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Guanylate cyclases, GC1 and GC2, are localized in the light-sensitive
outer segment compartment of photoreceptor cells, where they
play a crucial role in phototransduction by catalyzing the synthesis
of cGMP, the second messenger of phototransduction, and regulating intracellular Ca2+ levels in combination with the cGMP-gated
channel. Mutations in GC1 are known to cause Leber congenital
amaurosis type 1 (LCA1), a childhood disease associated with severe
vision loss. Although the enzymatic and regulatory properties of
guanylate cyclases have been studied extensively, the molecular
determinants responsible for their trafﬁcking in photoreceptors
remain unknown. Here we show that RD3, a protein of unknown
function encoded by a gene associated with photoreceptor degeneration in humans with Leber congenital amaurosis type 12
(LCA12), the rd3 mouse, and rcd2 collie, colocalizes and interacts
with GC1 and GC2 in rod and cone photoreceptor cells of normal
mice. GC1 and GC2 are undetectable in photoreceptors of the rd3
mouse deﬁcient in RD3 by immunoﬂuorescence microscopy. Cell
expression studies show that RD3 mediates the export of GC1 from
the endoplasmic reticulum to endosomal vesicles, and that the C
terminus of GC1 is required for RD3 binding. Our results indicate
that photoreceptor degeneration in the rd3 mouse, rcd2 dog, and
LCA12 patients is caused by impaired RD3-mediated guanylate cyclase expression and trafﬁcking. The resulting deﬁciency in cGMP
synthesis and the constitutive closure of cGMP-gated channels
might cause a reduction in intracellular Ca2+ to a level below that
required for long-term photoreceptor cell survival.
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eber congenital amaurosis (LCA) is a heterogeneous group of
inherited retinal degenerative diseases that cause severe
blindness at birth or within the ﬁrst year of life. LCA, most commonly inherited as an autosomal recessive disorder, is typically
characterized by progressive changes in the appearance of the
retina, absent or markedly reduced electroretinography (ERG)
responses, and nystagmus, in addition to impaired vision (1). To
date, mutations in 14 different genes have been associated with
various forms of LCA. These genes encode various proteins that
have been implicated in such diverse cellular pathways as phototransduction, vitamin A metabolism, protein assembly, ciliary
transport, photoreceptor development and morphogenesis, guanine nucleotide synthesis, and outer segment phagocytosis (1).
GUCY2D, which encodes guanylate cyclase 1 (GC1), was the
ﬁrst gene associated with LCA (2). GC1 plays a crucial role in
phototransduction by catalyzing the synthesis of cGMP in rod and
cone photoreceptors. Photobleaching of rhodopsin in rod outer
segments or of cone opsin in cone outer segments activates the G
protein–coupled visual cascade, leading to the activation of
phosphodiesterase, hydrolysis of cGMP, closure of cGMP-gated
channels to the inﬂux of Na+ and Ca2+, and hyperpolarization of
the cell (3). After photoexcitation, recovery of the cell to its dark
state occurs through the inactivation of opsin, shutoff of the visual
cascade, and resynthesis of cGMP by the activation of membrane21158–21163 | PNAS | December 7, 2010 | vol. 107 | no. 49

bound GCs via guanylate cyclase activating proteins GCAP1 and
GCAP2. The ﬁnding that mutations in the GUCY2D gene cause
Leber congenital amaurosis type 1 (LCA1) underscores the importance of GC1 in the function and survival of rod and cone
photoreceptors. Rod photoreceptors also contain another, less
abundant retinal-speciﬁc GC isoform known as GC2, which is
encoded by the GUCY2F gene (4); however, to date, this gene has
not been implicated in any retinal degenerative disease.
Proteins involved in phototransduction are synthesized in the
inner segment of photoreceptors and subsequently translocated
through the cilium to the outer segments. The trafﬁcking of rhodopsin in rod photoreceptor cells has been studied in some detail
(5–7); however, the molecular determinants important to the
trafﬁcking of most other phototransduction proteins, including
the membrane GCs GC1 and GC2, have not yet been determined.
The rd3 mouse is one of the earliest identiﬁed naturally occurring mouse strains with severe early-onset retinal degeneration
(8). The retina of homozygous rd3 mice develop normally through
postnatal day 14, but subsequently undergo progressive photoreceptor degeneration such that few rod or cone cells remain after
2–4 mo (9, 10). The gene responsible for photoreceptor degeneration in the rd3 mouse encodes a 195-aa protein of unknown
subcellular localization and function that is highly expressed in the
retina (10, 11). Sequence analysis indicates that RD3 contains
putative coiled-coil domains at amino acids 22–54 and 115–141
and several casein kinase II and protein kinase C phosphorylation
sites. A homozygous c.319C→T substitution in exon 3 of the Rd3
gene (formally the C1orf36 gene) results in an unstable truncated
protein lacking the C-terminal 89 amino acids. A mutation in the
human RD3 gene that also causes premature protein truncation is
responsible for Leber congenital amaurosis type 12 (LCA12), and
a frameshift mutation in canine RD3 resulting in an altered Cterminal protein sequence is associated with rod-cone dysplasia
type 2 (rcd2) in collie dogs (10, 12). These previous studies underscore the importance of RD3 in photoreceptor cell survival,
but do not provide insight into the function of RD3 in photoreceptor cells or the mechanism through which mutations in RD3
cause photoreceptor degeneration.
Recently, we carried out a mass spectrometry–based proteomic
analysis of isolated photoreceptor outer segments to identify
proteins that might play crucial roles in photoreceptor structure,
function, protein trafﬁcking, and inherited retinal degenerative
diseases (13). RD3 was one of the retinal-speciﬁc proteins identiﬁed in the proteomic dataset. In the present study, we show that
RD3 colocalizes and binds to GC1 and GC2 and plays a crucial
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role in their stable expression and membrane trafﬁcking in rod
and cone photoreceptors. These ﬁndings provide insight into the
molecular mechanism responsible for photoreceptor degeneration in LCA12 patients and animals deﬁcient in the RD3 protein.
Results
Subcellular Localization of RD3 in Photoreceptor Cells. To determine

the subcellular localization of RD3 and identify interacting proteins, we generated speciﬁc monoclonal and polyclonal antibodies
to the C-terminal region of RD3. Both antibodies labeled the
23-kDa RD3 protein in retinal extracts of WT mice, which was
absent in retinal extracts of homozygous rd3 mice (Fig. 1A). The
subcellular distribution of RD3 in WT mouse retinal sections was
determined by immunoﬂuorescence labeling for confocal scanning microscopy (Fig. 1B). Intense immunostaining was evident in
rod and cone outer segments of 21-d-old WT mice, with only faint
staining detectable in the inner segments and synaptic region.
Retinal sections of 21-d-old homozygous rd3 mice (4Bnr, albino
strain), which have ≈80% of the normal complement of photoreceptors cells (9), were not labeled, conﬁrming the speciﬁcity of
the anti-RD3 antibody and the absence of the full-length RD3
protein (Fig. 1B). Localization of RD3 to photoreceptor outer
segments is consistent with our earlier proteomics study showing
the presence of RD3 in outer segment preparations by mass
spectrometry (13) and biochemical subcellular fractionation of
a mouse retinal homogenate carried out as part of the present
study (Fig. S1).

Because LC-MS/MS is extremely sensitive and does not give
quantitative information on the relative protein abundance, we
further analyzed the input, unbound, and bound fractions from
the anti-RD3 immunoafﬁnity column on SDS gels and Western
blots labeled with antibodies for various outer segment and cytoskeleton proteins. As shown in Fig. 2A, a single 120-kDa band
corresponding to the molecular mass of photoreceptor GC1, the
most abundant photoreceptor GC, was observed in the Coomassie
blue–stained lane of the bound fraction from the anti-RD3
immunoafﬁnity column. Western blot analysis conﬁrmed the
identity of this band as GC1 and revealed the presence of GC2
with a similar molecular mass. Control experiments using an
ABCA4 immunoafﬁnity column showed that GC1 does not bind
nonspeciﬁcally to immunoafﬁnity resins (Fig. S2). The 23-kDa
RD3 protein, which was not visible in the Coomassie blue–stained
gels, was present in the bound fraction by Western blot analysis
(Fig. 2A). A comparison of the input and unbound fraction of the
Western blots labeled for GC1 and GC2 indicated that >50% of
the GC1 and GC2 coimmunoprecipitated with RD3 in the presence of detergent. Although phosphodiesterase (PDE), the cyclic

RD3 Binds to GC1 and GC2. To begin to deﬁne the role of RD3 in
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Fig. 1. Expression and localization of RD3 in mouse retina. (A) Western blot
analysis of 21-d-old WT and homozygous rd3 mouse retinal membrane
extracts labeled with the Rd3-9D12 monoclonal antibody (Top), a polyclonal
antibody to RD3 (Middle), and an anti-actin antibody as a loading control
(Bottom). RD3 was present in the WT membrane extract, but absent in the rd3
membrane extract. (B) Confocal images of 21-d-old WT and rd3 mouse retinal
cryosections labeled with the puriﬁed polyclonal antibody to RD3 (green) and
counterstained with DAPI nuclear stain (blue). RD3 is localized primarily to the
rod and cone outer segments. OS, outer segment; IS, inner segment; ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer. (Scale bar: 20 μm.)
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photoreceptors, we identiﬁed proteins that interact with RD3 by
coimmunoprecipitation along with mass spectrometry and Western blotting. A detergent-solubilized retinal extract from WT mice
was applied to an immunoafﬁnity column consisting of the Rd39D12 monoclonal antibody coupled to Sepharose beads. After the
unbound proteins were removed, bound proteins were eluted with
SDS and digested with trypsin for analysis of peptides by liquid
chromatography–tandem mass spectrometry (LC-MS/MS). Photoreceptor GC1 and GC2 (also known as GC-E and GC-F, respectively) and RD3, along with other proteins, were identiﬁed
with a high level of conﬁdence (Table S1).

Fig. 2. Coimmunoprecipitation of GC1 and GC2 with RD3. (A) A detergentsolubilized WT mouse retinal extract was incubated with an Rd3-9D12
immunoafﬁnity matrix. After the unbound protein was removed, the bound
protein was eluted from the matrix with SDS for analysis on Coomassie blue–
stained gels (CB) and Western blots labeled with the Rd3-9D12 antibody
against RD3 and polyclonal antibodies against GC1 and GC2 (GC1/RD3 and
GC2/RD3). Approximately 70 μg of protein was applied to the input (retinal
extract) and unbound lanes. (B) The same Western blots as in A, but labeled
with antibodies to PDE-α, CNGA1, β-tubulin, arrestin, and transducin (Tα).
These proteins did not coimmunoprecipitate with RD3. (C) HEK293T cells
coexpressing RD3 and either GC1 or ABCA4 as a control were immunoprecipitated on an Rd3-9D12 immunoafﬁnity matrix (IP-RD3) or an GC1-2H6
matrix (IP-GC1), and the input and bound fractions were analyzed on
Western blots labeled for RD3 (Rd3 9D12 antibody), GC1 (GC-2H6 antibody),
or ABCA4 (Rim-3F4 antibody). GC1 coimmunoprecipitated with RD3, but
ABCA4 did not.
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nucleotide–gated (CNG) channel, arrestin, transducin, and tubulin were detected in the bound fraction by LC/MS-MS (Table
S1), they were not observed by Western blot analysis, suggesting
that these proteins are minor contaminants of the immunoafﬁnity
procedure (Fig. 2B).
We further studied the interaction of RD3 with GC1 by coexpression and coimmunoprecipitation studies using HEK293T
cells. GC1 speciﬁcally coimmunoprecipitated with RD3 from a
detergent-solubilized HEK293 cell extract, suggesting that RD3
directly interacts with GC1 (Fig. 2C). In reverse experiments, RD3
coprecipitated with GC1 on anti-GC1 immunoafﬁnity column
from both retinal extracts and HEK293T cells coexpressing RD3
and GC1. In control studies, ABCA4, an abundant photoreceptor
membrane protein (14), did not coprecipitate with RD3 from
either retinal extracts or HEK293T cells coexpressing RD3 and
ABCA4, supporting the speciﬁcity of the coimmunoprecipitation
experiments.
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Absence of GC Protein Expression in the Retina of Rd3 Mice. We
further investigated the role of RD3 in photoreceptor cells by
comparing the expression and subcellular distribution of outer
segment proteins in retinal tissue of 21-d-old rd3 mice and of agematched WT mice by immunoﬂuorescence microscopy and Western blot analysis (Fig. 3 A and B). Because RD3 interacts with
photoreceptor GCs, we ﬁrst examined the distribution of GC1 and
GC2 by confocal scanning microscopy. GC1 and GC2 localized to
the outer segment layer of WT mouse retina, with GC1 expressed in
both rod and cone outer segments and GC2 present only in rod
outer segments, in agreement with previous reports (15–18). In
contrast, GC1 and GC2 immunostaining was undetectable in rods
and cones of the rd3 mouse retina (Fig. 3A).
Because the GC-activating proteins GCAP1 and GCAP2 interact with and regulate the enzymatic activities of photoreceptor
GCs (19, 20), we examined the expression and distribution of
GCAP proteins in the retina of rd3 mice. Both GCAP1 and GCAP2
showed reduced expression and mislocalization to the inner segments of photoreceptor cells (Fig. 3A), similar to that observed in
GC knockout mice (15, 16).

We also examined the subcellular distribution of other outer
segment proteins to determine whether RD3 deﬁciency affected
their expression and trafﬁcking in photoreceptors. Although the
expression levels of CNGA1, ABCA4, rhodopsin, peripherin-2,
and PDE-α were generally lower in the homozygous rd3 mouse
retina, due primarily to the loss of photoreceptor cells and a reduction in outer segment length, the localization of these proteins to outer segments appeared normal (Fig. 3A).
Western blots of retinal extracts from WT and rd3 mice were
labeled for GC1 and GC2 to determine the effect of RD3 deﬁciency on their level of protein expression. GC1 was undetectable in retinal extracts of rd3 mice, whereas GC2 was detected at
a very low level (Fig. 3B). ABCA4, PDE-α, and CNGA1 were
present in rd3 extracts at 40–70% of the levels found in WT
extracts, and GCAP1 was present at a signiﬁcantly reduced level
(Fig. S3). We used semiquantitative RT-PCR to examine whether
the reduction in GC1 and GC2 expression occurred at the transcriptional level. The level of GC1 and GC2 mRNA expression
was similar in the retinas of rd3 mice and WT mice, indicating that
GC loss occurred at a protein level.
Effect of RD3 on the Membrane Trafﬁcking of GCs in COS-7 Cells. To
further evaluate the role of RD3 in GC membrane trafﬁcking, we
expressed RD3 alone and together with GC1 in COS-7 cells and
examined their subcellular distribution by immunoﬂuorescence
microscopy (Fig. 4). When expressed individually, RD3 and GC1
displayed strikingly different subcellular localizations. RD3
colocalized with the endosomal recycling marker Rab11 in a
punctuate staining pattern characteristic of intracellular vesicles.
In contrast, GC1 colocalized with calnexin in a perinuclear reticular staining pattern characteristic of endoplasmic reticulum
(ER) localization, as reported previously (21). Interestingly, when
GC1 was coexpressed with RD3 in COS-7 cells, GC1 was exported
from the ER to endosomal vesicles containing RD3 and Rab11.
The ability of RD3 to recruit GC1 into intracellular vesicles is
speciﬁc; even when coexpressed with RD3, ABCA4 localized to
intracellular vesicles that did not contain RD3 (Fig. 4). The RD3mediated trafﬁcking of GC1 to intracellular vesicles is consistent
with subcellular vesicle localization of other photoreceptor outer

Fig. 3. Expression and localization of GCs and
other photoreceptor proteins in WT and rd3
mouse retina by immunoﬂuorescence microscopy
and Western blot analysis. (A) Retina cryosections
from 21-d-old WT and rd3 mice were labeled with
antibodies to GC1, GC2, GCAP1, GCAP2, CNGA1,
and PDE-α. GC1 and GC2 localized to the outer
segments of the WT retina but were undetectable
in the rd3 retina. GCAP1 and GCAP2 localized to
photoreceptor outer and inner segments of the
WT retina but showed reduced expression and
mislocalization in photoreceptors of the rd3 retina. CNGA1 and PDE-α localized to the outer
segments of both the WT and rd3 retina. Other
proteins, including ABCA4, perpherin-2, and
rhodopsin, exhibited a normal outer segment
distribution in the rd3 retina. (Scale bar: 20 μm.)
(B) Western blots of retinal extracts from WT and
rd3 mice labeled with antibodies to GC1 and GC2
and various outer segment proteins. Actin was
used as a loading control.
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disk proteins expressed in cultured cells, including ABCA4,
peripherin-2, and rom-1 (22, 23). These ﬁndings support the view
that RD3 mediates the membrane trafﬁcking of GC1 out of the
ER of cells.

Downloaded by guest on January 28, 2021

C-Terminal Domain of GC1 Is Required for RD3 Binding. To determine
the region of GC1 that contributes to RD3 binding, we expressed
GC1 deletion mutants lacking the C-terminal 35 amino acids
(M1068), 41 amino acids (M1062), and 48 amino acids (M1055)
downstream from the cyclase domain (Fig. 5A), together with
RD3 in HEK293T cells. All mutants were expressed, as revealed
by the faint GC1-labeled band in the cell lysate (input lane) of the
Western blot. WT GC1, M1068, and, to a lesser degree M1062
coimmunoprecipitated with RD3 on a Rd3-9D12 immunoafﬁnity
matrix, whereas M1055 did not (Fig. 5B). These results suggest
that a short conserved segment at 1055–1068 aa downstream of
the GC1 cyclase domain is required for RD3 binding.

Discussion
In this study, we have identiﬁed RD3 as a photoreceptor GCbinding protein required for the stable expression and membrane
vesicle trafﬁcking of GC1 and GC2 in photoreceptors and transfected cultured cells. RD3 colocalized with GC1 and GC2 in
photoreceptor outer segments and strongly bound to these membrane proteins, as determined by coimmunoprecipitation from
detergent-solubilized retinal extracts. The interaction of RD3 with
GC1 was conﬁrmed in culture cells expressing these proteins.
Deletion mutants indicated that a short segment near the C terAzadi et al.

minus of GC1 is required for RD3 binding to GC1, although other
regions within the cytoplasmic region of GC1 also may contribute
to the interaction of RD3 with GC1. RD3 affects the subcellular
localization of GC1 in cells. When expressed alone in COS-7 cells,
GC1 is retained in the ER as a stable and functional protein, as
demonstrated here and in previous studies (21). Cotransfection of
GC1 with RD3 resulted in the export of GC1 from the ER to
endosomes, indicating that RD3 plays a crucial role in the early
stage of GC membrane vesicle trafﬁcking. In the rd3 mice, no
GC1 and GC2 expression was observed by immunoﬂuorescence
microscopy, even in the ER of the photoreceptor cells. This suggests that in the absence of RD3, GC1 and GC2 are unstable and
rapidly degrade in photoreceptor cells, such that they do not accumulate in sufﬁcient amounts for detection. Because RD3
remains tightly bound to GC1 and GC2 in outer segments of WT
mice, as indicated by their colocalization and coimmunoprecipitation from outer segments, RD3 also may serve as an accessory
protein required for the vesicle trafﬁcking of GCs from inner to
outer segments of rod and cone cells, and also may modulate their
enzymatic activity of GCs, although this remains to be determined.
The localization of RD3 in transient transfected COS cells
observed in our study is in contrast to the ﬁndings of Friedman
et al. (10). In their study, overexpression of RD3-GFP resulted in
localization of the fusion protein to a subnuclear compartment
adjacent to promyelocytic leukemia gene product bodies. We
found that untagged overexpressed RD3 localized to endosomes
in COS cells. The subnuclear localization of RD3-GFP fusion
might result from their use of the large GFP tag, which has been
PNAS | December 7, 2010 | vol. 107 | no. 49 | 21161
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Fig. 4. The effect of RD3 expression on the localization of GC1
in transfected COS-7 cells. Transfected COS-7 cells expressing
either RD3 or GC1 alone or coexpressing RD3 with either GC1 or
ABCA4 were labeled with antibodies to RD3, GC1, ABCA4, and
Rab11 or calnexin as indicated. (A–C) RD3 colocalized with
Rab11 to intracellular vesicles of RD3-transfected cells. (D–F)
GC1 colocalized with the ER marker calnexin in a pattern characteristic of ER localization in GC1-transfected cells. (G–I) RD3
recruited GC1 out of the ER into distinct vesicles that colabeled
with RD3 and GC1 antibodies in cells cotransfected with RD3
and GC1. (J–L) Intracellular vesicles colabeled with RD3 and Rab
11 antibodies in cells coexpressing RD3 and GC1. (M–O) Distinct
intracellular vesicles were labeled with RD3 and ABCA4 antibodies in cells coexpressing RD3 and ABCA4. (Scale bar: 20 μm.)
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Fig. 5. Binding of RD3 to WT and GC1 C-terminal deletion
mutants. (A) A schematic of GC1 domain organization and
location of C-terminal deletions. SP, signal peptide; ECD, extracellular domain; TM, transmembrane segment; KD, kinase
domain; DD, dimerization domain; CD, cyclase domain; CT,
C-terminal domain. (B) Coimmunoprecipitation of WT and
mutant GC1 with RD3 in HEK293T cells. Detergent-solubilized
extracts of cells coexpressing RD3 and WT or GC1 C-terminal
deletion mutants (M1068, M1062, and M1055) were immunoprecipitated on a Rd3-9D12 immunoafﬁnity matrix. The extract
(input) and bound fractions were analyzed on Coomassie blue–
stained gels (CB) and Western blots (WB) labeled for GC1
(Upper) with the GC-2H6 antibody and RD3 (Lower) with the
RD3-9D12 antibody. The asterisk indicates the Ig light chain
that eluted with SDS.

reported to cause abnormal trafﬁcking and subcellular localization of protein in cell overexpression studies (24).
Homozygous rd3 mice exhibit many similarities to GC doubleknockout mice. Both demonstrate a loss of GC1 and GC2 expression, develop shortened and disorganized rod and cone outer
segments, undergo progressive retinal degeneration, and display
reduced expression and mislocalization of GCAP proteins, presumably due to the loss of GC expression. There are some differences between the two, however. The GC double-knockout
mouse has no detectable rod or cone ERG response (15), whereas
the rd3 mouse has no cone ERG response, consistent with the
absence of GC1, but has a highly attenuated rod response before
extensive photoreceptor degeneration occurs (10). The diminished rod ERG response in young rd3 mice might result from a
very low level of GC2 expression in rods, as observed in our
Western blot analysis. Another interesting difference between the
rd3 mouse and the GC double-knockout mouse is in the trafﬁcking of PDE. In GC double-knockout mice, the trafﬁcking of
rod-speciﬁc PDE (PDE6) is impaired, leading to the suggestion
that PDE6 translocation to rod outer segments requires GCcontaining vesicles (15, 25). In rd3 mice, however, PDE6 appears
to translocate normally to rod outer segments in the absence of
detectable GC expression, suggesting the presence of other
mechanisms for transporting PDE6 to rod outer segments in 21-dold rd3 mice.
Nonsense and frameshift mutations in the GUCY2D gene
encoding GC1 are known to cause LCA type 1 (LCA1), indicating
that GC1 is crucial for vision and viability of human rod and cone
photoreceptor cells (2). GC2 cannot compensate for the loss of
GC1 in humans. LCA12 patients with a truncation in RD3 exhibit
a similar phenotype as LCA1 patients (10), consistent with the
loss of GC1 expression as an underlying cause of photoreceptor
degeneration. In GC1 knockout mice, however, rod photoreceptors exhibit a reduced photoresponse but remain viable,
whereas cones are functionally silent and undergo rapid degeneration (15, 16, 26). This indicates that rod-speciﬁc GC2 can
compensate somewhat for the lack of GC1 in rod photoreceptors
of GC1 knockout mice. On the other hand, GC double-knockout
mice undergo both rod and cone degeneration similar to that
observed in rd3 mice, consistent with the loss of GC1 and GC2
expression as the cause of photoreceptor degeneration in rd3
21162 | www.pnas.org/cgi/doi/10.1073/pnas.1010460107

mice. A frameshift mutation in the gene encoding RD3 in the rcd2
collie (12) is also likely to produce an unstable, nonfunctional
RD3 protein, resulting in the loss of GC expression and trafﬁcking
as well as rod and cone degeneration.
Why does the loss in GC expression cause photoreceptor degeneration? As discussed by Fain (27), photoreceptors, like other
neurons, are designed to function and survive over a wellcontrolled concentration of intracellular Ca2+. Excessively high
or low Ca2+ levels can kill photoreceptors. In photoreceptor outer
segments, calcium homeostasis is achieved by the inﬂux of Ca2+
through cGMP-gated channels and the balanced efﬂux of Ca2+
through the Na/Ca–K exchanger. A loss of GC expression and
trafﬁcking impairs the ability of photoreceptors to synthesize
cGMP in their outer segments. As a result, the cGMP-gated
channels remain in their closed state. We speculate that constitutive closure of the cGMP-gated channels, together with the
continued extrusion of intracellular Ca2+ by the Na/Ca–K exchanger, may cause a drop in Ca2+ levels inside outer segments to
below a critical level required for long-term photoreceptor survival. Thus, the mechanism of photoreceptor degeneration in
LCA12 patients and rd3 mice would be similar to that for LCA1
patients and GC double-knockout mice and may result from the
loss of cGMP production and prolonged reduction in intracellular
Ca2+ level. Another possible mechanism for photoreceptor degeneration caused by RD3 deﬁciency may be ER stress associated
with the mistrafﬁcking of GC in photoreceptors. However, the
ﬁnding of apparently similar photoreceptor degeneration in GC
double-knockout mice and rd3 mice suggests that ER stress is not
the primary mechanism of photoreceptor cell death. Our ﬁndings
indicating that RD3 is crucial for GC expression and trafﬁcking in
photoreceptors provides a basis for developing therapeutic
strategies for treating these retinal degenerative diseases.
Materials and Methods
cDNAs and Antibodies. Full-length human and mouse RD3 cDNAs were
generated by PCR using retinal cDNAs as templates. Human RD3 was cloned
into pcDNA3 (Invitrogen). The human GC1 cDNA in pRcCMV was a generous
gift from Dr. Alexander Dizhoor (Pennsylvania College of Optometry, Elkins
Park, PA). Three GC1 deletion mutants (M1068, M1062, and M1055) were
generated by introducing a stop codon after amino acids 1068, 1062, and
1055, respectively. All of the constructs were veriﬁed by DNA sequencing.
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Coexpression of RD3 and GC1 or ABCA4. HEK293T cells were cotransfected
with 10 μg of the human RD3 plasmid and 10 μg of either human GC1 or
human ABCA4 plasmid using the calcium phosphate procedure. At 48 h after
transfection, the cells were solubilized in 1% Triton X-100 in PBS containing
complete protease inhibitor for 1 h at 4 °C with stirring. After the insoluble
material was removed by centrifugation, the supernatant was used for
immunoprecipitation studies.

of 1% Triton X-100 in 20 mM Hepes (pH 7.4) and 0.3 M NaCl. After stirring
on ice for 1 h, the solution was centrifuged at 67,000 × g for 10 min to
remove unsolubilized material. Then the detergent-solubilized retinal extract was incubated with 75 μL of immunoafﬁnity matrix consisting of either
the Rd3-9D12 or GC1-2H6 monoclonal antibody directly coupled to CNBractivated Sepharose (GE Health Bio-Sciences) (14). The unbound fraction was
retained, and the bound protein was eluted from the matrix with 4% (wt/
vol) SDS in PBS. The fractions were analyzed by SDS/PAGE and Western blot
analysis as described previously (30). The immunoprecipitated protein fraction was prepared for LC-MS/MS as described previously (30).
Immunoﬂuorescence Microscopy. Retinal cryosections from 21-d-old homozygous rd3 and WT mice and COS-7–transfected cells were labeled as described previously (23, 30). Antibodies used for these studies included rabbit
anti-calnexin antibody (Sigma-Aldrich) diluted 1:200, mouse anti-rab11
monoclonal antibody (BD) diluted 1:25, GC-2H6 hybridoma ﬂuid diluted 1:5
(29), and rabbit anti-Rd3 antibody diluted 1:250 (this study). Samples were
counterstained with DAPI nuclear stain and visualized under a 40× objective
with a Zeiss LSM 700 confocal scanning microscope equipped with ZEN 2009
image analysis software. Photographs were compiled with Photoshop CS
(Adobe Systems) without digital enhancement.

Mouse Retinal Membrane Preparation, Immunoprecipitation, and Mass Spectrometry. A membrane fraction from 40–80 retinas of 21-d-old WT and rd3
mice were prepared as described previously (30). In brief, for immunoprecipitation studies, a mouse retinal membrane extract (∼3.5 mg of protein)
was incubated in hypotonic buffer [20 mM Hepes (pH 7.4) containing complete protease inhibitor) for 20 min on ice and then solubilized with 700 μL
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The Rd3-9D12 monoclonal antibody was generated from mice immunized
with an afﬁnity-puriﬁed GST-fusion protein containing the C-terminal 41 aa
of mouse RD3, as described previously (28). Polyclonal antibodies were
generated against a 15-aa C-terminal peptide of mouse RD3 and puriﬁed on
a peptide afﬁnity column and nitrocellulose blots of GST-RD3-C-terminal
fusion peptides, as described previously (14). Monoclonal antibodies to
CNGA1 (PMc-1D1), GC1 (GC1-2H6), ABCA4 (Rim-3F4), rhodopsin (Rho-1D4),
and peripherin-2 (Per-5H2) have been described previously (29). GC1 and
GC2 polyclonal antibodies were a generous gift from Dr. David Garbers
(University of Texas Southwestern Medical Center, Dallas), GCAP1 and
GCAP2 antibodies were kindly provided by Dr. Wolfgang Baehr (University
of Utah, Salt Lake City), PDE-α and cone arrestin antibodies were obtained
from Afﬁnity BioReagents, and rd3 mice (4Bnr, albino strain) were obtained
from The Jackson Laboratory. All animal protocols were approved by the
University of British Columbia’s Animal Care Committee.

