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The mammalian rod photoreceptor phosphodiesterase (PDE6) holoenzyme is isolated in both a membraneassociated and a soluble form. Membrane binding is a
consequence of prenylation of PDE6 catalytic subunits,
whereas soluble PDE6 is purified with a 17-kDa prenylbinding protein (PDE␦) tightly bound. This protein, here
termed PrBP/␦, has been hypothesized to reduce activation of PDE6 by transducin, thereby desensitizing the
photoresponse. To test the potential role of PrBP/␦ in
regulating phototransduction, we examined the abundance, localization, and potential binding partners of
PrBP/␦ in retina and in purified rod outer segment
(ROS) suspensions whose physiological and biochemical
properties are well characterized. The amphibian homologue of PrBP/␦ was cloned and sequenced and found to
have 82% amino acid sequence identity with mammalian
PrBP/␦. In contrast to bovine ROS, all of the PDE6 in
purified frog ROS is membrane-associated. However,
addition of recombinant frog PrBP/␦ can solubilize
PDE6 and prevent its activation by transducin. PrBP/␦
also binds other prenylated photoreceptor proteins in
vitro, including opsin kinase (GRK1/GRK7) and rab8.
Quantitative immunoblot analysis of the PrBP/␦ content of purified ROS reveals insufficient amounts of
PrBP/␦ (<0.1 PrBP/␦ per PDE6) to serve as a subunit of
PDE6 in either mammalian or amphibian photoreceptors. The immunolocalization of PrBP/␦ in frog and
bovine retina shows greatest PrBP/␦ immunolabeling
outside the photoreceptor cell layer. Within photoreceptors, only the inner segments of frog double
cones are strongly labeled, whereas bovine photoreceptors reveal more PrBP/␦ labeling near the junction of the inner and outer segments (connecting
cilium) of photoreceptors. Together, these results rule
out PrBP/␦ as a PDE6 subunit and implicate PrBP/␦ in
the transport and membrane targeting of prenylated
proteins (including PDE6) from their site of synthesis
in the inner segment to their final destination in the
outer segment of rods and cones.
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Sensory transduction of light stimuli begins in the rod and
cone photoreceptor cells of the vertebrate retina. The extensive
membrane system in the outer segment is where proteins involved in visual excitation are located. Activation of the visual
receptor, opsin, by light causes it to catalyze the exchange of
GDP for GTP on the ␣-subunit of the heterotrimeric G-protein,
transducin (T␣).1 Upon dissociation of T␣-GTP from T␤␥, the
effector enzyme, photoreceptor phosphodiesterase (PDE6) is
activated by displacement of its inhibitory ␥-subunit (P␥) by
T␣-GTP. As activated PDE6 lowers cytoplasmic cGMP levels,
cGMP-gated ion channels in the plasma membrane are closed,
causing membrane hyperpolarization (for reviews, see Refs. 1
and 2).
Rod photoreceptor PDE6 is a catalytic heterodimer of very
similar ␣ and ␤ catalytic subunits (P␣␤) to which two identical
inhibitory ␥-subunits (P␥) are tightly bound. Each catalytic
subunit has a catalytic domain responsible for cGMP hydrolysis and two regulatory GAF domains, one of which binds cGMP
with high affinity. P␥ interacts allosterically with both the
catalytic and regulatory domains. Each catalytic subunit is
post-translationally modified at its C terminus with an isoprenyl group (either farnesyl or geranylgeranyl) that is responsible for its high affinity association with outer segment disk
membrane (for review, see Ref. 3).
A significant fraction of the total rod PDE6 (and all cone PDE6)
extracted from bovine retina is found in a soluble form. What
distinguishes this soluble PDE6 from membrane-associated
PDE6 is the binding of a 17-kDa protein that was originally
named the “␦-subunit” of PDE6 (4 – 6). It should be noted that
soluble PDE6 is derived from a retinal extract containing broken
rod and cone outer segments, and therefore the cellular origin of
the 17-kDa protein binding to PDE6 is uncertain. The primary
site of interaction of this 17-kDa protein (referred to in this report
as prenyl-binding protein/␦ (PrBP/␦)) with PDE6 is at the prenylated, carboxymethylated C terminus of the catalytic subunits (6,
7). Based on peptide competition experiments, PrBP/␦ binding to
PDE6 requires not only the prenyl moiety but also the modified,
carboxymethylated C-terminal amino acids of rod PDE6 ␣ or ␤
(7). In contrast, the rod and cone opsin kinases (GRK1 and
GRK7) can be prevented from binding to PrBP/␦ by preincubation with prenyl compounds altogether lacking the C-terminal
peptide sequence (8). This suggests that the affinity and/or specificity of PrBP/␦ for individual prenylated proteins may depend

1
The abbreviations used are: T␣, transducin; PDE6, phosphodiesterase; PrBP, prenyl-binding protein; GST, glutathione S-transferase; PBS, phosphate-buffered saline; GTP␥S, guanosine 5⬘-3-O-(thio)triphosphate; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1propanesulfonic acid; IPL, inner plexiform layer; OPL, outer plexiform layer; ROS, rod outer segment.
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not only on prenyl binding, but also on interactions with amino
acids in the C-terminal domain of the prenylated protein.
The crystal structure of PrBP/␦-subunit (9) is structurally
similar to a known prenyl-binding protein, RhoGDI (10).
Comparison of the two structures reveals that practically the
entire sequence of PrBP/␦ is an immunoglobulin-like domain
that forms a highly hydrophobic prenyl binding pocket. The
outer surface of PrBP/␦ also forms a complex with Arl2 (9),
but this interaction shows no structural homology to the
binding site of Cdc42 on the surface of RhoGDI (11). Hence,
this family of prenyl-binding proteins (which also includes
the homologous unc119/RG4 protein (10, 12)) consists of a
highly conserved prenyl binding pocket, along with proteinspecific interaction sites that confer unique functions for each
prenyl-binding protein.
Unlike most phototransduction proteins, PrBP/␦ is also expressed outside the retina in numerous other tissues that are
not known to express photoreceptor PDE6 (6, 13–15). Furthermore, PrBP/␦ interacts with proteins unrelated to known phototransduction proteins, such as Rab13 (14), the retinitis pigmentosa GTPase regulator (16), and the Arf-like proteins Arl2
and Arl3 mentioned above (9, 17). This highly conserved protein (99% amino acid identity within mammals) has homologues in lower vertebrates and invertebrates, including eyeless animals (e.g. Caenorhabditis elegans, 65% amino acid
identity) (6, 13, 18, 19). This suggests that PrBP/␦ may have
different functions and/or biological activities depending upon
the tissue in which it is expressed.
Previous biochemical studies in retinal photoreceptors have
shown that exogenous bovine PrBP/␦ can bind to rod PDE6
with high affinity and cause release of PDE6 from the disk
membrane (6). Interaction of bovine PrBP/␦ with rod PDE6 also
alters cGMP binding to the regulatory GAF domains, converting a non-exchangeable cGMP binding site to one that readily
exchanges bound and free nucleotide (20). The solubilization of
PDE6 by PrBP/␦ is accompanied by a decrease in its activation
by transducin (21). These in vitro results are all consistent with
the hypothesis that PrBP/␦ allosterically regulates PDE6, perhaps serving as a desensitization mechanism during light adaptation (21).
To critically examine the role of PrBP/␦ in phototransduction, we have studied the binding properties, regulation, abundance, and subcellular localization of PrBP/␦ in both bovine
and frog photoreceptors. Having cloned, sequenced, and expressed the frog homologue of PrBP/␦, we confirm that it binds
to PDE6 in vitro, releases it from the disk membrane, and
effectively uncouples transducin activation of PDE6, similarly
to its bovine counterpart. However, purified frog ROS containing a full complement of soluble and membrane proteins (22)
lacks sufficient PrBP/␦ to bind and solubilize more than a few
percent of the PDE6 that is present in ROS. Furthermore,
⬃90% of total PrBP/␦ immunoreactivity in frog or bovine retinal samples does not co-purify with intact ROS. We conclude
that PrBP/␦ is not a genuine subunit of the PDE6 holoenzyme,
and is unlikely to regulate PDE6 during phototransduction.
Immunocytochemical examination of the localization of
PrBP/␦ reveals that most PrBP/␦ is found outside the photoreceptor cells of the retina. Of the PrBP/␦ immunoreactivity
seen in the photoreceptor layer, careful examination of its
subcellular distribution refines previous observations (6, 8) and
localizes most of the PrBP/␦ to either the inner segment (frog)
or to the junction between the inner and outer segment (bovine)
of photoreceptor cells. Furthermore, immunoelectron microscopy places PrBP/␦ distal to the connecting cilium, associated
with axonemes extending into bovine rod and cone outer segments. Together, these results indicate that PrBP/␦ is most
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likely functioning in the intracellular trafficking of newly
synthesized prenylated proteins from the inner to the outer
segment of retinal photoreceptors.
EXPERIMENTAL PROCEDURES

Materials—Frogs (Rana catesbeiana) were obtained from Niles Biologicals Co. or Charles D. Sullivan Co. and maintained on a 12-h
dark-light cycle for 2 weeks before use in experiments (23). Frozen
bovine retinas were obtained from W. L. Lawson Inc., and fresh bovine
eyes were kindly provided by Lemay & Sons (Goffstown, NH). Sucroseand Ficoll-purified bovine ROS from freshly isolated retinas (24) were a
kind gift of Dr. Paul Schnetkamp (University of Calgary). [3H]cGMP
was purchased from PerkinElmer Life Sciences. Supplies for immunoblotting were purchased from Schleicher & Schuell, Pierce, or Bio-Rad.
Chemicals were obtained from Sigma. The bovine recombinant GSTPrBP/␦ fusion protein was a kind gift of Drs. Terry Cook and Joe Beavo
(University of Washington).
Antibodies—Rabbit polyclonal antiserum to the PrBP/␦ protein was
raised in rabbits by immunization with the full-length recombinant
bovine protein and was affinity-purified on PrBP/␦-Sepharose (FL antibody). Other rabbit polyclonal antibodies used in this study and raised
in our laboratory include a PDE6 anti-peptide antibody directed to the
GAFb domain that is conserved in all PDE6 catalytic subunit sequences
(NC) and an affinity-purified antibody to the C terminus of the P␥subunit of PDE6 (CT-9710) (23). Commercial antibodies to other proteins included the following: rod transducin ␣-subunit (K-20, Santa
Cruz Biotechnology), rhodopsin (1D4, Chemicon) (25), opsin kinase
(G-8, Affinity Bioreagents) (26), and Rab8 protein (Rab8, BD Biosciences). Other antibodies to phototransduction proteins were generously provided by the following individuals: rod and cone PDE6 catalytic subunits (ROS1, Dr. R. L. Hurwitz (27)), cone arrestin (7G6, P. R.
MacLeish) (28), rod arrestin (SC-128, W. C. Smith), and cone opsin
(COS-1, A. Szel) (29). Horseradish peroxidase-conjugated secondary
antibodies for Western blotting were from Pierce, whereas fluorochrome-conjugated or biotinylated secondary antibodies (Alexa-350, Alexa-488, or fluorescein isothiocyanate) and the tyramide amplification
kit for immunohistochemistry were from Molecular Probes.
Cloning and Expression of Frog PrBP/␦—A frog (Rana pipiens) retinal cDNA library was prepared as described elsewhere (30). Frog
PrBP/␦ was cloned by screening the cDNA library with the bovine
PrBP/␦ nucleic acid sequence. The resulting clone, fpded1, contained a
2.7-kb cDNA insert in pBluescript SK. The 450-bp coding region of
PrBP/␦ was PCR-amplified with primers 5⬘-GGATCCATGTCTAGTAATGAGCGA and 5⬘-GAATTCTCAAACATAAAACAGCCTG, containing
BamH1 and EcoR1 restriction sites. This PCR product was inserted into
the TOPO cloning vector (Invitrogen) and then transferred into the
pGEX-KG expression plasmid (Amersham Biosciences). Sequencing of
both strands confirmed that the coding region contained the authentic
nucleotide sequence. The GenBankTM accession number for the frog
PrBP/␦ sequence is AY044177.
The pGEX-KG/PrBP/␦ construct was transformed into the Escherichia coli strain BL21(DE3) for protein expression. Frog PrBP/␦ expression was induced by addition of 1.0 mM isopropyl-␤-D-thiogalactopyranoside to log phase cultures. Growth continued for 1 h at 37 °C
prior to extraction of the recombinant fusion protein by sonication and
centrifugation. GST-PrBP/␦ was purified on a glutathione-agarose column. Following thrombin cleavage of the fusion protein from PrBP/␦
and subsequent removal of thrombin with the Thrombin Cleavage
Capture Kit (Novagen), PrBP/␦ was separated from GST by glutathione-agarose chromatography, and the flow-through fraction was concentrated by ultrafiltration (Millipore BioMax 5K MWCO filter). Recombinant protein concentration was determined by a colorimetric
protein assay (31), which agreed with spectrophotometric estimates.
Purity of the protein was ⬎95%, as judged by SDS-PAGE. Bovine
GST-PrBP/␦ was expressed and purified in an identical manner.
Preparation of Retinal Extracts and Purified ROS—To prepare retinal extracts, frog or bovine retinas were placed in extraction buffer (10
mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 2 mM dithiothreitol,
and mammalian protease inhibitor mixture (Sigma)) and homogenized
with a motor-driven pestle in a glass mortar. Detergent-solubilized
proteins were separated from particulate matter by centrifugation for 5
min at 100,000 ⫻ g in an Airfuge. The concentrations of protein (31),
rhodopsin (32), and PDE6 (23) were determined. Under these conditions, ⬎90% of the visual pigment was solubilized, indicating extraction
of most intrinsic membrane proteins. For immunoblotting, the retinal
homogenate was added to SDS-PAGE gel sample buffer. For Fig. 2B,
freshly isolated retinas were immediately frozen in liquid nitrogen,
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pulverized with a liquid nitrogen-cooled ceramic mortar and pestle,
and directly transferred to boiling gel sample buffer to minimize
sample degradation.
Osmotically intact frog ROSs were purified on a discontinuous Percoll gradient exactly as described previously (23). Purified ROSs were
then homogenized in a pseudo-intracellular medium containing 77 mM
KCl, 35 mM NaCl, 2.0 mM MgCl2, 1.0 mM CaCl2, 1 mM EGTA, 10 mM
HEPES (pH 7.5), 2 mM dithiothreitol, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 1 M leupeptin, and 1 M pepstatin.
Bovine ROSs were purified on a discontinuous sucrose gradient as
previously described (33). Bovine ROSs were homogenized as described
for frog ROSs above, except that complete disruption of ROS structure
required trituration through a 26-gauge syringe needle.
Subcellular fractionation of ROS homogenates, where carried out,
was accomplished by centrifugation at 110,000 ⫻ g in an Airfuge.
Greater than 95% of the rhodopsin was recovered in the ROS membrane
pellet under these conditions. Purification of PDE6 followed established
procedures in our laboratory (23, 34).
PDE6 cGMP Binding and Activity Assays—The PDE6 concentration
of frog ROS homogenates was measured by the known ability of PDE6
to bind 2.0 mol of [3H]cGMP per mole of holoenzyme under defined
assay conditions (PDE6 being the sole high affinity cGMP-binding
protein in ROS (23, 35)). In brief, PDE6-containing samples were incubated for 10 min at room temperature in the presence of 1 M
[3H]cGMP, 200 M zaprinast, and a 2-fold molar excess of P␥. Samples
were filtered onto pre-wet nitrocellulose membranes (Millipore
HAWP25) and immediately washed three times with 1 ml of ice-cold
intracellular medium (23).
The rate of transducin-activated PDE6 hydrolysis of cGMP was
measured by a coupled-enzyme phosphate release assay (23). GTP␥S
(equal in concentration to the amount of rhodopsin) was added to the
PDE6 sample for 1 min prior to the addition of 10 mM cGMP. For each
experiment, rate measurements were obtained at a minimum of three
individual time points, during which ⬍30% of substrate was consumed.
Measurements of the activity were made in the following buffer: 100 mM
Tris (pH 7.5), 10 mM MgCl2, 0.5 mM EDTA, 2 mM dithiothreitol, and 0.5
mg/ml bovine serum albumin. This PDE6 activity assay was also used
to estimate the bovine PDE6 concentration under assay conditions
where the enzyme was fully activated by trypsin-induced proteolysis of
its inhibitory P␥-subunits (20, 36).
PrBP/␦ Solubilization Assay—Recombinant PrBP/␦ or GST-PrBP/␦
was added to ROS homogenates at various molar ratios relative to the
PDE6 concentration. After overnight incubation, ROS membranes were
pelleted, and the solubilized PDE6 in the supernatant was quantitated.
In some cases, pull-down assays were then performed using either
glutathione-agarose beads (to pull down GST-PrBP/␦) or ROS1-Sulfolink beads (to pull down PDE6-binding proteins). The ROS1 antibody
was covalently coupled to Sulfolink beads (Pierce) following the manufacturer’s recommended procedure.
Pull-down Assays of PrBP/␦-interacting Proteins—To identify potential binding partners for PrBP/␦, recombinant frog or bovine PrBP/␦ was
coupled to cyanogen bromide-activated Sepharose 4B (Sigma) following
the manufacturer’s protocol. Detergent-solubilized ROS homogenates
(containing 10 mM CHAPS) were incubated with PrBP/␦-Sepharose
beads for 12 h, then pelleted, and washed three times with TMN buffer
(10 mM Tris, pH 7.5, 1 mM MgCl2, 300 mM NaCl, 1 mM dithiothreitol).
Proteins bound to the resin were eluted with gel sample buffer and
analyzed by SDS-PAGE and immunoblotting. Unbound proteins in the
supernatant were trichloroacetic acid-precipitated before loading onto
the gel. Control samples were pretreated with a large excess of recombinant PrBP/␦ prior to mixing the beads with the ROS homogenate to
test for nonspecific binding of proteins to the resins.
Immunoblot Analysis—Samples for immunoblotting were prepared
in Laemmli gel sample buffer. The proteins were separated on SDSPAGE and then transferred to Immobilon-PSQ (Millipore) membranes.
The blots were blocked with 1% bovine serum albumin in TTBS (20 mM
Tris, pH 7.6, 137 mM NaCl, 0.5% Tween 20) prior to incubation for 1 h
with the primary antibody. Binding of the primary antibody was detected with the appropriate goat anti-host secondary antibody coupled
to horseradish peroxidase (1:5000 dilution, 1-h incubation), followed by
chemiluminescent detection (Pierce SuperSignal West Pico Chemiluminescent Substrate). For quantitative analysis of the PrBP/␦ content of
total retinal homogenates and ROSs, known concentrations of recombinant frog or bovine PrBP/␦ were run on the same gel, and the density
of immunoreactive bands from Western blots was analyzed with Quantiscan (Biosoft).
Immunohistochemistry and Immunoelectron Microscopy—Lightadapted bovine eyes were hemisected, and the lens and vitreous were

removed. The posterior eyecup was everted and fixed in freshly made
4% paraformaldehyde in PBS, pH 7.4, for 1–2 h at room temperature.
Fixative was removed by three changes of PBS. Dissected areas of
central retina with or without attached eyecup were cryoprotected in
30% sucrose/PBS, oriented, and snap-frozen in optimal cutting temperature compound (OCT, VWR International). Blocks were held at ⫺80 °C
until sectioned. Frog eyes from dark- and light-adapted animals were
treated in essentially the same manner: following hemisectioning and
removal of the lens, eyecups were fixed, rinsed, and cryoprotected as
described. The entire eyecup was then oriented and snap-frozen in OCT.
Frozen sections (10 m) were mounted on SuperFrost Plus slides
(VWR International) and processed for standard indirect immunofluorescence. Briefly, sections were incubated in primary antibody, either
for 2– 4 h at room temperature or overnight at 4 °C. All antibodies were
diluted in PBS containing 5% normal goat serum and 0.5% Triton
X-100. Following primary antibody incubation, slides were washed in
PBS three times for 5 min, then incubated for 1 h at room temperature
in the appropriate secondary antibody, and finally washed as above.
(For Fig. 7C, additional amplification of the PrBP/␦ primary antibody
was obtained using a biotin-labeled secondary antibody followed by a
streptavidin-Alexa 488 conjugate (Molecular Probes). For Fig. 8J, tyramide amplification (Molecular Probes) was used for enhancing the
detection of the PrBP/␦ primary antibody.) Sections were mounted in
ProLong Gold (Molecular Probes), with 4⬘,6-diamidino-2-phenylindole
included (as a nuclear stain) in some cases. Slides were viewed by
phase-contrast and epifluorescence microscopy on a Nikon Optiphot 2,
and images were photographed with a SPOT-RT digital camera (Diagnostic Instruments). All antibodies were tested at several concentrations to optimize specific binding. Tissue autofluorescence and background staining were minimal in our experiments. Secondary reagents
were found to be species-specific, and there was no overlap of the
fluorescent signals from two different fluorophores. The specificity of
PrBP/␦ staining by the FL antibody was confirmed by preincubating the
primary antibody with equimolar recombinant PrBP/␦; no detectible
fluorescence above background was observed (data not shown).
For immunoelectron microscopy, after cryoprotection, retinas were
frozen and thawed three times (to enhance reagent penetration) and
mounted in 4% agarose. Radial Vibratome sections (100 m) were
immunostained as above, except that Triton X-100 (0.1%) was added
only to the preincubation medium. (Complete elimination of Triton
X-100 gave no staining.) Sections were incubated with secondary antibody conjugated to horse-radish peroxidase, developed using diaminobenzidene and hydrogen peroxide, and intensified using the gold-substitution silver intensification method (37). The sections were then
treated with osmium tetroxide (2%; 60 min), stained with 2% uranyl
acetate in 70% ethanol, dehydrated in graded ethanol series (70 –100%),
cleared in propylene oxide, and embedded in Epon 812. Ultrathin sections were mounted on Formvar-coated slot grids and stained with
uranyl acetate prior to viewing.
RESULTS AND DISCUSSION

The Frog 17-kDa Prenyl-binding Protein (PrBP/␦) Is Highly
Conserved—To determine the sequence of the frog homologue
of the mammalian PrBP/␦ protein, an R. pipiens retinal cDNA
library was screened using the bovine nucleotide sequence as a
probe. Clones containing the complete open reading frame were
identified and sequenced. The deduced amino acid sequence of
frog PrBP/␦ (Fig. 1) is 82% identical to known mammalian
sequences. When five mammalian, one chicken, and two fish
PrBP/␦ sequences are aligned with the frog sequence, 78% of
the positions are identical for at least eight of the nine vertebrate sequences (Fig. 1, red letters). Orthologs of the vertebrate
PrBP/␦ protein have been identified in invertebrates as well
(38, 39). Inclusion of six invertebrate PrBP/␦ sequences in the
multiple sequence alignment shows that the frog PrBP/␦ sequence also has ⬎61% identity with each of the invertebrate
sequences. Indeed, at 45% of the total sites, the frog sequence
is identical to at least 14 of the 15 sequences compiled for the
sequence analysis (Fig. 1, red boldface letters). Of the 16 residues representing likely contact sites within the prenyl binding
pocket (based on structural homology of PrBP/␦ to RhoGDI (9)),
12 are identical in 15 of 16 PrBP/␦ sequences, and the remaining 4 are identical among the vertebrate sequences analyzed
here (Fig. 1, blue shaded sites). Based on the highly conserved
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FIG. 1. The frog homolog of mammalian PrBP/␦ is highly conserved. The amino acid sequence of R. pipiens PrBP/␦ was aligned and
compared with eight other vertebrate sequences: bovine (shown), human, dog, rat, mouse, chick, fugu (partial sequence from genomic data base),
and zebrafish (from genomic data base). Residues in red are identical in at least eight out of nine vertebrate species. Multiple sequence alignment
was also performed, including six invertebrate, full-length PrBP/␦ orthologous sequences: C. elegans, C. briggsae, C. intestinalis, D. melanogaster,
A. gambiae, and Halocynthia roretzi. Residues in boldface red are identical in at least 14 out of 15 species. Secondary structure (above sequence)
is based on the PrBP/␦ crystal structure, and sites that are structurally equivalent to the prenyl interacting sites in the crystal structure of RhoGDI
are boxed (9).

amino acid sequence and structural homology modeling, it is
evident that practically the entire sequence of frog PrBP/␦ folds
into a functional prenyl group-binding pocket. Sequence and
structural analysis of PrBP/␦ with the related proteins unc119/
HRG4 (12, 40) and RhoGDI (9, 11) support the hypothesis that
PrBP/␦ is the basic prototype for a family of proteins containing
a hydrophobic pocket that binds prenyl groups.
Recombinant Frog PrBP/␦ Quantitatively Releases PDE6
from ROS Membranes—Expression of frog PrBP/␦ as a GST
fusion protein in E. coli yielded ⬃4 mg of affinity-purified
GST-PrBP/␦ per liter of culture. Following cleavage of the fusion protein, a 17-kDa protein that migrated identically to native
frog PrBP/␦ on SDS-PAGE was recovered (Fig. 2A). A polyclonal
antibody (FL) raised against the full-length bovine recombinant
PrBP/␦ protein recognized a single 17-kDa band on immunoblots
of both frog and bovine retinal extracts (Fig. 2B), demonstrating
the specificity of the FL antibody for PrBP/␦.
To test the functional activity of the expressed frog PrBP/␦,
we examined its ability to solubilize PDE6 from ROS membranes. Frog ROS membranes were prepared from Percollpurified ROS, and the soluble proteins were removed by centrifugation (see “Experimental Procedures”). In contrast to
bovine ROSs where ⬃25% of the total PDE6 is recovered as a
soluble protein (7), Percoll-purified frog ROSs have negligible
amounts (1.0 ⫾ 0.2%, n ⫽ 5) of PDE6 in the soluble fraction.
When increasing amounts of recombinant frog PrBP/␦ were
added to ROS membranes, PDE6 was released from the membrane in a dose-dependent manner (Fig. 3A). The IC50 for
PrBP/␦ solubilization of PDE6 from frog ROS membranes
(128 ⫾ 11 nM) represents a substantial excess of PrBP/␦ relative to the PDE6 concentration. Interestingly, the time course
of PDE6 solubilization was very slow: only 30% of the PDE6
was released after a 5-h incubation, and 17 h were needed to
observe complete solubilization. This slow process was not due
to PrBP/␦ binding to ROS membranes, because immunoblot
analysis showed no increase in PrBP/␦ immunoreactivity in
ROS membranes following incubation of PrBP/␦ with ROS homogenates (data not shown).
To determine whether the PrBP/␦ remained associated with
PDE6 following solubilization of the enzyme from ROS membranes, we used the ROS1 antibody (41) coupled to Sulfolink
beads to immunoprecipitate the soluble PDE6. As shown in
Fig. 3B, quantitative immunoprecipitation of PDE6 by the
ROS1 antibody also co-precipitated PrBP/␦. In a similar experiment, we solubilized PDE6 with GST-PrBP/␦, and then used
glutathione-agarose beads to pull down the GST-PrBP/␦. We
found that all of the PDE6 co-precipitated with PrBP/␦ (data
not shown), confirming that PrBP/␦ forms a stable complex
with PDE6. These results preclude each molecule of PrBP/␦
releasing multiple PDE6 molecules from the membrane and
then dissociating from the enzyme.

FIG. 2. Recombinant expression of frog PrBP/␦ and antibody
specificity of the PrBP/␦ antibody (FL). A, bacterially expressed
frog GST-PrBP/␦ fusion protein was purified by glutathione agarose
affinity chromatography and then treated with thrombin to cleave the
fusion partner from PrBP/␦. Samples were analyzed by SDS-PAGE and
Coomassie staining. Lane 1: 20 g of frog GST-PrBP/␦. Lane 2: 20 g of
PrBP/␦. B, the specificity of the PrBP/␦ antibody (FL) was tested by
immunoblot analysis of bovine and frog retinal extracts (11 g of protein) run on SDS-PAGE, transferred to polyvinylidene difluoride membranes, and the membranes probed with 1:1000 dilution of the FL
antibody and 1:3000 dilution of secondary antibody.

PrBP/␦ Is Able to Disrupt Transducin Activation of PDE6 —A
proposed role of PrBP/␦ in mammalian phototransduction is to
decrease the ability of transducin to activate PDE6, thereby
desensitizing the response to light stimulation (21). To test
whether this mechanism is relevant to PDE6 activation in frog
ROS, we first treated ROS homogenates with PrBP/␦, and then
assayed the maximum extent of transducin activation of PDE6
in light-exposed ROS homogenates that had been incubated
with GTP␥S (to irreversibly activate transducin). As seen in
Fig. 4A, increasing amounts of PrBP/␦ cause a progressive
reduction in PDE6 activation by transducin in light-exposed
ROS. Under conditions where 90% of the PDE6 had been released from ROS membranes, a 70% reduction in PDE6 activation by transducin was seen. This behavior is generally consistent with a previous report with bovine ROSs (21). The IC50
values for disruption of transducin activation and for solubilization of membrane-associated PDE6 were also observed to be
similar (Fig. 4A). The simplest explanation is that the reduced
ability of transducin to activate PDE6 is a direct consequence of
PrBP/␦ removing PDE6, but not transducin, from ROS membranes, consistent with Cook et al. (21). (We verified that the
T␣-subunit of transducin remains fully membrane-associated
at all of the PrBP/␦ concentrations tested (Fig. 4B).) This is
consistent with earlier studies with purified, reconstituted
ROS proteins showing that efficient activation of PDE6 by
transducin requires membrane attachment of both proteins on
the ROS disk membrane (42– 45).
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FIG. 3. Recombinant frog PrBP/␦ solubilizes PDE6 from ROS
membranes and forms a stable complex in vitro. A, purified frog
ROS homogenates (30 nM PDE) were incubated with increasing
amounts of recombinant frog PrBP/␦ for ⱖ17 h at 4 °C. Each sample
was centrifuged to separate membrane-associated (●) from soluble (E)
PDE6. The PDE6 concentration was determined by quantifying cGMP
binding (see “Experimental Procedures”) and normalized to the PDE6
concentration in the absence of added PrBP/␦ (⬍5% soluble). Data are
mean ⫾ S.E. for six separate experiments. B, frog ROS homogenates
were incubated overnight at 4 °C with an 8-fold molar excess of frog
PrBP/␦ relative to PDE6. Solubilized PDE6 was separated from ROS
membranes by centrifugation. ROS1-Sulfolink was then incubated with
the supernatant fraction for 2 h at 22 °C. Precipitated proteins were
recovered by brief centrifugation of the antibody beads. The pellet and
supernatant fractions were mixed with SDS-PAGE gel sample buffer,
electrophoresed, and transferred to membranes. The immunoblot was
probed with a mixture of PrBP/␦ (FL) and PDE6 (NC) antibodies. HC
and LC refer to IgG heavy and light chains, which cross-reacted with
the secondary reagent.

PrBP/␦ Associates with Other Prenylated Photoreceptor Proteins in Vitro—In addition to PDE6, a number of other photoreceptor proteins contain post-translational modifications that result in prenylation and carboxymethylation. These include the
transducin ␥-subunit (farnesylated), opsin kinases (GRK1, farnesylated; GRK7, geranylgeranylated), and rab8 (farnesylated). To
test the ability of PrBP/␦ to interact with photoreceptor proteins
other than PDE6, we prepared PrBP/␦ covalently coupled to
Sepharose beads (PrBP/␦-Sepharose) and then incubated the immobilized PrBP/␦ with detergent-solubilized bovine ROS homogenates. (Bovine ROSs were used for these experiments because
of the greater availability of antibodies that recognize bovine, but
not frog photoreceptor proteins.) As a control for the specificity of
the interaction with the PrBP/␦-Sepharose, samples were preincubated with an excess of recombinant PrBP/␦. As seen in Fig.

FIG. 4. PrBP/␦ blocks transducin activation of PDE6 in vitro
without releasing T␣*-GTP␥S from ROS membranes. A, nucleotide-depleted, light-exposed frog ROSs (40 nM PDE6) were incubated
overnight at 4 °C with the indicated amount of PrBP/␦. To one portion
(●), 13 M GTP␥S was added to determine the maximum extent to
which PDE6 could be activated by transducin. Another portion (E) was
centrifuged to determine the extent to which non-activated PDE6 was
solubilized (as in Fig. 3). B, immunoblot analysis of ROS homogenates
treated with the indicated amounts of PrBP/␦ prior to centrifugation.
Supernatants (S) and membrane pellets (M) were analyzed on immunoblots using a transducin (T␣) antibody.

5, PrBP/␦ is able to form stable, specific complexes with GRK1,
PDE6, Rab8, and the transducin ␤-subunit. In all of these cases,
addition of excess PrBP/␦ blocked most or all of the specific
interaction with these proteins (Fig. 5, “NS”). Although the transducin ␤-subunit lacks a prenyl modification itself, it tightly associates with the farnesylated transducin ␥-subunit, thus explaining its ability to be pulled down by PrBP/␦. In contrast,
arrestin, an abundant soluble photoreceptor protein, was not
pulled down by PrBP/␦-Sepharose. These results demonstrate
that exogenous PrBP/␦ is capable of forming stable interactions
with several photoreceptor proteins other than PDE6, all of
which contain C-terminal farnesyl or geranylgeranyl groups, or,
in the case of transducin ␤-subunit, are tightly associated with a
prenylated protein.
Quantitative Analysis of PrBP/␦ Reveals Low Abundance in
Retina and in ROSs—In order for PrBP/␦ to serve as a regulatory protein for PDE6 during phototransduction, there must be
enough PrBP/␦ present to bind a significant fraction of the
PDE6. Previous studies have failed to quantify the ratio of
PrBP/␦ relative to PDE6. To examine this, we prepared retinal
extracts and purified ROS samples of known rhodopsin and
PDE concentration, along with a series of PrBP/␦ recombinant
protein standards, and performed quantitative immunoblot
analysis. Fig. 6A shows that a frog retinal extract containing
1.0 pmol of PDE6 has sub-stoichiometric amounts of PrBP/␦
(0.4 mol of PrBP/␦ per mol of PDE6; Table I) relative to PDE6.
The amount of frog PrBP/␦ relative to PDE6 is ⬃10-fold lower
in samples of osmotically intact, purified frog ROS (Fig. 6A and
Table I). (Note that Percoll-purified frog ROSs retain the full
complement of soluble proteins (22), and hence loss of PrBP/␦
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FIG. 5. PrBP/␦ binds to several prenylated photoreceptor proteins in bovine ROS homogenates. Detergent-solubilized bovine
ROS (3.5 pmol of PDE6) were incubated with PrBP/␦-Sepharose (2 mg
of PrBP/␦ per milliliter of resin), and proteins bound to the resin (Bnd)
were separated from unbound proteins (UB) by centrifugation. As a
control for nonspecific binding to the resin (NS), identical samples were
incubated with a large excess of PrBP/␦. Equivalent amounts of the
starting sample (ROS) were also loaded. After SDS-PAGE and transfer
to polyvinylidene difluoride, blots were probed with primary antibodies
to GRK1, PDE6, Rab8, transducin ␤-subunit, and arrestin.

FIG. 6. Quantitating PrBP/␦ content in retinal extracts and in
ROS. A, detergent-treated frog retinal extracts (1.0 pmol of PDE6) and
Percoll-purified frog ROS (1.0 pmol of PDE6) were examined for their
PrBP/␦ content by reference to the indicated amounts of purified, recombinant frog PrBP/␦. B, detergent-treated bovine retinal extracts
(0.25 pmol of PDE6) and sucrose-purified ROS (0.5 pmol of PDE6) were
analyzed as in panel A.
TABLE I
The content of PrBP/␦ in retina and purified ROSs
The amounts of PrBP/␦ in retinal extracts, purified ROSs, and purified soluble rod PDE6 were determined by quantitative immunoblot
analyses of samples where the concentration of PDE6 was independently determined and the PrBP/␦ standards fell within the range of the
unknown samples. Each value represents the mean ⫾ S.E. for at least
three different experiments.
PrBP/␦ content

Sample
Bovine

Frog

mol per mol PDE6

Retinal extract
Purified ROS
Purified soluble PDE6
a

0.6 ⫾ 0.1
0.09 ⫾ 0.01
1.0 ⫾ 0.1

0.4 ⫾ 0.1
0.03 ⫾ 0.01
NAa

NA, not applicable.

from the outer segment cannot explain this result.) Of the
PrBP/␦ that is found in frog ROSs, ⬎80% is recovered as a
soluble protein following centrifugation of ROS homogenates in
an isotonic buffer. Under these conditions, ⬃99% of the PDE6
is membrane-associated, indicating that only minute amounts
of PrBP/␦ are bound to PDE6 in frog ROSs.
Qualitatively similar results are obtained for bovine retinal

1253

extracts or bovine ROSs (Fig. 6B and Table I). Overall, the total
content of PrBP/␦ is slightly higher for bovine compared with
amphibian retinal extracts (0.6 PrBP/␦ per PDE6). In bovine
ROS, there is ⬍0.1 PrBP/␦ per PDE6 (Table I). Similar values
for PrBP/␦ relative to PDE6 were obtained for bovine ROSs
purified from freshly isolated or frozen retinas, and for ROSs
purified on a Ficoll gradient (24).
We also examined the stoichiometry of PrBP/␦ bound to
purified, soluble bovine rod PDE6 isolated from the bovine
retinal extracts. Using quantitative immunoblot analysis (Table I), we estimated that 1.0 ⫾ 0.1 PrBP/␦ is bound to the
catalytic dimer of bovine rod PDE6. We also estimated the P␥
content of our PDE6 samples using quantitative immunoblot
analysis (1.8 ⫾ 0.2 P␥ per PDE6; n ⫽ 4) to confirm that the
PDE6 concentration loaded on the gel was accurate. This leads
to the interesting conclusion that PrBP/␦ binds only one of the
two prenyl groups attached to the PDE6 catalytic ␣␤ dimer.
Although PrBP/␦ can bind to PDE6 stoichiometrically, the low
abundance of PrBP/␦ in photoreceptors (Table I) precludes a
significant amount of PDE6 from being bound to PrBP/␦ in
intact ROSs. We think it most likely that most soluble rod
PDE6 (containing bound PrBP/␦) isolated from bovine retinal
extracts results from binding of PrBP/␦ derived from other
retinal cells during homogenization of the retina.
Immunohistochemical Localization of PrBP/␦ in Frog Retina—Based on our finding that most of the PrBP/␦ present in
frog retina is not recovered in purified, sealed ROSs, we performed indirect immunofluorescent labeling of PrBP/␦ in frog
retinal cryosections. The FL antibody to PrBP/␦ was used in
conjunction with a panel of well characterized antibodies to
other retinal proteins to localize PrBP/␦ within the retina. Fig.
7 (A and B) shows that in frog retina the majority of PrBP/␦ is
located in the inner plexiform layer (IPL, particularly stratum
1), in the optic nerve fiber layer beneath the ganglion cell layer,
and, to a lesser extent, in the outer plexiform layer (OPL).
Within the photoreceptor layer, we observe intense staining in
inner segments of a subpopulation of photoreceptor cells (Fig.
7, A and B). In an effort to detect low levels of PrBP/␦ in the
photoreceptor layer, we amplified the signal by using a biotinconjugated secondary antibody, which was then visualized with
streptavidin conjugated to the Alexa 488 fluorophore. This
method amplified PrBP/␦ staining in the rod inner segments
(Fig. 7C, arrowhead). Faint labeling of the ROS was also occasionally observed, but usually occurred in sections where background staining was greater. These immunohistochemical results are fully consistent with the quantitative immunoblot
analysis (Table I) showing that ⬍10% of the total PrBP/␦ immunoreactivity in frog retina co-purifies with ROSs.
To better define the subcellular localization of PrBP/␦ within
the photoreceptor layer of the frog retina, we performed colocalization studies with several antibodies specific for rod
and/or cone phototransduction proteins. Although PrBP/␦ is
widely regarded in the literature as a subunit of PDE6, the
rod/cone PDE6 catalytic subunit antibody (ROS1) shows that
PDE6 fails to co-localize with PrBP/␦ (Fig. 7, D–F). In contrast,
an antibody to the bona fide P␥-subunit does indeed show
co-localization with the PDE6 catalytic subunits in rods and
cones under identical immunostaining conditions (Fig. 7G). We
next identified the cell type that stained intensely with the FL
antibody in the inner segment layer using the COS-1 antibody
that is specific for medium/long wavelength-sensitive cone
opsins in many vertebrate species (46). This antibody preferentially labels the outer segment of the large single cone and
the double cone (consisting of primary and accessory members)
of Xenopus retina (47). As seen in Fig. 7H, the bright, punctuate staining for PrBP/␦ in the inner segment is almost always
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FIG. 7. Immunohistochemical localization of PrBP/␦ in frog
retina. Frog retina was isolated, fixed, and sectioned as described
under “Experimental Procedures” and incubated with primary antibodies to the indicated proteins: A, PrBP/␦ antibody (FL, green). B, same as
A with phase contrast superimposed and retinal layers identified: OS,
outer segment; RIS, rod inner segment; ONL, outer nuclear layer, OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer. Stain appears greatest in certain inner
segments and stratum 1 of the IPL. Arrowheads indicate cone outer
segments, while arrows indicate rod outer segment. C, FL antibody
signal amplified with biotin-streptavidin detection reagents permits
labeling of all rod inner segments (arrowhead). D–F, double labeling
with FL (green) and ROS1 (a PDE6 catalytic subunit antibody, red)
stainings do not co-localize. G, superimposition of PDE6 (ROS1, red)
and P␥-subunit (CT-9710, green) show co-localization in the outer segments. H, superimposition of phase contrast image with FL (green) and
red/green cone opsin (COS-1, red). Arrows point to two double cones: pc,
principal cone; ac, accessory cone. Arrowhead points to rod inner segment (RIS). I, double staining of FL (green) and rod arrestin (SCT-128,
red).

situated just below a COS-1-immunoreactive outer segment
that lacks an oil droplet in its inner segment. This identifies the
PrBP/␦-reactive photoreceptor as the accessory member of the
double cone. Note that other COS-1-stained outer segments are
joined to inner segments containing oil droplets and represent
either the principal member of the double cone or single large
cones that predominate in frog retina. Faint PrBP/␦ immunoreactivity was also seen in the principal (“red”) rod inner segments (Fig. 7H). Finally, an antibody specific for rod arrestin
(SCT-128) did not stain the PrBP/␦-positive cone inner segments at all, confirming that PrBP/␦ in frog photoreceptors is
primarily located in accessory cone inner segments. We conclude that the preponderance of PrBP/␦ in frog retina is in the
synaptic regions of all classes of retinal neurons. Within the
photoreceptor cells themselves, strong staining for PrBP/␦ is
detected only in the inner segment of the accessory cone of the
double cone pair, with lesser staining of rod inner segments,
and very little immunoreactivity in photoreceptor outer
segments.
Re-examination of the Immunolocalization of PrBP/␦ in Bovine Retina—The low level of PrBP/␦ staining in the photoreceptors of frog retina (Fig. 7) contrasts with previous, conflict-

FIG. 8. Immunohistochemical localization of PrBP/␦ in bovine
retina. Light-adapted bovine retinas were fixed and sectioned as described under “Experimental Procedures,” and then sections were incubated with the following primary antibodies. Arrowheads in some panels indicate the connecting cilium (cc) region. A, PrBP/␦ (FL, green)
alone. B, same as A with superimposition of phase contrast image and
4⬘,6-diamidino-2-phenylindole (blue) staining, with layers identified as
in Fig. 7. C, FL staining of connecting cilium region of rods (upper
arrowhead) and cones (lower arrowhead). D, superimposition of C with
phase contrast image. E–G, double labeling of PDE6 antibody (ROS1,
red) and FL (green); PrBP/␦-staining is greatest at the base of the outer
segment labeled by ROS1. H, cone arrestin (7G6, red) stains cones (COS
and CIS) but not rods, whereas FL staining (green) in cones is at the
junction of COS and CIS. I, GRK1/7 (G8, red) stains rod and cone outer
segments, whereas FL staining (green) is observed at the base of outer
segments. J, RP1 (anti-RP1, red) stains the connecting cilium region
and overlaps with tyramide-amplified FL staining (green).

ing reports localizing PrBP/␦ either to ROSs (6) or to outer and
inner segments of both rods and cones (8). Because these differences might represent real species differences or, alternatively, differences in the light history or methods of staining
retina for immunohistochemistry, we re-examined the localization of PrBP/␦ in bovine retina using the FL antibody along
with other well characterized antibodies that recognize bovine
photoreceptor proteins.
As seen in panels A and B of Fig. 8, the majority of PrBP/␦ in
light-adapted bovine retina is found, not in the photoreceptor
cells, but in the synaptic termini of the OPL, IPL, and beneath
the ganglion cell layer. The nuclear layers have significantly
less PrBP/␦ staining (Fig. 8B). In these regards, PrBP/␦ distribution in the bovine retina is quite similar to what is seen in
frog retina. However, bovine retina exhibits a unique labeling
pattern for PrBP/␦ at the junction between the inner and outer
segments of rod and cone photoreceptors (Fig. 8B, connecting
cilium region (cc)). It shows a predominantly filamentous staining pattern for PrBP/␦ that extends part way into the outer
segments, a pattern consistent with PrBP/␦ being present in
the highest concentrations at the ciliary axoneme of both rod
and cone photoreceptors (Fig. 8, C and D).
To further refine the localization of bovine PrBP/␦ within
photoreceptor cells, we first looked for co-localization of PrBP/␦
with PDE6. Fig. 8E shows strong labeling of both rod and cone
outer segments with the ROS1 antibody, consistent with previous work showing that this antibody recognizes both rod and
cone PDE6 (6, 41). The PrBP/␦ staining extends from the base
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FIG. 9. Immunoelectron microscopy localizes PrBP/␦ to the ciliary axonemes of bovine rods and cones. A, semithin sections from
bovine retina were stained for PrBP/␦ (see “Experimental Procedures”).
Immunoreactivity concentrated in the connecting cilium region (arrowheads) that joins cone inner segments (cis) and outer segments (cos) or rod
inner segments (ris) and outer segments. B and C, ultrathin sections
stained for PrBP/␦. Labeling is present in both rod (B) and cone (C)
axonemal microtubules. Stain is greatest above the basal body (bb) and
connecting cilium (cc), where it extends up along the axonemes (brackets).

of the outer segment part way into the outer segment of both
rods and cones (Fig. 8, F and G). The merged image (Fig. 8G)
shows PrBP/␦ alone (green) and both PrBP/␦ and PDE6 (yellow)
signals, indicating that some PrBP/␦ is found at the juncture of
the inner and outer segments where there is little PDE6. The
widely spaced PrBP/␦ immunoreactivity (lower arrowhead) in
Fig. 8H is shown to co-localize with a cone-specific arrestin
antibody (red), beneath the major ribbon of PrBP/␦ labeling
(upper arrowhead) present in rods. Because opsin kinases have
been shown to interact with PrBP/␦ in pull-down assays (Fig. 5)
and by yeast two-hybrid screens (8), we also labeled retinal
sections with an antibody recognizing bovine rod (GRK1) and
cone (GRK7) opsin kinase. GRK1/7 distribution, like PDE6
staining, is confined to the outer segments of both rods and
cones in light-adapted retina, whereas PrBP/␦ can be clearly
seen at the base of the outer segments, suggesting the stained
structures are the connecting cilia of rods and cones (Fig. 8I).
Finally, to further define PrBP/␦ staining relative to the
connecting cilium region, we defined the position of PrBP/␦
relative to the RP1 protein, known to be localized to the axonemes immediately distal to the connecting cilium (48, 49). To
enhance detection of PrBP/␦ in this co-localization experiment,
we used a tyramide amplification kit (see “Experimental Procedures”), which causes the normally filamentous PrBP/␦ labeling to appear more diffuse (but did not alter overall localization of PrBP/␦ in the retina). Fig. 8J shows substantial
overlap in RP1 and PrBP/␦ labeling (yellow) with additional
PrBP/␦ labeling (green) below and some RP1 labeling (red)
above the region of co-localization. This places PrBP/␦ in the
immediate vicinity of the connecting cilium of rods and cones.
Furthermore, semi-thin sections (0.5 m) of bovine retina at
lower magnification confirm that greater staining of PrBP/␦ is
detected at the junction of the inner and outer segments of rods
and cones (Fig. 9A). To determine the localization of PrBP/␦ at
the ultrastructural level, we performed immunoelectron microscopy. PrBP/␦ labeling was greatest at the base of rod and
cone outer segments, just above the basal bodies and connecting cilia (Fig. 9, B and C). The PrBP/␦ labeling appears strongly
associated with ciliary axonemal microtubules. In both rods
and cones, PrBP/␦ staining extends part way into the outer
segment before the labeling trails off.
This primary localization of PrBP/␦ within bovine photoreceptors to the connecting cilium region (Figs. 8 and 9) differs from
earlier reports of its predominant location in the rod outer segment (6) or in rod and cone outer segments (8). Several factors
might account for these differing results, including different primary antibodies used, technical issues in detecting ciliary axo-
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nemal proteins (e.g. RPGR (50)) that may be sensitive to subtle
variations in specimen preparation, and epitope masking that
may result from PrBP/␦-interacting proteins binding to this
small protein and preventing primary antibody binding.
The species difference observed in the immunohistochemical
localization of PrBP/␦, i.e. in the connecting cilium and axonemes of bovine, but not amphibian, photoreceptors, is not
understood. We cannot presently exclude the possibility that
our experimental conditions for immunohistochemistry failed
to detect PrBP/␦ in the connecting cilium region and axonemes
of frog photoreceptors. (Use of higher antibody concentrations,
addition of increasing amounts of detergent, and attempts to
immunolabeled purified ROS or isolated axonemal preparations did not show additional PrBP/␦ labeling of photoreceptors
(data not shown).) Another possibility is that PrBP/␦ interacts
with different proteins in frog photoreceptors compared with
bovine photoreceptors and that epitope masking greatly hampers visualization of PrBP/␦ by immunohistochemistry of frog
retinal sections. Preliminary results using serial sectioning
and immunoblot analysis (51) confirm that a 17-kDa, PrBP/␦immunoreactive protein can be detected in the inner segment
region of rods in frog retina.2 Although the total content of
PrBP/␦ in frog and bovine retinas is not very different (Table I),
it is also possible that the function of PrBP/␦ differs in the two
species. For example, amphibian retinas contain distinct
classes of photoreceptors not found in mammalian retinas (e.g.
double cones) and frog photoreceptors are larger in diameter
than their mammalian counterparts. On the other hand, the
very high sequence and structural similarities of all vertebrate
PrBP/␦ proteins suggests that this prenyl-binding protein may
serve identical functions in all vertebrate photoreceptors.
Summary—The ability of the frog homologue of PrBP/␦ to
completely solubilize membrane-attached frog PDE6 and to
disrupt the ability of transducin to activate PDE6 demonstrates that the high sequence identity observed between the
amphibian and mammalian PrBP/␦ proteins reflects very similar functional properties of this prenyl-binding protein
throughout tetrapod evolution. Although PrBP/␦ can bind stoichiometrically to PDE6 with high affinity in vitro, the low
concentration of PrBP/␦ (⬍0.1 PrBP/␦ per PDE6) in vertebrate
outer segments precludes a role for this protein in the phototransduction pathway. Because PrBP/␦ is not a bona fide subunit of PDE6, it should be identified based on its primary
function, namely as a prenyl-binding protein.
The primary location of PrBP/␦ in photoreceptor cells at the
junction between the inner segment and the proximal region of
the outer segment (defined as the connecting cilium) argues for
a function for PrBP/␦ related to transport of material through
this connecting cilium. Specific binding of PrBP/␦ with proteins
that are located at or near the connecting cilium of photoreceptor cells has been reported, including the retinitis pigmentosa
GTPase regulator (16, 52), rab8 (Ref. 53 and our Fig. 5), and
Arl3 (9, 17, 54). Other proteins known to be involved in protein
trafficking have also been shown to interact with PrBP/␦ (although their presence in the connecting cilium has not been
determined), especially ras-related GTPases (9, 10, 14). Hence,
we propose that PrBP/␦ most likely serves a role in protein
transport through the connecting cilium of rods and cones. We
envision two possible processes in which PrBP/␦ may function:
1) transport of prenylated phototransduction proteins (e.g.
transducin ␥-subunit, PDE6 ␣-, ␤-, and ␣⬘-subunits, GRK1,
GRK7) from their site of biosynthesis in the inner segment to
the outer segment disk membrane; 2) light-driven protein

2
M. Sokolov, S. Hosier, V. Y. Arshavsky, and R. H. Cote, unpublished
data.
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translocation of prenylated proteins (e.g. transducin (51, 55))
between outer and inner segments. PrBP/␦ and a structurally
related protein, RG4/unc119 (18, 56), are both found in the
synaptic layers of vertebrate retinas and may play a role in
transport of synaptic vesicle proteins (57). The fact that defects
in protein transport at the connecting cilium and at the synaptic vesicle have been correlated with photoreceptor degenerative diseases (e.g. retinitis pigmentosa, Usher’s syndrome, and
Leber congenital amaurosis) emphasizes the importance of better understanding the functional roles of PrBP/␦ and related
prenyl-binding proteins in targeting proteins to specific photoreceptor membranes.
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