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Abstract
Cone vision mediated by photoreceptor cyclic nucleotide-gated (CNG) channel activation is essential
for central and color vision and visual acuity. Mutations in genes encoding the cone CNG channel
subunits, CNGA3 and CNGB3, have been linked to various forms of achromatopsia and progressive
cone dystrophy in humans. This study investigates the biochemical components of native cone CNG
channels, using the cone-dominant retina in mice deficient in the transcription factor neural retina
leucine zipper (Nrl). Abundant expression of CNGA3 and CNGB3 but no rod CNG channel
expression was detected in Nrl−/− retina by Western blotting and immunolabeling. Localization of
cone CNG channel in both blue (S)- and red/green (M)-cones was shown by double immunolabeling
using antibodies against the channel subunits and against the S- and M-opsins. Immunolabeling also
showed co-localization of CNGA3 and CNGB3 in the mouse retina. Co-immunoprecipitation
demonstrated the direct interaction between CNGA3 and CNGB3. Chemical cross-linking readily
generated products at sizes consistent with oligomers of the channel complexes ranging from dimeric
to tetrameric complexes, in a concentration- and time-dependent pattern. Thus this work provides
the first biochemical evidence showing the inter-subunit interaction between CNGA3 and CNGB3
and the presence of heterotetrameric complexes of the native cone CNG channel in retina. No
association between CNGA3 and the cone Na+/Ca2+-K+ exchanger (NCKX2) was shown by co-
immunoprecipitation and chemical cross-linking. This may implicate a distinct modulatory
mechanism for Ca2+ homeostasis in cones compared to rods.

Keywords
CNG channel; photoreceptor; cone; retina; Nrl−/− mice; phototransduction

Photoreceptor cyclic nucleotide-gated (CNG) channels are fundamental to phototransduction.
In the dark, rod channels are activated by the binding of cGMP, allowing a steady cation current
of Ca2+ and Na+ to flow into the outer segment. Light triggers a sequence of enzymatic reactions
that leads to the hydrolysis of cGMP. When CNG channels close, the inward current ceases
and the cell hyperpolarizes (Pugh EN Jr 2000, Kaupp et al. 1989). An analogous
phototransduction scheme is thought to exist in cones. However, the cGMP sensitivity, Ca2+

permeation, and functional modulation are profoundly different between the cone and rod CNG
channels (Picones & Korenbrot 1995b, Rebrik & Korenbrot 1998).
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Rod and cone CNG channels comprise two structurally related subunit types, CNGA1 and
CNGB1 for the rod channel and CNGA3 and CNGB3 for the cone channel. For both rod and
cone CNG channels, the A subunits are the primary subunits while the B subunits function in
a modulatory role (Kaupp & Seifert 2002). Proper inter-subunit interaction, complex assembly
and plasma membrane targeting have been shown to be vital for the channel function (Gordon
et al. 1997, Kaupp & Seifert 2002, Huttl et al. 2005, Faillace et al. 2004).

Compared to the more advanced understanding of rod CNG channel structure and function
(Kaupp & Seifert 2002, Weitz et al. 2002, Zhong et al. 2002), our knowledge of the native
cone CNG channel is very limited. This is primarily due to the difficulty of investigating the
cone system in a rod-dominant mammalian retina, as cones comprise only 3–5% of the total
photoreceptor population. Although CNGA3 gene has been cloned in human, bovine, mouse,
rat, chicken, and striped bass (Wissinger et al. 1997, Hirano et al. 2000, Biel et al. 1994, Misaka
et al. 1997, Bonigk et al. 1993, Weyand et al. 1994) and CNGB3 gene has been cloned in
human, canine, mouse, and striped bass (Gerstner et al. 2000, Sidjanin et al. 2002, Paillart et
al. 2006, Kohl et al. 2000), the biochemical components of native cone CNG channel have
never been determined. Studies using heterologous expression system (Peng et al. 2003, Peng
et al. 2004) and isolated cones from retinas of striped bass (Rebrik & Korenbrot 2004, Rebrik
et al. 2000) have added significantly to our understanding of the functional properties of cone
CNG channel and its modulation. However, the nature of heteromeric complex of native cone
CNG channel remains to be established.

Nevertheless, naturally occurring mutations in cone CNG channel subunits have been linked
to a variety of inherited human cone diseases, including various forms of achromatopsia and
progressive cone dystrophy (Kohl et al. 2000, Kohl et al. 1998, Wissinger et al. 2001). In fact,
mutations in CNGA3 and CNGB3 genes account for nearly 70% of patients with achromatopsia,
early-onset macular degeneration (under age 50), and other hereditary cone diseases
(Nishiguchi et al. 2005). Over 50 mutations have been identified in human CNGA3 gene
(Wissinger et al. 2001). A number of studies have been carried out to identify the functional
consequences of the disease-associated mutations in human CNGA3 and CNGB3 (Faillace et
al. 2004, Patel et al. 2005, Liu & Varnum 2005). Mice with CNGA3 deficiency display loss
of cone function and cone photoreceptors (Biel et al. 1999).

The cone-dominant retina in mice deficient in the transcription factor neural retina leucine
zipper (Nrl) (Mears et al. 2001) has afforded a promising model to study cone specific proteins.
The protein Nrl is a basic-motif leucine zipper transcription factor that is preferentially
expressed in rod photoreceptors and is essential for the normal development of rods. Mice
lacking the Nrl gene have no rods, but have increased numbers of S-cones, manifested as the
loss of rod function and elevated cone function (Mears et al. 2001). Nrl−/− retinas display cone-
like nuclear morphology, short and disorganized outer segments with rosette-like structure,
apparent functional transformation of rods into cones, and the characteristics of cone gene
expression profiles (Mears et al. 2001, Yu et al. 2004). Electrophysiological studies on isolated
single photoreceptor cells from Nrl−/− retina demonstrated expression of functional S- and M-
cone opsins in these cells (Nikonov et al. 2005). These mice have been used as a cone model
in a variety of studies of cone specific proteins and cone phototransduction (Dang et al.
2004, Raven et al. 2007, Wenzel et al. 2007, Zhu et al. 2003, Farjo et al. 2006).

This study determined the biochemical components of native cone CNG channel using
Nrl−/− retinas. The robust expression of the cone CNG channel and the absence of expression
of the rod CNG channel were shown in Nrl−/− retinas, demonstrating its suitability as a model
to study cone CNG channel in mammals. We demonstrated for the first time the direct
interaction between CNGA3 and CNGB3 and the presence of heterotetrameric complexes of
the native cone CNG channel in retina.
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MATERIALS AND METHODS
Animals, antibodies and other materials

Nrl−/− mice were kindly provided by Dr. Anand Swaroop (University of Michigan). Wild-type
mice (C57BL/6J background) were purchased from Charles River Laboratories (Wilmington,
MA). All experiments and animal maintenance were approved by the local Institutional Animal
Care and Use Committee (Oklahoma City, Oklahoma) and conformed to the guidelines on the
care and use of animals adopted by the Society for Neuroscience and the Association for
Research in Vision and Ophthalmology (Rockville, Maryland).

Rabbit polyclonal antibodies against peptides corresponding to the sequence between residues
77 and 97 (SNAQPNPGEQKPPDGGEGRKE) of mouse CNGA3 and regions between 476
and 489 (CEYTWNSQRILDESN) and between 677 and 694
(CKVDLGRLLKGKRKTTTQK) of mouse CNGB3 were generated and used in this study.
The rat monoclonal antibody CNC-7D8 was kindly provided by Dr. Benjamin Kaupp (The
Institute of Neurosciences and Biophysics, Forschungszentrum, Jülich, Germany). Monoclonal
antibodies against bovine CNGA1 (PMc 1D1), glutamic acid-rich protein (GARP), and
rhodopsin were kindly provided by Dr. Robert Molday (University of British Columbia,
Vancouver, Canada). Rabbit polyclonal antibodies against mouse blue (S)- and red/green (M)-
opsins were kindly provided by Dr. Muna Naash (University of Oklahoma Health Sciences
Center, Oklahoma). Rabbit polyclonal antibody against the cone Na+/Ca2+-K+ exchanger
(NCKX2) was kindly provided by Dr. Jonathan Lytton (University of Calgary Health Sciences
Centre, Calgary, Canada). Goat polyclonal anti-S-cone opsin antibody was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Monoclonal anti-actin antibody was
purchased from Abcam, Inc. (Cambridge, MA). Secondary, horseradish peroxidase (HRP)-
conjugated anti-rabbit or anti-mouse antibodies were purchased from Kirkegaard & Perry
Laboratories Inc. (Gaithersburg, MD). Human CNGB3 cDNA was kindly provided by Dr.
Hisao Ueyama (The Shiga University of Medical Science, Seta, Japan). Chemical cross-linkers
BMDB (1,4-bismaleimidyl-2,3-dihydroxybutane) and BS3 (bis-sulfosuccinimidyl suberate)
were purchased from Pierce (Rockford, IL). Calmodulin (CaM) affinity resin and 8-pCPT-
cGMP were purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO), Bio-Rad (Hercules, CA) or Invitrogen
(Carlsbad, CA).

Retinal membrane preparation and detergent solubilization
Retinas were homogenized in homogenization buffer [10 mM Tris-HCl, pH 7.4, 1 mM EDTA,
200 mM sucrose, 1 mM phenylmethylsulfonyl fluoride (PMSF)]. The nuclei and cell debris
were removed from the homogenate by centrifugation at 1000 × g for 5 min at 4°C. The
resulting supernatant was centrifuged at 16,000 × g for 30 min at 4°C. The resultant membranes
were used in chemical cross-linking experiments or solubilized in solubilization buffer (50 mM
Tris–HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.05% SDS, 2.5% glycerol and 1.0 mM PMSF)
containing either 1% Triton X-100 or 60 mM octylglucoside (OG), or in CHAPS buffer (10
mM Hepes-KOH, pH 7.4, 1 mM DTT, 10 mM CaCl2, 0.15 M KCl, 18 mM CHAPS, and 1.0
mM PMSF) at 4°C for 4 h. The protein (membrane):detergent ratios for Triton X-100, OG,
and CHAPS were 1:3.3, 1:5.8 and 1:3.6, respectively. The supernatants were separated by
centrifugation at 100,000 × g for 60 min at 4°C. The solubilized membrane proteins were used
in immunoprecipitation and CaM affinity binding assays. Protein concentration was assessed
using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA).

SDS-PAGE and Western blot analysis
The protein samples (membrane or soluble proteins, 30 µg) were subjected to SDS-PAGE and
transferred onto polyvinylidene diflouride (PVDF) membranes. Following overnight blocking
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in 5% milk at 4°C, blots were incubated with primary antibodies at appropriate dilution ratios
(CNGA3 and CNGB3, 1:250; GARP, 1:50; NCKX2, 1:250; actin, 1:5000) for 2 h at room
temperature. After 3×10 min washings with Tris-buffered saline with 0.1% Tween 20 (TBST),
the blots were incubated with HRP-conjugated secondary antibodies (1:12,500) for 1 h at room
temperature. SuperSignal® West Dura Extended Duration chemiluminescent substrate (Pierce,
Rockford, IL) was used to detect binding of the primary antibodies to their cognate antigens
and images were captured using a Kodak Imaging Station (4000 R).

Retinal section preparation, immunofluorescence labeling, and confocal microscopy
Mouse eyes were enucleated and fixed with 4% formaldehyde (Polysciences, Inc., Warrington,
PA) in 0.1 M sodium phosphate buffer, pH 7.4 for 16 h at 4°C. When necessary, the superior
portion of the cornea was marked for orientation prior to enucleation. Fixed eyes were then
transferred to PBS or 0.1 M sodium phosphate buffer, pH 7.4, containing 0.02% sodium azide,
for storage until processing. Paraffin or cryo-embedding were performed based on the antibody
labeling efficiency and specificity (see Supplementary Table 1). Sections were prepared using
a Leica microtome (for the paraffin-sections, 5 µm) and Leica cryostat (for the cryo-sections,
14 µm), respectively.

Immunofluorescence labelings were performed as described previously (Ding et al. 2004,
Stricker et al. 2005). Briefly, eye sections were blocked with PBS containing 5% BSA and
0.5% Triton-X 100 for 1 h at room temperature. When necessary, antigen retrieval was
performed (see the Supplementary Table 1) by incubating tissues in 0.01M sodium citrate
buffer, pH 6.0, for 30 minutes in a 65°C water bath before blocking. Primary antibody
incubation [CNGA3 (rabbit polyclonal), 1:250; CNGA3 (CNC-7D8, rat monoclonal), 1:50;
CNGB3, 1:250; S-opsin, 1:500; M-opsin, 1:500; CNGA1 (PMc 1D1), 1:50; GARP (4B1),
1:50; NCKX2 (Fab), 1:100] was performed at room temperature for 2 h. Following Alexa-
conjugated secondary antibody incubation (at room temperature for 30 min) and rinses, slides
were mounted and cover-slipped. The fluorescent signals were visualized and images were
captured using an Olympus AX70 fluorescence microscope (Olympus Corp., Center Valley,
PA) with the QCapture imaging software (QImaging Corp., Surrey, BC, Canada) and an
Olympus IX81-FV500 confocal laser scanning microscope (Olympus, Melville, NY) with the
FluoView imaging software (Olympus).

Reverse transcription-polymerase chain reaction (RT-PCR)
RT-PCR was carried out on total retinal RNA using an oligo-dT primer and Superscript II
reverse transcriptase (Invitrogen, Carlsbad, CA). Amplification of the mouse CNGA1 (NCBI
Accession #: NM_007723) full length coding region was performed using the forward primer
5’-GTCTCATTTAAACAAGCGCAG -3’ and the reverse primer 5’-
GTTTGGCTGTTGACCAGCTT -3’. The neuronal housekeeping gene hypoxanthine
phosphoribosyltransferase (HPRT) was included as an internal control.

Immunoprecipitation and CaM binding
Anti-CNGA3 affinity column was prepared and used for immunoprecipitation. The polyclonal
antiserum was purified via Protein A Sepharose beads (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, MD) and the purified antibody was covalently cross-linked onto the CNBr-
activated Sepharose resin (GE Healthcare, Uppsala, Sweden) to generate the antibody affinity
resin. CHAPS-solubilized membrane proteins (200 µg) were incubated with the antibody
affinity resin (100 µl) in solubilization buffer at 4°C overnight. For immunoprecipitation using
anti-NCKX2 antibody, solubilized membrane proteins were incubated with the antibody
(dilution ratio of 1:100) in the CHAPS solubilization buffer overnight at 4°C. Protein A
Sepharose beads were then added and incubation continued at 4°C for another 1 h. After
adsorption, the beads were washed with solubilization buffer three times (500 µl for each wash),
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and bound proteins were eluted with Laemmli sample buffer, followed by gel electrophoresis
and immunoblotting.

CaM binding to cone CNG channel was examined using CaM affinity resin as described by
Molday et al. (Molday & Molday 1999). Briefly, the CHAPS-solubilized retinal membrane
proteins (200 µg) were incubated with the affinity resin (50 µl) in CHAPS binding buffer [10
mM Hepes-KOH, pH 7.4, 1 mM dithiothreitol (DTT), 1.0 mM CaCl2, 0.15 M KCl, 18 mM
CHAPS, 0.2% asolectin and protease inhibitor mixture] in the presence and absence of 5.0 mM
EDTA at 4°C for 2 h. The resin was washed three times with the same buffer and bound proteins
were eluted with Laemmli sample buffer and resolved by 10% SDS-PAGE, followed by
Western blot analysis.

Chemical cross-linking
These experiments were performed as described by Weitz et al. (Weitz et al. 2002) using
membrane preparations from Nrl−/− retinas. The thiol-specific cross-linker BMDB and the
amino-specific cross-linker BS3 were used as bio-functional cross-linkers. In thiol-specific
cross-linking, two sequential pre-treatments on the membranes were performed. To block all
accessible thiol groups, the membranes were first incubated with N-ethylmaleimide (NEM)
(Sigma-Aldrich, St. Louis, MO) in Hepes buffer (10 mM Hepes, pH 7.4, 100 mM NaCl) at
room temperature for 10 min, followed by wash with the same buffer without NEM.
Membranes were then incubated with 50 µM 8-pCPT-cGMP at room temperature for 10 min
to activate the channel (opening of the channel) before addition of the cross-linker BMDB.
The concentration-dependent reactions were performed using 0.05, 0.2, 0.4 mM BMDB at
room temperature for 20 h. The cross-linking reactions were terminated by addition of 5.0 mM
DTT. The time-dependent reactions were performed using 0.2 mM BMDB and the reactions
were terminated at 1, 3, 5, 7, 20 h. In amino-specific cross-linking, membranes were incubated
with 0.3, 0.5, and 1.0 mM of BS3 at room temperature for 30 min. The time-dependent reactions
were performed using 0.5 mM BS3 and the reactions were terminated at 2, 5, 10, 30 min. The
cross-linking reaction was terminated by addition of 500 mM Tris-HCl (pH 7.5). BS3 acts fast
but can be hydrolyzed quickly in solution. Therefore the duration of the cross-linking reaction
is short. BMDB, on the other hand, is quite stable in solution and is usually used for longer
duration (Weitz et al. 2002). Cross-linked products were resolved by 3–8% Nu-PAGE
(Invitrogen, Carlsbad, CA) and analyzed by Western blotting.

Cell culture and transfection
Human embryonic kidney (HEK) 293 cells were routinely cultured in Dulbecco’s modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37°C in a humidified atmosphere with 5% CO2. Cells were transfected at 70
to 80% confluence with cDNAs for mouse CNGA3 (Ding et al. 2008) or human CNGB3
(Okada et al. 2004) by calcium phosphate method and used for experiments ~48 h post-
transfection.

RESULTS
Expression and cellular localization of cone CNG channel in the mouse retina

Using the antibodies against the channel subunits, abundant amounts of CNGA3 and CNGB3
were detected in Nrl−/− retinas by Western blotting and immunolabeling. Retinal membrane
preparations were used for Western blot analysis. A single band with migration corresponding
to Mr ~73 kDa, equivalent to the predicted size (72.2 kDa) of CNGA3, was detected by the
polyclonal anti-CNGA3 antibody (Figure 1A, upper panel). Similarly, a dominant band
migrating at Mr ~76 kDa, consistent with CNGB3, was detected by the CNGB3 antibody,
similar to its predicted size (79.7 kDa) (Figure 1A, middle panel). The anti-CNGA3 antibody
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has been used to detect the endogenous channel subunit in the mouse retina and the channel
subunit heterologously expressed in HEK 293 cells (Ding et al. 2008). The specificity of the
anti-CNGA3 and anti-CNGB3 was shown by the peptide competition experiments (see
Supplementary Figure 1 A–B). Amounts of CNGA3 and CNGB3 detected in Nrl−/− retina were
significantly higher than those in the wild-type retina (normalized to actin as an internal
control), which is consistent with the cone-dominant feature in this mouse model. Of note, the
intensity ratio of the wild type to Nrl−/− retina for CNGB3 was higher than that for CNGA3.
This may reflect a difference in the antibody detection abilities. The linear dynamic range for
CNGB3 detection might be smaller than that of CNGA3, which could contribute to the
observation.

Retinal expression and cone localization of CNGA3 and CNGB3 in the wild-type and Nrl−/−

retinas were also shown by immunolabeling (Figure 1B–D). Using the rat monoclonal anti-
CNGA3 antibody CNC-7D8 and the rabbit polyclonal anti-CNGB3, the cone punctuate
staining was shown in the basal part of the outer segments of the wild-type retina (Figure 1B
left panels and Figure 1D left upper panel) and ample immunoreactivity was detected in the
rosette-like structures and in the cone outer segments of Nrl−/− retinal sections (Figure 1C left
panels and 1D left lower panel). CNC-7D8 was generated in Dr. Benjamin Kaupp’s laboratory
and has been shown previously to label CNGA3 in the sections of rat retina and olfactory
sensory neurons (Meyer et al. 2000). Specificity of the polyclonal anti-CNGB3 was
demonstrated by the peptide pre-adsorption experiments (see Supplementary Figure 1 C–D).
The disorganized outer segments with rosette-like structure were apparent in Nrl−/− retina as
described previously in this mouse model (Mears et al. 2001, Farjo et al. 2006). Thus, using
both immunoblotting and immunolabeling, an abundance of CNGA3 and CNGB3 was detected
in the Nrl−/− retina. This study provides the first demonstration of expression of CNGB3 protein
in the retina, since the genes encoding CNGB3 were cloned.

Cone localization of CNGA3 and CNGB3 in the wild-type and Nrl−/− retinas was examined
by co-immunolabeling with antibodies against cone opsins. As shown in Figure 1B and 1C,
localization of CNGA3 in S-cones and in M-cones in wild-type (Figure 1B) and Nrl−/− (Figure
1C) retinas was demonstrated by co-immunolabeling using CNC-7D8 with the rabbit
polyclonal antibodies against S- or M-opsins. The double labeling shows that CNGA3 overlaps
close to 100% with both S- and M-opsins. This observation is consistent with the finding that
the most cones of mouse retina co-express both S- and M-opsins as described by Applebury
et al. (Applebury et al. 2000). They showed that the levels of S-opsin are constant in all cones
while the levels of M-opsin are graded from dorsal to ventral (Applebury et al. 2000). We did
observe a less abundant co-labeling of CNGA3 with M-opsin in the Nrl−/− retina (Figure 1C,
lower panels), which may reflect a region close to ventral where cones have less abundance of
M-opsin. Functional co-expression of both cone pigments in a single mouse cone has also been
demonstrated by suction pipetting recordings using Nrl−/− retinal slice (Nikonov et al. 2005).
Figure 1D shows localization of CNGB3 in S-cones in wild-type (upper panels) and Nrl−/−

(lower panels) retina by co-immunolabeling using the rabbit polyclonal anti-CNGB3 and the
goat polyclonal anti-S-cone opsin. Images of high magnification are shown to the right of the
merge images for a better visualization of the co-localization.

Lack of rod CNG channel expression in Nrl−/− retina
Comparative analysis of rod CNG channel expression in the Nrl−/− and wild-type retinas was
performed by Western blotting, immunolabeling using antibodies against GARP (recognizing
GARP part of CNGB1) and CNGA1, and by RT-PCR detection of CNGA1 mRNA. Figure
2A shows expression of CNGB1 (250 kDa band) and GARP (72 kDa band) in the wild-type
retina; in contrast, no detection of these proteins in Nrl−/− retinas was evident. RT-PCR was
performed to detect CNGA1 mRNA expression in wild-type and Nrl−/− retina, using primers
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amplifying the full-length coding region of mouse CNGA1. As shown in Figure 2B, a 2.1 kb
fragment was detected in wild-type retina, but not in Nrl−/− retina. Retinal expression and
localization of rod CNG channel in wild-type, but not in Nrl−/− retinas were also demonstrated
by immunostaining. Figure 2C shows immunolabeling of CNGA1 (left panels), GARP (middle
panels), and rhodopsin (right panels) in wild-type retinal sections. The labeling of CNGA1 was
achieved by using the cryo-sections (fixation time: 15 min). The short-time fixation may
contribute to the rough morphological appearance of the retinal sections (Figure 2C, upper left
pane). No immunolabeling was detected in Nrl−/− retinas with the same antibodies. Hence,
these experimental results clearly show expression of cone CNG channel and lack of expression
of rod CNG channel expression in the Nrl−/− retina, demonstrating its utility for studies of the
cone CNG channel.

Expression and cellular localization of NCKX2 in the mouse retina
Association of the rod CNG channel with the rod Na+/Ca2+-K+ exchanger (NCKX1) and its
implications in local Ca2+-signaling has been well documented (Kim et al. 1998, Bauer &
Drechsler 1992, Bauer 2002). We decided to examine whether there is an association between
the cone exchanger and the cone CNG channel. To do this, retinal expression and localization
of NCKX2 were examined in Nrl−/− retinas by Western blotting and immunolabeling using
the polyclonal antibody against NCKX2 (Li et al. 2006). As shown in Figure 3A, an ample
amount of NCKX2 was detected in Nrl−/− retinas compared to the level in wild-type retina.
Note that the antibody detected a pair of doublet bands. Both bands have been shown being
specific to NCKX2 antibodies and are absent in NCKX2−/− mice (Li et al. 2006). It is believed
that the differently sized bands are probably the products of alternatively spliced transcripts.
One has been described previously (Tsoi et al. 1998) and one was newly identified in mouse
(Li et al. 2006). Cone localization of NCKX2 in Nrl−/− retinas was shown by co-
immunolabeling with antibodies against the exchanger and against S-opsin (Figure 3B).

Solubility of cone CNG channel to detergent extraction
Effective solubilization of channel complexes from membranes is critical for the subsequent
biochemical analysis. Thus, we examined the solubility of CNGA3 and CNGB3 in different
detergent extractions. The detergents used were Triton X-100 (1%), octyl glucoside (OG) (60
mM), and CHAPS (18 mM) and the membrane protein:detergent ratios were 1:3.3, 1:5.8 and
1:3.6, respectively. After solubilization, aliquots of supernatants and pellets (30 µg protein)
were resolved by 10% SDS-PAGE, followed by Western blotting. Figure 4 shows
representative images of Western blot detection of CNGA3 and CNGB3 following the
membrane detergent solubilization. None of the detergents at the conditions used yielded a
complete solubilization of the channel complexes. The channel remained in abundance in
pellets and aggregated on the top of the gel following the detergent extraction. Compared to
the two non-ionic detergents, the zwitterionic detergent CHAPS yielded a more favorable
solubilization of the channel complex into its constituent subunits. In studies of rod CNG
channel, CHAPS has been shown to be effective in solubilizing the channel complexes. The
present results demonstrate comparable solubilization characteristics of the cone CNG channel.
With the three types of detergents used, there were significant amounts of residual CNG
channel protein remaining in the pellets, suggesting that a portion of the overall channel
population resides in detergent-insoluble membrane domains.

Interaction between CNGA3 and CNGB3 in the mouse retina
While inter-subunit interaction and stoichiometry of the native rod CNG channel have been
well studied, biochemical components of the native cone CNG channel has never been studied.
This work examined the interaction between CNGA3 and CNGB3 in the mouse retina via co-
immunoprecipitation. The CHAPS-solubilized membrane proteins prepared from Nrl−/−
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retinas were used in the immunoprecipitation assays. The resulting immunoprecipitates were
resolved by 10% SDS-PAGE followed by immunoblotting. Figure 5A shows co-precipitation
of CNGB3 in immunoprecipitation assays using the anti-CNGA3 antibody (upper and middle
panels). These results were confirmed by immunoprecipitation using the anti-CNGB3
antibody. In these assays, both CNGB3 and CNGA3 were detected in the immunoprecipitation
products (data not shown).

We also examined the potential interaction between CNGA3 and NCKX2. As shown in Figure
5A, no NCKX2 signal was detected in the CNGA3 immunoprecipitation assays (lower panel).
Immunoprecipitation with the polyclonal anti-NCKX2 antibody were performed (Figure 5B).
NCKX2 (both bands) was precipitated by the polyclonal anti-NCKX2 antibody (upper panel)
but no signal of CNGA3 or CNGB3 was detected in the immunoprecipitation products (middle
and lower panels). Hence, this study provided the first biochemical evidence showing the direct
interaction between CNGA3 and CNGB3 in retina, demonstrating the presence of heteromeric
channel complexes in vivo. Co-immunoprecipitation with antibodies against CNGA3 or against
NCKX2 did not show evidence of interaction between the cone channel and the exchanger.

Oligomeric complexes of cone CNG channel in the mouse retina
Chemical cross-linking is a useful approach to study protein-protein interaction and the spatial
proximity between two or more macromolecules. It has been successfully used to characterize
rod CNG channel composition and stoichiometry. Thus, we performed chemical cross-linking
to explore the nature of the cone CNG channel complex. Both thiol- (BMDB) and amino-
specific (BS3) cross-linkers were used in the cross-linking reactions with membranes prepared
from Nrl−/− retinas. These two types of cross-linkers have been commonly used in studies of
protein-protein interactions including characterization of the rod channel complexes and
association between rod CNG channel and rod exchanger NCKX1 (Weitz et al. 2002,
Schwarzer et al. 2000). The cross-linked products were separated by 3–8% NuPAGE and
analyzed by Western blot analysis. Figure 6A shows a typical gel separation of the cross-linked
products with varying concentrations of BMDB or BS3, detected by antibodies against
CNGA3, CNGB3 and NCKX2. The cross-linked products equivalent to the dimer (~150 kDa),
trimer (~240 kDa), and tetramer (~320 kDa) of the channel, respectively, were detected by
both anti-CNGA3 (Figure 6A, left panel) and anti-CNGB3 antibodies (Figure 6A, middle
panel). Time courses of the cross-linking reaction were also performed using BS3 (Figure 6B,
upper panels) and BMDB (Figure 6B, lower panels). Channel complexes at sizes equivalent
to the tetramer, trimer and dimer were detected in a time-dependent pattern. Thus, this work
provided the first biochemical evidence showing the presence of tetrameric complexes of the
cone CNG channel in retina. The potential association of cone CNG channel with NCKX2 was
also examined with these cross-linking assays. The same blots were probed with the polyclonal
anti-NCKX2 antibody. As shown in Figure 6A (right panel), no NCKX2-associated cross-
linking products were detected in these experiments, which is consistent with findings obtained
from co-immunoprecipitation assay (see Figure 5) and provides an additional evidence of lack
of association between cone CNG channel and NCKX2.

Co-localization of CNGA3 and CNGB3 in the mouse retina
Co-localization of CNGA3 and CNGB3 in the mouse retina was examined by co-
immunolabeling using the rat monoclonal anti-CNGA3 and the rabbit polyclonal anti-CNGB3.
As shown in Figure 7, co-localization of CNGA3 and CNGB3 was demonstrated in retinal
sections of the wild-type (Figure 7A) and Nrl−/− mice (Figure 7B). Images of high
magnification are shown to the right of the merge images for a better visualization of the co-
localization. These co-localization results provided additional supporting evidence showing
the presence of heteromeric complex of cone CNG channel in the retina.
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Binding of CaM to the cone CNG channel subunits in the mouse retina
CaM is known to be an important modulator for the olfactory and rod CNG channel. However,
its role in the cone CNG channel remains disputed (Grunwald et al. 1999, Peng et al. 2003,
Muller et al. 2001). We examined the potential modulatory role of CaM in cone CNG channel
by examining its binding to cone CNG channel in the mouse retina. The CHAPS-solubilized
membrane proteins prepared from mouse retinas were incubated with a CaM affinity resin in
the presence or absence of 5.0 mM EDTA and bound proteins were resolved by 10% SDS-
PAGE, followed by Western blot analysis for identity of the bound proteins. We observed a
strong binding signal for CNGA3 and a very weak binding for CNGB3. Figure 8 shows that
CNGA3 was readily detected as CaM-bound product but only a trace signal of CNGB3 binding
was detected [note the signal detected in EDTA (+) sample]. Addition of EDTA abolished the
binding, indicating a specific, Ca2+-dependent binding.

DISCUSSION
In the last decade, a large number of mutations in genes encoding the cone CNG channel have
been identified in patients with various forms of achromatopsia and/or progressive cone
dystrophy (Kohl et al. 2000, Kohl et al. 1998, Sundin et al. 2000, Wissinger et al. 2001). This
has stimulated a variety of studies on the cone CNG channel; from the channel biochemical
characteristics (Zhong et al. 2002, Peng et al. 2004) and functional regulation (Muller et al.
2001, Peng et al. 2003) to molecular defects of the disease-causing mutations (Patel et al.
2005, Liu & Varnum 2005, Faillace et al. 2004). However, due to the low abundance of cones
in mammalian retinas, biochemical studies of native cone CNG channel and the interacting
proteins have been a long-standing challenge. Although retinas of diurnal mammals (such as
ground squirrel or chipmunks), which have high population of cones, can be used as tools to
study cone biochemistry and cone proteins, our limited genetic knowledge and limited ability
to genetically manipulate these species has restricted use of these animals. Thus current
knowledge of the cone CNG channel biochemistry is essentially all from studies in
heterologous expression system. Little work has been documented using the native cone
channel preparation from the time the genes for CNGA3 and CNGB3 were cloned (Wissinger
et al. 1997, Gerstner et al. 2000, Bonigk et al. 1993, Hirano et al. 2000, Yu et al. 1996, Paillart
et al. 2006, Weyand et al. 1994).

This work examined expression, biochemical composition, and protein interactions of the cone
CNG channels using the cone-dominant retinas of Nrl−/− mice. Robust expression of cone CNG
channel and lack of rod CNG channel expression were determined in Nrl−/− retina. Cone-
localization of the channel subunits CNGA3 and CNGB3 in the mouse retina was demonstrated
by co-immunolabeling using antibodies against the channel subunits and against the S- and M-
cone opsins. Thus our results show that the Nrl−/− retina can serve as a useful tool to study
native cone CNG channel in mammals. Retinas of Nrl−/− mice have no rods but have increased
numbers of S-cones, manifested as the loss of rod function and elevated cone function, and
show characteristics of cone gene expression profiles (Mears et al. 2001, Yu et al. 2004).
Morphologically, Nrl−/− retinas display cone-like nuclear appearance and short and
disorganized outer segments with rosette-like structure (Daniele et al. 2005, Mears et al.
2001). Electrophysiological studies on isolated single photoreceptor cells from Nrl−/− retina
demonstrated expression of functional S- and M-cone opsins in these cells (Nikonov et al.
2005). Despite the abnormal morphological appearance, many morphological, molecular, and
electrophysiological features of the Nrl−/− photoreceptors are cone-like and distinguish these
cells from rods (Daniele et al. 2005). Indeed, this mouse line has been used as a cone model
to study cone function and phototransduction and cone specific proteins (Dang et al. 2004,
Raven et al. 2007, Wenzel et al. 2007, Zhu et al. 2003).
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The biochemical components and stoichiometry of the rod CNG channel has been well
characterized (Kaupp & Seifert 2002, Weitz et al. 2002, Zheng et al. 2002, Zhong et al.
2002). This is a result of two factors: 1) the large number of rod photoreceptors in most
mammalian retinas, which facilitates the isolation of abundant CNG protein (e.g., channel
complexes purified from bovine retinas), and 2) the distinct molecular mass difference between
the A and B subunits (CNGA1 vs. CNGB1: 62 kDa vs. 240 kDa), which provides an advantage
in biochemical characterization of the channel complex stoichiometry. Studies have
demonstrated that the rod CNG channel is a complex with a stoichiometry of three CNGA1
subunits and one CNGB1 subunit (Zheng et al. 2002, Weitz et al. 2002, Shammat & Gordon
1999). It is also well documented that the function and modulation of rod CNG channel relies
on the proper subunit interaction and complex assembly (Gordon et al. 1997, Matulef & Zagotta
2002, Varnum & Zagotta 1997). The present work examined the biochemical components of
the native cone CNG channel. We showed for the first time the co-localization of CNGA3 and
CNGB3, the interaction between the two types of the subunits, and the presence of the
tetrameric complexes in the mouse retina. These results demonstrate that the native cone CNG
channel is a heterotetrameric complex comprising both CNGA3 and CNGB3. There have been
two reports describing the stoichiometry of cone CNG channel. The report from Zhong et al
using HEK 293 cells proposed a 3A:1B stoichiometry (Zhong et al. 2002), while a 2A:2B
stoichiometry was proposed by Peng et al from their Xenopus oocytes work (Peng et al.
2004). Nrl−/− retina provide a unique resource to determine the stoichiometry of the native
cone CNG channel.

CNG channel provides the only source for Ca2+ influx into the outer segments. Interaction of
rod CNG channel (through CNGA1 subunit) with NCKX1 and functional significance of such
association in control of the intracellular Ca2+ concentration and dynamics of Ca2+ homeostasis
have been well characterized (Bauer & Schauf 2002, Schwarzer et al. 2000, Bauer 2002, Weitz
et al. 2002). Little is known about the association between cone CNG channel and NCKX2.
Hence we examined the potential interaction between CNGA3 and NCKX2. Cone specific
expression of NCKX2 was detected in Nrl−/− retina but no evidence of such interaction was
obtained as analyzed by co-immunoprecipitation assays. As a non-covalent association may
be influenced by the nature of the detergent (and other conditions) used to solubilize the
membrane, an existing association may not be detected in a given immunoprecipitation assay.
Also if NCKX2 is preferentially associated with the CHAPS-insoluble portion of the channel,
immunoprecipitation using the CHAPS-solubilized membrane proteins may not be able to
detect the existing interaction. Thus a negative immunoprecipitation result may not necessarily
indicate the absence of the interaction. We further examined the spatial approximation between
the cone channel and the exchanger by chemical cross-linking using the retinal membrane
preparations. Complexes of the cone CNG channel were detected in the cross-linking products
but no NCKX2 at the oligomeric sizes was detected in the same assays (see Figure 6). Thus
the co-immunoprecipitation results were supported by the observations of the chemical cross-
linking. The observation of the lack of interaction between the cone CNG channel and the cone
exchanger is in agreement with a recent report showing a normal retinal phenotype in
NCKX2−/− mice (Li et al. 2006). Cone and rod function and retinal morphology in
NCKX2−/− mice appeared indistinguishable from that of the wild-type animals (Li et al.
2006). Thus, NCKX2 may not be the major component required for Ca2+ extrusion in cones
and a distinct modulatory mechanism of Ca2+ influx and efflux may exist. It has been shown
that the relative Ca2+ permeability of CNG channels and the dark current carried by Ca2+ in
cones were about two- to three-fold larger than that in rods (Picones & Korenbrot 1992, Picones
& Korenbrot 1995a). Also, light-triggered changes in cytoplasmic free Ca2+ were much faster
in outer segments of cones than rods (Paillart et al. 2007, Picones & Korenbrot 1992, Picones
& Korenbrot 1995a). Thus it is worthy to explore the molecule(s) involved in the modulation
of the Ca2+ homeostasis in cones. A study by Kang et al. indicated that the interaction between
the CNG channels and the Na+/Ca2+-K+ exchangers was not isoform-specific, i.e. the rod
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exchanger could interact with the cone channel subunit, and vice versa (Kang et al. 2003).
However, in a recent study by Paillart et al., NCKX1 was shown to be expressed in rods but
not in cones (Paillart et al. 2007). Hence, it appears less likely that NCKX1 associates with
cone CNG channel to modulate the Ca2+ homeostasis.

CNG channels do not desensitize in the continued presence of the ligand (Kaupp & Seifert
2002). Activity of the rod and olfactory channel appears to be modulated by the Ca2+/CaM
system (Balasubramanian et al. 1996, Trudeau & Zagotta 2002, Trudeau & Zagotta 2003,
Weitz et al. 1998), by phosphorylation (Chae et al. 2007, Molokanova et al. 2000) and by
phosphatidylinositol-3,4,5-trisphosphat (PIP3) (Brady et al. 2006, Bright et al. 2007).
However, modulation of cone CNG channel remains obscure and the role of CaM appears
complicated. Cone CNG channels in excised patches from chick retina (Bonigk et al. 1996)
and heteromeric channels in heterologous expression system (Peng et al, 2003) were shown to
be modulated by CaM, while native cone CNG channels of fish (Haynes & Stotz 1997, Hackos
& Korenbrot 1997) and homomeric channels in heterologous expression system were found
to be insensitive to CaM (Grunwald et al. 1999, Yu et al. 1996, Muller et al. 2001). Of note, a
Ca2+-dependent modulation of cone CNG channel through an unknown soluble Ca2+-binding
protein other than CaM has been well described (Rebrik & Korenbrot 1998, Rebrik et al.
2000, Rebrik & Korenbrot 2004).

In its N-terminal region CNGA3 comprises a fairly conserved CaM target motif that showed
CaM binding in various in vitro binding assays (Bonigk et al. 1996, Grunwald et al. 1999,
Muller et al. 2001, Peng et al. 2003). The present work examined the binding of CaM to the
native cone CNG channel complexes in the mouse retina. We confirmed binding of CaM to
CNGA3 but only a trace binding to CNGB3 was observed. The latter does not support the
finding by Peng et al. (Peng et al. 2003) in which CaM was shown to bind to CNGB3 in the
gel overlay assays using the GST fusion proteins. The feeble signal observed in this study may
reflect a weak binding to CNGB3 or may indicate an indirect detection through CNGA3. The
uneven binding signals detected may also suggest a competitive interaction between CaM and
CNGB3 existing on CNGA3. In this case, binding of CaM to CNGA3 replaces CNGB3. The
competitive interaction with the channel subunit has been described in rod CNG channel
(Trudeau & Zagotta 2002). Binding of CaM to CNGB1 was shown to disrupt the interaction
between CNGB1 and CNGA1, which leads to inhibition of channel activity (Trudeau & Zagotta
2002). Thus if there is a competitive binding among the three elements, the binding partner of
CaM to the cone channel is different from that in rod channel. CaM primarily binds to the B
subunit (CNGB1) of the rod channel but it appears to bind primarily to the A subunit (CNGA3)
of the cone channel. Hence, if cone CNG channel is modulated by CaM, the mechanism behind
this may be different from that in the rod channel.

This study demonstrates the value of the Nrl−/− retina as a tool for studying the native cone
CNG channel in mammals and provides the first biochemical evidence showing the interaction
between CNGA3 and CNGB3 and the presence of heterotetrameric complexes of the native
cone CNG channel in retina. No association between CNGA3 and NCKX2 was shown by co-
immunoprecipitation and chemical cross-linking. This may indicate a distinct modulatory
mechanism for Ca2+ homeostasis in cones compared to rods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Footnotes
CNG, cyclic nucleotide-gated
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cGMP, cyclic guanosine monophosphate
NCKX2, cone Na+/Ca2+-K+ exchanger
Nrl, neural retina leucine zipper
PBS, phosphate-buffered saline
GARP, glutamic acid-rich protein
PMSF, phenylmethylsulfonyl fluoride
OG, octylglucoside
BMDB, 1,4-bismaleimidyl-2,3-dihydroxybutane
BS3, bis-sulfosuccinimidyl suberate
NEM, N-ethylmaleimide
PVDF, polyvinylidene difluoride
TBST, Tris-buffered saline-Tween 20
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Figure 1.
Expression and cone localization of CNGA3 and CNGB3 in the mouse retina. A. Expression
of CNGA3 and CNGB3 in the mouse retina detected by Western blotting. Retinal membranes
prepared from wild-type and Nrl−/− mice were resolved by 10% SDS-PAGE, followed by
immunoblotting using polyclonal anti-CNGA3 (upper panel) and anti-CNGB3 (middle panel)
antibodies, respectively. Actin detection (lower panel) was included as a loading control. B–
D. Cone localization of CNGA3 and CNGB3 detected by immunofluorescence labeling. Co-
immunolabelings of CNGA3 with S-opsin or M-opsin in the wild-type (B) and Nrl−/− (C)
retinal sections were performed using the rat monoclonal anti-CNGA3 (CNC-7D8) and the
rabbit polyclonal anti-S-opsin or anti-M-opsin, respectively. Co-immunolabelings of CNGB3
with S-opsin in the wild type (D, upper panels) and Nrl−/− (D, lower panels) retinal sections
were performed using the polyclonal anti-CNGB3 and the goat polyclonal anti-S-opsin. RPE,
retinal pigment epithelium; OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear
layer; GCL, ganglion cell layer. Scale bar, 50 µm. Images of high magnification are shown to
the right of the merge images for a better visualization of the co-localization. Scale bar, 10 µm.
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Figure 2.
Lack of rod CNG channel expression in the Nrl−/− retina. A. Expression of CNGB1 in the wild-
type but not in Nrl−/− retinas. Retinal membranes prepared from wild-type and Nrl−/− mice
were resolved onto 10% SDS-PAGE and followed by Western blotting using the monoclonal
anti-GARP (4B1). B. Expression of CNGA1 mRNA in the wild-type but not in Nrl−/− retinas
analyzed by RT-PCR. Total RNA was prepared from wild-type and Nrl−/− retinas and cDNA
were prepared and used in PCR using primers amplifying the full length of coding region of
mouse CNGA1. C. Immunolabeling of CNGA1 (left panels) (using the monoclonal anti-
CNGA1), GARP (middle panels) (using the monoclonal anti-GARP) and rhodopsin (right
panels) (using the monoclonal anti-rhodopsin) in the wild-type but not in Nrl−/− retina. RPE,
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retinal pigment epithelium; OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear
layer; GCL, ganglion cell layer. Scale bar, 50 µm.
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Figure 3.
Expression and cone localization of NCKX2 in the Nrl−/− retina. A. Expression of NCKX2 in
the mouse retina detected by Western blotting. Retinal membranes prepared from wild-type
and Nrl−/− mice were resolved by 10% SDS-PAGE and followed by immunoblotting using the
polyclonal anti-NCKX2. B. Cone localization of NCKX2 in the Nrl−/− retina. Nrl−/− retinal
sections were co-immunolabeled with the rabbit polyclonal anti-NCKX2 and the goat
polyclonal anti-S-cone opsin. RPE, retinal pigment epithelium; OS, outer segment; ONL, outer
nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar, 50 µm.
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Figure 4.
Detergent solubility of CNGA3 and CNGB3. Membrane preparations from Nrl−/− retinas were
solubilized by Triton X-100, OG, and CHAPS and resulting supernatant and pellets were
resolved by 10% SDS-PAGE, followed by Western blot analysis using the polyclonal anti-
CNGA3 and polyclonal anti-CNGB3 antibodies, respectively. Actin detection was included
as a loading control. Images shown are representative of three independent experiments.
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Figure 5.
Analysis of interactions of CNGA3 with CNGB3 and with NCKX2 in the mouse retina by co-
immunoprecipitation. The CHAPS-solubilized membrane proteins prepared from Nrl−/−

retinas were reacted with the polyclonal anti-CNGA3 (A) and the polyclonal anti-NCKX2
(B) antibodies in the immunoprecipitation assays. The resulting immunoprecipitants were
resolved by 10% SDS-PAGE, followed by Western blotting using antibodies as indicated.
Extract: solubilized membrane protein extracts used in immunoprecipitation assay. Images
shown are representative of four independent experiments.
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Figure 6.
Analysis of the mouse cone CNG channel complexes by chemical cross-linking. Retinal
membranes prepared from Nrl−/− retinas were used in the chemical cross-linking reactions,
using the thiol-specific cross-linker BMDB and the amino-specific cross-linker BS3 at the
varying concentrations (A) and durations (B) as indicated. The cross-linking products were
separated by 3–8% Nu-PAGE, followed by immunoblotting using antibodies against CNGA3,
CNGB3, and NCKX2, respectively. Images shown are representative of four independent
experiments.
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Figure 7.
Co-localization of CNGA3 and CNGB3 in the mouse retina. Cone localization of CNGA3 and
CNGB3 in the wild-type (A) and Nrl−/− (B) retina. Co-immunolabeling of CNGA3 with
CNGB3 in the wild-type and Nrl−/− retinal sections were performed using rat monoclonal anti-
CNGA3 (CNC-7D8) and the rabbit polyclonal anti-CNGB3 antibodies. RPE, retinal pigment
epithelium; OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer. Scale bar, 50 µm. Images of high magnification are shown to the right of
the merge images for a better visualization of the co-localization. Scale bar, 10 µm.
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Figure 8.
Binding of CaM to cone CNG channel in the mouse retina. The CHAPS-solubilized membrane
proteins prepared from mouse retinas were incubated with CaM resin in the CHAPS binding
buffer in the presence or absence of 5 mM EDTA and bound proteins were eluted and resolved
by 10% SDS-PAGE, followed by Western blotting. Extract: solubilized membrane protein
extracts used in immunoprecipitation assay. Images shown are representative of three
independent experiments.
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