1 protein levels after

expression of PINTA in different sets of retinal cells using the GAL4/UAS system (Brand and
Perrimon, 1993). A UAS-pinta transgene was introduced into pinta mutant flies. Expression of
UAS-pinta was driven ubiquitously in the eye using a GMR-GAL4 or specifically in pigment or
photoreceptor cells using PC-GAL4 (P[Gaw-B]LL54) or ninaE-GAL4, respectively. The Western
blot was performed using extracts prepared from flies 2 d after eclosion. The same blot was
probed with anti-Rh1, anti-tubulin, and anti-PINTA antibodies. B—F, ERG paradigm using blue
light (B) and orange light (0) as described in Figure 1A. B, PDA in wild-type (w’"®) flies. C,
Absence of PDA in pinta flies. D—F, Directed expression of UAS-pinta in pinta mutant flies using
the GAL4/UAS system. The following GAL4 lines were used: D, GMR-GAL4; E, ninak-GAL4; F,
PC-GAL4 (P[Gaw-BILL54).

pinta phenotype. Thus, pinta must function during a step down-
stream of vitamin A synthesis. The combination of these data
suggests that the retinal pigment cells, which were not formerly
implicated in the production of the photopigment, are the cells
functionally most similar to those in the mammalian RPE.
Multiple RBPs have been described in mammals (for review,
see Noy, 2000; Gonzalez-Fernandez, 2002). These include
CRBPI, which also binds preferentially to all-trans-retinol (Mac-
Donald and Ong, 1987; Levin et al., 1988). The RBP most related
to PINTA is CRALBP, which binds primarily to either 11-cis-
retinal or 11-cis-retinol (Dong et al., 1999). However, introduc-
tion of transgenes encoding either CRALBP or CRBPI do not
rescue the pinta phenotype (supplemental Fig. 2, available at ww-
w.jneurosci.org as supplemental material). Nevertheless, in con-
trast to pinta flies, a low level of Rh1 expression is detected in
transgenic flies expressing CRALBP or CRBPI. Despite this small
level of rescue of Rh1 levels, these data indicate differences in the
specific roles of PINTA, CRALBP, and CRBPI and raise the pos-
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sibility that another RPE protein, which remains to be identified,
may be the functional homolog of PINTA in mammals.

We propose that PINTA functions to sequester all-trans-
retinol in retinal pigment cells, thereby generating a concentra-
tion gradient that promotes uptake of vitamin A in these cells. An
alternative but not mutually exclusive possibility is that PINTA
facilitates the presentation of all-frans-retinol to the enzymes and
other proteins that participate in the next step of the visual cycle,
the oxidation of all-trans-retinol to all trans-retinaldehyde.

It is worth noting that the effects on opsin concentration re-
sulting from defects in chromophore production are quite differ-
ent in vertebrates and invertebrates. In Drosophila, failure to pro-
duce the chromophore results in loss of the opsin. However, a
defect in chromophore production in the mouse, such as occurs
in the Rpe65~/~ mutant, does not eliminate the opsin (Redmond
et al., 1998). This distinction may reflect the fact that the chro-
mophore dissociates from mammalian opsins in a light-
dependent manner, whereas it is always bound to invertebrate
opsins. Interestingly, it has been proposed that the chromophore
does not dissociate in a light-dependent manner from the mam-
malian melanopsin (Foster, 2005), which is expressed in a small
subset of retinal ganglion cells that functions in circadian rhythm
(Freedman et al., 1999; Provencio et al., 2000; Berson et al., 2002;
Hattar et al., 2002; Panda et al., 2002; Ruby et al., 2002). Thus, it
will be interesting to address whether defects in chromophore
production eliminate the apoprotein in these retinal ganglion
cells, as occurs in fly photoreceptor cells.

Finally, the current work raises the possibility that the remain-
ing proteins required for biosynthesis of the chromophore func-
tion in the primary pigment cells. In the mammalian RPE, there
are several alternative reactions through which all-trans-retinol is
ultimately converted into the chromophore, 11-cis-retinal, and
mutations in several genes that function in these events cause
retinal diseases (Thompson and Gal, 2003). Although the pro-
teins involved in the corresponding metabolic events have not
been identified in Drosophila, it is intriguing that there are several
genes expressed primarily in the fly eye that encode proteins re-
lated to those known to function in the mammalian visual cycle.
These include three eye-enriched short-chain dehydrogenases
(Xu et al., 2004), which may correspond to one or more retinal
dehydrogenases. Whether these eye-enriched genes and ninaG
are expressed and function in the retinal pigment cells to promote
biosynthesis of the chromophore remains to be determined.
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