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Abstract: Photoreceptor disc component (PRCD) is a small protein which is exclusively localized to
photoreceptor outer segments, and is involved in the formation of photoreceptor outer segment discs.
Mutations in PRCD are associated with retinal degeneration in humans, mice, and dogs. The purpose
of this work was to identify PRCD-binding proteins in the retina. PRCD protein-protein interactions
were identified when implementing the Ras recruitment system (RRS), a cytoplasmic-based yeast
two-hybrid system, on a bovine retina cDNA library. An interaction between PRCD and tubby-like
protein 1 (TULP1) was identified. Co-immunoprecipitation in transfected mammalian cells confirmed
that PRCD interacts with TULP1, as well as with its homolog, TUB. These interactions were mediated
by TULP1 and TUB highly conserved C-terminal tubby domain. PRCD localization was altered in
the retinas of TULP1- and TUB-deficient mice. These results show that TULP1 and TUB, which are
involved in the vesicular trafficking of several photoreceptor proteins from the inner segment to the
outer segment, are also required for PRCD exclusive localization to photoreceptor outer segment discs.
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1. Introduction

Photoreceptors are sensory cells which generate electrical signals in response to light stimuli.
These cells are highly compartmentalized, with the nucleus and other cellular organelles located
in the inner segment (IS), and the entire machinery for the visual signal transduction cascade
(phototransduction) included in the outer segment (OS). Photoreceptor OS are highly modified primary
sensory cilia characterized by thousands of stacked disc membranes. The proximal end of the OS
is linked to the cell body (i.e., the IS) via a connecting cilium, which is structurally homologous to
the transition zone of primary cilia. Unique OS proteins are formed in the IS and transported to the
OS across the connecting cilium (reviewed in reference [1]). Outer segments are continually renewed
throughout the lifetime of the vertebrate retina. New discs are formed at the OS base, while old discs
are shed from the OS tip [2,3].

Photoreceptor disc component (PRCD) (MIM #610598) is a small protein (54 amino acids in
dogs and humans and 53 amino acids in mice), which is exclusively localized to OS discs in both
rods and cones [4,5]. Localization of PRCD to OS membranes requires N-terminal post-translational
modifications, including S-acylation and palmitoylation [6,7]. PRCD is concentrated at the OS rim,
where it is present in both the disc membrane and the photoreceptor plasma membrane [5]. Interestingly,
PRCD is highly concentrated at the base of the OS, the site of disc neo-genesis [5]. Indeed, recently,
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it was shown that PRCD is essential for high-fidelity OS disc formation [5,8]. Mutations in PRCD cause
progressive rod-cone degeneration (i.e., retinitis pigmentosa (RP)) in humans, dogs, and mice [5,8–10].

Here, we describe the use of the Ras recruitment system (RRS), a cytoplasmic-based yeast
two-hybrid system [11], to identify PRCD-interacting proteins in the retina. We identified an interaction
of PRCD with tubby-like protein 1 (TULP1) and with TUB. TULP1 and TUB are members of the
tubby-like family of proteins, including TUB, TULP1-3, and the more distantly related TULP4.
TULP proteins are defined by the highly conserved ‘tubby domain’ located in their C-terminal part,
which binds selectively to specific membrane phosphoinositides. The N-terminus is diverse and
directs distinct functions [12]. TULP1 and TUB are highly expressed in the retina, and mutations in
both of them are associated with progressive retinal degeneration in humans and in mice [13–17].
Both TULP1 and TUB are involved in the vesicular trafficking of photoreceptor proteins from the IS to
the OS [15,18–20]. In Tulp1-knockout mice, several OS proteins, including rhodopsin, guanylate cyclase
(GC1), guanylate cyclase-activating proteins 1 and 2 (GCAP1 and GCAP2, respectively), and blue cone
opsin, are mislocalized, and found throughout the photoreceptor, as opposed to being exclusively
localized to the OS [18]. In addition, the transition of the arrestin signaling protein from the IS to the
OS in response to light is disrupted in these mice [18]. Mislocalization of rhodopsin and of cone opsins
was also observed in TUB-deficient mice [20]. We therefore characterized the interaction of TULP1 and
TUB with PRCD, and its effect on PRCD’s specific localization to photoreceptor OS.

2. Results

2.1. PRCD Interacts with Both TULP1 and TUB

To identify potential binding partners of PRCD, we used the RRS [11]. We generated a bait
construct (pMet425-PRCD-Myc-Ras), which encodes for a chimeric protein, composed of mouse PRCD
with a C-terminal Myc tag fused to a cytoplasmic Ras mutant (Figure 1a). The chimeric protein was
expressed in yeast in media lacking methionine (Figure 1b), and did not allow growth of cdc25-2 yeast
at 36 ◦C by itself (Figure 1c, 2nd row). This bait construct was used for an RRS screen of a bovine
retinal cDNA expression library. In the RRS system, complementation of the cdc25-2 strain is achieved
through Ras membrane localization and activation due to interaction between two hybrid proteins [11].

Figure 1. Identification of photoreceptor disc component (PRCD) interaction with TULP1 in yeast.
(a) pMet425-PRCD-Myc-Ras bait construct used for the Ras recruitment system (RRS). The construct
encodes for a chimeric protein, composed of mouse PRCD fused to a cytoplasmic Ras mutant, with a Myc
tag at the C-terminus. (b) Western blot analysis of yeast transformed with the pMet425-PRCD-Myc-Ras
bait construct, with an anti-Myc tag antibody, showing a 30 kDa band in yeast grown on media
lacking methionine (−Met). No band appears in the lane containing extract from yeast grown on
methionine rich media (+Met), indicating inducibility of the pMET425 promotor. (c) cdc25-2 yeast
were co-transformed with the indicated bait and prey combinations, and grown on GAL–LUM plates
incubated in the permissive (24 ◦C) and the restrictive (36 ◦C) temperatures. Co-transformations of
yeast with empty bait and prey vectors (1st row) or with the PRCD-bait vector and an empty prey
vector (2nd row) served as negative controls. Pak and ChpAc are two proteins known to interact with
each other [21], and thus served as a positive control (4th row). Yeast transformed with a combination
of PRCD and TULP1 (3rd row) grew at both the permissive and the restrictive temperatures, therefore
indicating an interaction between these proteins.
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A total of six clones, representing putative binding partners of PRCD, were identified.
Sequencing analysis revealed that four of the clones were identical, all derived from bovine TULP1
cDNA (NM_001206728.1) and encoding for the C-terminus of the protein (amino acids 220-546).
The combination of these prey clones with a PRCD bait construct enabled growth of cdc25-2 yeast on
GAL-LUM media, at both permissive (24 ◦C) and restrictive (36 ◦C) temperatures (Figure 1c, 3rd row).
In this media, both bait and prey proteins were expressed. The same plasmid combination did not allow
growth of cdc25-2 yeast at the restrictive temperature on GAL-LU or on GLU-LUM media, on which
only the prey protein or the bait protein were expressed, respectively (data not shown). These results
indicated that the identified TULP1 prey protein did not complement the cdc25-2 mutation by itself,
and that complementation was achieved only due to its interaction with PRCD.

The interaction of PRCD with TULP1 was further tested by co-immunoprecipitation (co-IP), using
lysates from COS-7 cells expressing Myc-tagged PRCD and HA-tagged full-length mouse TULP1.
The presence of TULP1 in the anti-Myc (PRCD) immunocomplex supported its interaction with PRCD
in mammalian cells (Figure 2). We then used co-IP to test for possible interaction between PRCD and
TUB, due to its close homology to TULP1. TUB was also shown to interact with PRCD (Figure 2).

Figure 2. Verification of the interaction between PRCD, TULP1, and TUB by co-immunoprecipitation
(co-IP). COS-7 cells were transiently co-transfected with different combinations of PRCD_Myc,
TULP1_HA, and TUB_HA. Cell lysates were subjected to co-IP with an anti-Myc tag antibody,
and eluted proteins as well as total cell lysates were separated by SDS-PAGE, followed by Western
blotting (WB) with anti-HA and anti-Myc tag antibodies. The presence of TULP1 and TUB in the
anti-Myc tag immunocomplexes supported their interaction with PRCD in mammalian cells.

2.2. PRCD’s Interaction with TULP1 and TUB Is Mediated by the Highly Conserved Tubby Domain

To map the interacting regions in each protein, we performed pull-down experiments, using
truncated TULP1_HA or TUB_HA and purified PRCD_GST beads. Within TULP1, the interacting
region was mapped to the C-terminal part of the protein, the region which includes the highly conserved
tubby domain (Figure 3a,b). The tubby domain of TUB also interacted with PRCD (Figure 3a,b).

Figure 3. Mapping the interacting regions between PRCD, TULP1, and TUB. (a) Pull-down experiments
were performed to test the interaction between PRCD_GST and truncated TULP1_HA and TUB_HA.
Samples were analyzed by Western blot with anti-HA and anti-GST antibodies. Within TULP1, the interacting
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region was mapped to the C-terminal part of the protein (aa 289-543), the region which includes the
tubby domain. The N-terminal part of the protein (aa 1-288) did not interact with PRCD. The tubby
domain of TUB (aa 248-506) also interacted with PRCD. (b) Shown is a schematic representation of
the different pull-down experiments performed to map the interacting regions. The scattered line
represents the detected interacting parts.

We next used pull-down experiments to test the effect of the following missense mutations
(detected in human patients) on PRCD-TULP1 interaction: PRCD: p.C2Y and p.P25T [9,22]; TULP1:
p.R311Q, p.N349K, p.G368W, p.F382S, p.R400W, p.R420P, p.K489R, and p.F491L (all located within
the tubby domain) [16,23–27]. An interaction between PRCD and TULP1 was observed for all tested
mutations (Figure 4). It should be noted, however, that some mutations might affect the interaction
in a quantitative rather than a qualitative manner, and that this aspect was not well assessed by the
pull-down assay.

Figure 4. The effect of mutations in PRCD and TULP1 on their interaction. Shown are schematic
representations of the different PRCD and TULP1 mutated constructs tested. Each line represents
a pull-down experiment. An interaction between PRCD and TULP1 was observed for all
tested mutations.

2.3. PRCD Is Mislocalized in Photoreceptors of TULP1- and TUB-Deficient Mice

Both TULP1 and TUB are involved in the vesicular trafficking of photoreceptor proteins from the IS
to the OS. PRCD is a unique photoreceptor disc component. We therefore tested whether its interaction
with TULP1 and/or TUB is required for its specific localization to the OS. For this purpose, we performed
immunostaining of retinal sections obtained from TULP1- and TUB-deficient mice and wt controls
at post-natal day 21. As a positive control, we used rhodopsin, which was previously shown to be
mislocalized in photoreceptors of Tulp1-knockout mice (Figure 5a) [18]. As a negative control, we used
peripherin/RDS, which was previously shown to be unaffected by the lack of TULP1, and is therefore
properly localized to OS in both wt and Tulp1-knockout mice (Figure 5b) [18]. Similar to rhodopsin, in
wt mice, PRCD was exclusively located to photoreceptor OS, while in Tulp1-knockout mice, it was
found in the OS, IS, outer nuclear layer, and outer plexiform layer (Figure 5c). PRCD mislocalization
was also found in photoreceptors of Tub mutant mice (Figure 5c).
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Figure 5. PRCD is mislocalized in photoreceptors of Tulp1-/- and Tubtub/tub mice. (a) Immunostaining of
retinal sections derived from wt and Tulp1-/- mice, with an antibody against rhodopsin (RHO) (red).
(b) Immunostaining of retinal sections derived from wt and Tulp1-/- mice, with an antibody against
peripherin/RDS (red). (c) Immunostaining of retinal sections derived from wt, Tulp1-/-, and Tubtub/tub

mice, with an antibody against PRCD (red). DAPI served for nuclear staining (blue). scale bars: 20 µm.
IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer segment.

3. Discussion

PRCD is a protein of crucial importance for normal retinal function. This fact was established
over a decade ago, with the identification of PRCD mutations as the cause for retinal degeneration
in dogs and humans [9,10]. The specific role played by PRCD in the retina was only recently
discovered, as it was found by us and others to be essential for high-fidelity disc formation in
both rod and cone photoreceptors [5,8]. Accordingly, PRCD is specifically located to photoreceptor
OS [4,5]. PRCD anchoring to OS disc membranes is achieved by N-terminal post-translational
modifications, including S-acylation and palmitoylation [6,7]. Moreover, a previous proteomic search
for PRCD-interacting partners in disc membranes found that it binds rhodopsin. This interaction was
critically important for supporting the intracellular stability of PRCD [7].

In the current study, we searched for additional PRCD-interacting proteins, and identified
interactions with TULP1 and TUB. These two proteins, both members of the tubby-like family, are
involved in diverse functions, including roles in energy balance (TUB), endocytosis (TULP1), synapse
maintenance and architecture (TULP1), and stimulation of phagocytosis (TULP1 and TUB) (reviewed
in reference [12]). However, one of their major roles is trafficking proteins into cilia. The primary cilium
is an antenna-like cellular protrusion that mediates sensory and neuroendocrine signaling. The ciliary
membrane is enriched with multiple integral membrane proteins. In the nervous system, TUB is
involved in trafficking certain G protein-coupled receptors, including SSTR3, MCHR1, and NPY2R to
neuronal cilia [20,28]. In the retina, both TULP1 and TUB are involved in the vesicular trafficking of
unique OS proteins, including rhodopsin, GC1, GCAP1, GCAP2, cone opsins, and arrestin [15,18–20].
The current study adds PRCD to this list.

As indicated above, PRCD was shown to bind rhodopsin within the OS disc membrane [7].
As shown previously for rhodopsin, and as we show here for PRCD, trafficking of both proteins to the
OS is dependent on TULP1 and TUB (Figure 5). Taken together, these findings raise the possibility that
PRCD and rhodopsin may be co-transported to the OS and that their interaction occurs prior to their
localization to the OS membrane.

TULP1 and TUB are two highly homologous proteins, both playing crucial roles in retinal function.
Interestingly, these two proteins were found to interact with each other and to form heterodimers
or heterooligomers. Their interaction was functionally revealed by their synergistic stimulation of
phagocytosis of shed OS discs by retinal pigmented epithelium cells [29]. The fact that several proteins,
including PRCD, depend on both TULP1 and TUB for their proper OS localization, and that the
elimination of either one of them is sufficient to cause mislocalization of these proteins, indicates that
TULP1 and TUB do not play a redundant role in OS protein localization. Moreover, it suggests that
TULP1 and TUB cooperate in trafficking of photoreceptor proteins from the IS to the OS.
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In summary, the findings described here enhance our understanding regarding the normal
processing of PRCD within photoreceptor cells. They also add to our knowledge regarding the function
of TULP1 and TUB and the retinal pathophysiology associated with deficiency of either one of these
multi-functional proteins.

4. Materials and Methods

4.1. Ras-Recruitment System (RRS)

For the RRS screen, a bait plasmid expressing the murine PRCD protein as an N-terminal fusion
to Myc-Ras was constructed in the plasmid pMet425 (Figure 1a) [11]. The bait expression was induced
by the lack of methionine in the media (Figure 1b). The bait plasmid was co-transformed into the
temperature sensitive yeast strain cdc25-2 with a commercial bovine retinal cDNA library cloned into
the CytoTrap pMyr XR vector (Stratagene, Agilent Technologies, Santa Clara, CA, USA). The presence
of galactose in the media induced the expression of the library plasmid, in which clones were fused to
Src myristoylation sequences. Approximately 350,000 colonies were screened. Transformed yeast were
plated on solid synthetic media containing glucose and lacking leucine and uracil (GLU-LU), left to
recover at 24 ◦C for 4–5 days, and then replicated to solid synthetic media containing galactose and
lacking leucine, uracil, and methionine (GAL-LUM). Yeast colonies considered as putative positives
were those which grew on GAL-LUM media at the restrictive temperature (36 ◦C). Colonies which
were able to grow at 36 ◦C on GAL-LU plates (on which the bait protein was not expressed) were
excluded from the screen. After this selection, library plasmids were isolated from positive clones and
sequenced to reveal their identity. Specific interaction with PRCD was confirmed by re-transformation
of positive plasmids into cdc25-2 yeast with either PRCD or non-specific bait plasmids.

4.2. Cell Culture

COS-7 cells were grown in DMEM containing 10% fetal bovine serum, 1% penicillin/streptomycin,
and 1% glutamine (Biological Industries, Beit Ha’Emek, Israel) at 37 ◦C and 5% CO2.
Cells were transfected with different plasmid combinations using the jetPEI transfection reagent
(Polyplus-transfection SA, Illkirch, France) and harvested at 48 h post transfection. COS-7 cells used in
this study were authenticated as previously described [30].

4.3. Co-Immunoprecipitation (co-IP)

Mouse Prcd cDNA (NM_001163318) was cloned into the pCS2+MT expression vector [31], in frame
with six C-terminal Myc tags. Full-length Tulp1 (NM_021478.2) and Tub (NM_021885.4) cDNAs were
cloned in frame with three N-terminal HA tags in the pcDNA-3HA expression vector (a gift from Prof.
Ami Aronheim). Lysis of transfected cells was performed with WCE buffer (25 mM HEPES pH 7.7, 0.3
M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton X-100, 0.5 mM DTT, 20 mM β-glycerolphosphate,
0.1 mM Na2VO4, 100 µg/mL PMSF, protease inhibitor cocktail 1:100 (P8340, Sigma-Aldrich, St. Louis,
MO, USA)). Protein extracts were incubated overnight at 4 ◦C with anti-Myc tag antibodies, followed
by 1 h incubation with Protein A Sepharose beads (Sigma-Aldrich). Beads were washed four times with
WCE buffer, and the precipitated proteins were eluted using SDS-PAGE sample buffer. For Western
blot analysis, samples were subjected to denaturing polyacrylamide gel electrophoresis (SDS-PAGE)
using 12.5% polyacrylamide gels, followed by transfer to nitrocellulose membranes (GE Healthcare,
Buckinghamshire, UK). Membranes were incubated with a primary antibody, washed, and incubated
with a peroxidase-conjugated secondary antibody. The Amersham ECL Western blotting analysis
system (GE Healthcare) was used to visualize the results.

4.4. Pull-Down Assays

Prcd cDNA was cloned into the pGEX vector (GE Healthcare), in-frame with N-GST. PRCD-GST
fusion protein was purified from Escherichia coli according to the manufacturer’s instructions. Tulp1 and
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Tub cDNAs were cloned into the pcDNA-3HA expression vector and expressed in vitro using the TNT
T7 Quick Coupled Transcription/Translation System (Promega, Madison, WI, USA). Various mutations
were inserted using the quick change II site directed mutagenesis kit (Stratagene). For pull-down
assays, in vitro translated TULP1 or TUB were mixed with 20 µg purified PRCD-GST beads and 300 µL
pull-down buffer (20 mM Hepes, 100 mM NaCl, 1 mM DTT, 6 mM MgCl2, 20% glycerol, 1% NP-40,
0.5 mM EDTA). The solution was incubated for 1 h at room temperature and washed 4 times with
pull-down buffer. Samples were boiled for 5 min and then processed for Western blot analysis with an
anti-HA antibody.

4.5. Animal Experiments

The research was performed in adherence to the National Institute of Health’s Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978). The research was approved by
the Animal Care and Use Committee at the Technion-Israel Institute of Technology (Protocol numbers
IL-008-0119 and IL-114-0719). Tulp1-knockout mice (B6.129X1-Tulp1tm1Pjn/Pjn) [17] and Tub-mutant
mice (CAST.B6-Tubtub/Jng) [32] were obtained from The Jackson Laboratory (USA).

4.6. Immunofluorescence

Mouse eyes were harvested in the light, fixed in 4% paraformaldehyde at 4 ◦C, cryoprotected in
a graded sucrose series, and embedded in OCT buffer. Permeabilization of frozen sections (16 µm) was
achieved with 1% triton X-100, followed by blocking in 5% fetal calf serum and overnight incubation at
4 ◦C with a primary antibody, followed by a secondary antibody. DAPI was used for nuclear staining.
Examination of the stained sections was performed by an LSM 700 laser scanning confocal microscope
(Carl Zeiss Meditec, Jena, Germany).

4.7. Antibodies

Primary antibodies used were mouse monoclonal antibody against HA tag (ab18181), rabbit
polyclonal antibody against Myc tag (ab9106), mouse monoclonal antibody against rhodopsin (ab3267)
(Abcam, Cambridge, MA, USA), and rabbit polyclonal antibody against PRCD [5]. Secondary antibodies
used were peroxidase-conjugated AffiniPure goat anti-mouse IgG, peroxidase-conjugated AffiniPure
goat anti-rabbit IgG, Cy3-conjugated donkey anti-mouse IgG, Cy3-conjugated donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA), and GST HRP rabbit polyclonal IgG
(Santa Cruz Biotechnology, Dallas, TX, USA).
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Abbreviations

Co-IP co-immunoprecipitation
GC1 guanylate cyclase 1
GCAP1 guanylate cyclase activating protein
IS inner segment
ONL outer nuclear layer
OPL outer plexiform layer
OS outer segment
PRCD Photoreceptor Disc Component
RP Retinitis pigmentosa
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RRS Ras-Recruitment System
TULP1 Tubby-like protein 1
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