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Abstract
Cone photoreceptor cyclic nucleotide-gated (CNG) channel is essential for central and color vision
and visual acuity. Mutations in the cone channel subunits CNGA3 and CNGB3 are linked to
achromatopsia and progressive cone dystrophy in humans. Over 50 mutations have been identified
in the CNGA3 subunit. The R277C and R283W substitutions are among the most frequently
occurring mutations. This study investigated the defects of these two mutations using a
heterologous expression system. The wild type and mutant CNGA3 were expressed in HEK293
cells, the channel’s expression and cellular localization were examined by immunoblotting and
immunofluorecences labeling, and activity of the channel was evaluated by ratiometric [Ca2+]i
measurements and by electrophysiological recordings. By using this model system we observed
dysfunction of the mutant channels. Co-expression of the mutant channel with the wild type
subunit did not affect the wild type channel’s activity. Immunoflurescence labeling showed
apparent cytosol aggregation of the immunoreactivity in cells expressing the mutants. Thus these
disease-causing mutations appear to induce loss of function by impairing the channel cellular
trafficking and plasma membrane targeting. Therapeutic supplementation of the wild type
transgene may help correct the visual disorders caused by these two mutations.

1. INTRODUCTION
Photoreceptor cyclic nucleotide-gated (CNG) channels play a central role in
phototransduction. 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. Rod CNG channel complex has a stoichiometry of three CNGA1 subunits and one
CNGB1 subunit (Weitz et al., 2002) while cone CNG channel is thought to contain two
CNGA3 and two CNGB3 subunits (Peng et al., 2004). Like other members of this ion
channel family, CNG channel A and B subunits contain six putative membrane-spanning
segments, cytoplasmic amino- and carboxyl-termini, a cyclic nucleotide-binding domain,
and a conserved pore region. Figure 1 shows membrane topology of the mouse CNGA3
subunit.
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Cone vision mediated by CNG channel activation is essential for central and color vision
and visual acuity. Naturally occurring mutations in CNGA3 and CNGB3 are associated with
achromatopsia and progressive cone dystrophy (Kohl et al., 1998). Mutations in CNGA3
and CNGB3 account for 70% of all mutations found in achromatopsia patients. Nearly 50
mutations have been identified in the CNGA3 subunit. Among these mutations, the R277C
and R283W substitutions are identified as the two most frequently occurring mutations
(Wissinger et al., 2001). This work investigated the effects of the R277C and R283W
mutations on the channel activity and cellular localization using a heterologous expression
system. We found that both mutations abolish the channel activity and interfere with the
channel plasma membrane localization. Thus the R277C and R283W mutations appear to
cause loss of channel function by impairing the channel cellular trafficking and plasma
membrane targeting. This work provides experimental evidence for understanding the
pathogenesis of R277C and R283W mutations in the CNGA3 subunit.

2. MATERIALS AND METHODS
2.1. Constructs, cell culture and transfection

Construct encoding the full-length mouse CNGA3 was generated as we described previously
(Ding et al., 2008). The R218C and R224W mutations in the mouse CNGA3, equivalent to
the R277C and R283W mutations in the human CNGA3 (Figure 1), respectively, were
obtained by site-directed mutagenesis using the Quickchange Site-directed Mutagenesis Kit
(Stratagene, La Jolla, CA). Cell culture and transfection was performed as described
previously (Ding et al., 2008).

2.2. Ratiometric measurement of intracellular Ca2+ concentration
The fluorescent indicator indo-1/AM was used to monitor Ca2+ influx through CNGA3
channels in cell suspensions. The assays were performed as described previously (Ding et
al., 2008) using a PTI QuantaMaster spectrofluorometer (Photon Technology International).
Briefly, cells (~48 h post-transfection) were harvested, washed, and loaded with 2 μM
Indo-1/AM (Sigma-Aldrich) for 40 minutes at room temperature. After loading, cells were
washed and resuspended in ECS buffer (140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM
CaCl2, 10 mM glucose, and 15 mM HEPES, pH 7.4) (2 × 106) for the assay. Ca2+ entry in
response to 8-pCPT-cGMP (100 μM) was determined by ratiometric measurement which
represents changes of free intracellular Ca2+ concentrations (expressed as a Δ340/380 ratio).
Data were analyzed and graphed using GraphPad Prism software (GraphPad software, San
Diego, CA).

2.3. Electrophysiological recordings
Standard whole-cell patch clamp recordings on cells grown on 35 mm culture dishes were
performed as described previously (Malykhina et al., 2006; Fitzgerald et al., 2008). The
pipette solution consisted of (in mM): K+ aspartate 100, KCl 30, NaCl 5, MgCl2 2, Na-ATP
2, EGTA 1, HEPES 5 with pH 7.2 adjusted with KOH. Patch electrodes had resistances of
3–5 MΩ when filled with internal solution. Whole cell currents were recorded by using gap-
free protocol with a holding potential at – 50 mV. All experiments were performed at room
temperature (23°C) and recorded using an Axopatch 200B amplifier (Axon Instrument,
Foster City, CA). pCLAMP software (Axon Instruments) was used for data acquisition and
analysis.

2.4. SDS-PAGE and Western blot analysis
SDS-PAGE and Western blot analysis was performed to detect expression of the wild type
and mutant CNGA3 subunits using the rabbit polyclonal anti-CNGA3 as described
previously (Ding et al., 2008; Matveev et al., 2008).
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2.5. Immunofluorescence labeling and confocal microscopy
Immunofluorescence labeling was performed as described previously (Ding et al., 2008;
Matveev et al., 2008). Briefly cells were grown in DMEM medium on coverslips pre-coated
with fibronectin (Sigma-Aldrich). Cells were washed, fixed with 4% (w/v)
paraformaldehyde for 10 min at room temperature, and blocked for 1 h at room temperature
in 5% BSA. Cells were then incubated with the rat monoclonal anti-CNGA3 (kindly
provided by Dr. Benjamin Kaupp at the Institute of Neurosciences and Biophysics,
Forschungszentrum, Jülich, Germany) (1:50) overnight at 4°C, followed by incubation with
Alexa-conjugated goat anti-rat secondary antibody (1:1000) for 1 h at room temperature.
Vectashield™ containing DAPI stain (Vector Laboratories) was used to mount the coverslips
onto the slides.

The fluorescent signals were visualized using a 40X water immersion objective lens on an
Olympus IX81-FV500 confocal laser scanning microscope (Olympus, Melville, NY) and
analyzed with FluoView imaging software (Olympus) as described previously (Ding et al.,
2008). Quantification of fluorescent labeling intensity was performed using FluoView to
evaluate cellular distribution of the channel subunits. The plasma membrane localization of
the wild type and mutant subunits was determined and expressed in terms of percent of total
cellular fluorescence intensity. Data were analyzed and graphed using GraphPad Prism
software (GraphPad software, San Diego, CA).

3. RESULTS
3.1. The R218C and R224W mutations cause loss of channel function

The concentration-dependent response of the wild type CNGA3 to cGMP stimulation has
been characterized in our previous studies (Ding et al., 2008; Fitzgerald et al., 2008). The
channel subunits were expressed in HEK293 cells and the mutation effects on the channel
activity were investigated. With the functional assays we found that the two mutations had
profound negative effects on the channel activity. As shown in Figure 2A, the intracellular
calcium response to cGMP (100 μM) stimulation was completely abolished in cells
expressing the R218C mutant. The response in R224W mutant was lowered to less than 10%
(as analyzed at 300 sec after cGMP stimulation) of the wild type response (Figure 2A). The
deficiency of the mutant channels was also confirmed by electrophysiological recordings.
Figure 2B shows representative patch clamp recording profiles of the wild type, R218C and
R224W mutants in response to 100 μM cGMP stimulation. No current was recorded in cells
expressing the mutants, leading to the conclusion that the R218C and R224W mutations
abolished the channel activity. While the physiological assays indicated abolished or
severely reduced responses, Western blot analysis revealed similar levels of mutant
expression when compared to wild type expression (Figure 2C). These data together indicate
channel deficiency, not expression levels, as that which contributes to loss of cone function
in achromatopsia patients.

3.2. The R218C and R224W mutations cause channel mis-localization
Immunofluorescence labeling was performed to determine cellular localization of the wild
type and mutant channel subunits in cells. From these assays we observed that cells
expressing the R218C and R224W mutants showed apparent cytosol aggregation of the
immunofluorescent signal (Figure 3A). Quantification immunofluorescence intensity
analysis showed that cells expressing the mutants displayed the decreased plasma membrane
labeling compared to cells expressing the wild type subunit (Figure 3B). This data indicates
the mislocalization of mutants is a contributing factor to decreased cone function.
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3.3. Co-expression of the R218C and R224W mutants with the wild type channel does not
affect the channel activity

We examined the effects of co-expression of the mutant channel subunits with the wild type
channel on the channel activity. Cells were co-transfected with equal amounts of the wild
type cDNA and the mutant cDNA or pcDNA3.1 (the channel harboring plasmid) (10 μg of
each per 100 mm dish) and assayed for intracellular calcium response to cGMP stimulation
~48 h post-transfection. From these assays we found that co-expression of the mutant
channel with the wild type channel did not affect the wild type channel’s activity. As shown
in Figure 4 the calcium responses to cGMP stimulation in cells co-expressing the wild type
with R218C (Figure 4A) or R224W (Figure 4B) mutants were almost indistinguishable from
those in cells expressing the wild type channel alone. This data indicates that the wild type
channels do not form heterodimers with mutant channels. Or it indicates that the wild type/
mutant heterodimers do form and that the wild type channels are dominant in the complex

4. DISCUSSION
Achromatopsia is an inherited disorder that affects approximately 1 in every 33,000
Americans. The condition is associated with color blindness, visual acuity loss, extreme
light sensitivity and nystagmus. To date, mutations in three genes, CNGA3, CNGB3 and
Gnat2, have been identified in achromatopsia patients. Indeed mutations in cone CNG
channel are highly linked to various forms of achromatopsia and other types of cone
degenerative diseases including early onset macular degeneration and progressive cone
dystrophy. There are nearly 70 disease-causing mutations in CNGA3 and CNGB3 and these
mutations account for 70% of the achromatopsia patients (Kohl et al., 1998; Wissinger et al.,
2001; Nishiguchi et al., 2005).

Efforts are being made to explore the mechanism underlying the disease-causing mutations
in cone CNG channel. Patel et al. (Patel et al., 2005) studied 4 mutations (Y181C, N182Y,
L186F, and C191Y) in the S1 segment of human CNGA3. They showed that the mutations
resulted in loss of channel function and that the full-length mutant channel subunits were
synthesized but were retained in the endoplasmic reticulum. They proposed a role of the S1
segment in both maturation and function of CNG channels. Faillace et al. (Faillace et al.,
2004) studied 4 mutations (F294L, R296Q, N295Q, R302W; sequences in bovine CNGA3)
in the S4 segment and demonstrated that the mutant channel failed to become glycosylated
and arrive at the plasma membrane. This work implicated a role of the S4 segment in the
channel proper intracellular processing and trafficking. Liu et al. (Liu & Varnum, 2005)
described an alteration in the channel membrane localization and gating properties in the
two C-terminal mutants (N471S and R563H). Thus these studies suggest that an impaired
cellular processing and membrane targeting is a common mechanism for a variety of
mutations located at distinct regions of the channel subunit. The present work investigated
the effects of the R218C and R224W mutations on the channel activity and cellular
localization and showed that both mutations abolished the channel activity and interfered
with the channel plasma membrane localization. These results are consistent with the
previous findings by Faillace et al. (Faillace et al., 2004), supporting the view that S4
segment is critical for the channel cellular processing. With co-expression experiments we
observed that co-expression of the mutant channel with the wild type subunit did not affect
the wild type channel’s activity. This observation is consistent with the clinical findings in
which individuals with the heterozygous mutations show normal cone function and only
individuals with homozygous mutations or compound heterozygous mutations experience
cone defect symptoms. The channel subunit encoded by one wild type allele appears
sufficient to maintain the normal channel activity. This observation may also suggest that
the mutant channel subunits lack the ability to be recruited into the channel complexes.
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Figure 1.
Membrane topology of the mouse CNGA3 with locations of the R218C and R224W
mutations indicated. cGMP binding site is between the residue 429 and 545.
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Figure 2.
The R218C and R224W mutations cause loss of channel function. A. Intracellular calcium
response to 8-pCPT-cGMP (100 μM) stimulation in HEK293 cells expressing the wild type,
R218C and R224W mutants. The left panel shows the representative response curves and
the right panel is the bar graph showing the quantitative analysis of the calcium
measurement (at 300 s after cGMP stimulation) from 3–5 independently performed
experiments. B. Representative patch-clamp recording profiles from HEK293 cells
expressing the wild type (WT), R218C and R224W mutants in response to 8-pCPT-cGMP
(100 μM) stimulation. C. Western blot detection of the wild type, R218C and R224W
mutant expression in HEK293 cells that had been transfected with the respective cDNAs.
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Figure 3.
The R218C and R224W mutations cause channel mis-localization. A. Representative
confocal images showing cellular localization of the wild type, R218C and R224W mutants
in HEK293 cells. Scale bar: 10 μm. B. The bar graph shows the quantitative analysis results
of the plasma membrane fluorescence labeling intensities. Bars represent the means ± SEM
of the number of cells (12 for the wild type, 15 for the R218C transfected, and 15 for the
R224W transfected) from 3 independently performed experiments. Unpaired Student’s t test
was used for determination of the significance. *, p < 0.05.
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Figure 4.
Co-expression of the R218C or R224W mutants with the wild type subunit does not affect
the channel activity. HEK293 cells were co-transfected with equal amounts of the wild type
and R218C (A) or R224W (B) mutants and assayed for calcium response to 8-pCPT-cGMP
(100 μM) stimulation ~48 h post-transfection. Shown in the left panels are the representative
response curves and the right panels are the bar graphs showing the quantitative analysis of
the calcium measurement at 400 s after 8-pCPT-cGMP stimulation from 3–6 independently
performed experiments.
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