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ABSTRACT: Rod and cone photoreceptor cyclic nucleotide-gated (CNG) channels play pivotal roles in
phototransduction. This work investigates the functional significance of photoreceptor CNG channel
association with membrane microdomains enriched in raft lipids, cholesterol and sphingolipids. The primary
subunits of cone and rod CNG channels, CNGA3 and CNGA1, respectively, were heterologously expressed
in HEK 293 cells, and channel activity was determined by ratiometric measurement of [Ca2+]i in response
to cyclic guanosine monophosphate (cGMP) stimulation. CNGA3 was found to be largely insoluble
following Triton X-100 extraction and cofractionationed with biochemically isolated membrane domains
enriched in caveolin-1. Cofractionation of both natively expressed CNGA3 and CNGB1 (the modulatory
subunit of the rod CNG channel) with the low buoyant density, caveolin-1-enriched membranes was also
confirmed in mouse retinas. The functional significance of this association was established by the observed
negative effects of depletion of raft lipids on the channel activity. Treatment with the cholesterol depleting
agent, methyl-�-cyclodextrin (MCD), significantly inhibited CNGA3 and CNGA1 activation in response
to cGMP stimulation. MCD treatment lowered cellular cholesterol levels by ∼45% without altering fatty
acid composition, suggesting that the inhibition of channel activity by MCD treatment is not due to
perturbation of other membrane lipids. Treatment with the sphingolipid biosynthesis inhibitor myriocin
resulted in impaired activation and cytosolic redistribution of CNGA3, suggesting that the integrity of the
membrane domains is critical for the channel cellular processing and plasma membrane localization. This
study demonstrates the association of photoreceptor CNG channels with membrane domains enriched in
raft lipids and indicates, for the first time, that raft lipids modulate the plasma membrane localization and
functional activity of photoreceptor CNG channels.

Rod and cone photoreceptor cyclic nucleotide-gated
(CNG)1 channels are essential for phototransduction. They
control the flow of cations into the outer segment (OS) in
response to light-mediated changes in intracellular cyclic
guanosine monophosphate (cGMP) concentration (1). Pho-
toreceptor CNG channels are localized to the plasma
membranes of both rod and cone OSs (2, 3). In the dark,
rod channels are activated by the binding of cGMP, allowing
a steady cation current. Light triggers a sequence of
enzymatic reactions that leads to the hydrolysis of cGMP
resulting in CNG channel closure, reduction in inward
current, and membrane hyperpolarization (4). A similar

transduction scheme exists in cones, which are responsible
for vision in bright light and color vision. Mutations in the rod
CNG channel are associated with retinitis pigmentosa while
mutations in the cone CNG channel are highly linked to various
forms of achromatopsia and cone-rod dystrophy (5, 6). Indeed,
about 70 mutations have been identified to date in genes
encoding cone CNG channel subunits (7–9), accounting for
nearly 70% of patients with achromatopsia and early onset
macular degeneration (onset under age 50) (7).

Native photoreceptor CNG channels are heteromeric
complexes composed of two structurally related subunit
types, CNGA1 and CNGB1 for the rod channel and
CNGA3 and CNGB3 for the cone channel. To function
as a membrane signaling complex, the CNG channel
requires proper intersubunit interactions and associations
with adjacent proteins. Targeting of photoreceptor CNG
channels to specific regions of the plasma membrane rich
in phototransduction molecules is critical for efficient and
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spatially confined responses to stimuli. In fact, a number
of disease-causing mutations in rod and cone photoreceptor
CNG channels are associated with impaired plasma
membrane localization and cytosolic accumulation of the
channel (10, 11).

Although there is increasing information about CNG
channel structure and function, our understanding of the
relevance of the membrane environment on channel activity
is quite limited. Recently, evidence has accumulated showing
the participation of protein–lipid interactions in protein
membrane targeting, localization, and function (12–14).
There is recent evidence showing that some important
functional interactions between channels and lipids take place
in specialized microdomains (“lipid rafts”) within the plane
of the plasma membrane (15–17). These domains are
characterized by tightly packed cholesterol and sphingolipids,
resistance to nonionic detergent solubilization, and low
buoyant density (18, 19). Some membrane proteins including
signal transduction enzymes, membrane receptors, and ion
channels are enriched in lipid rafts (16, 17, 20–22). For
instance, isoform-specific localization of voltage-gated K+

channels to distinct lipid raft populations has been described
by Martens et al. (17, 23), and association of the olfactory
CNG channel with lipid rafts and the role of raft lipids on
this channel’s activation have been demonstrated by Brady
et al. (15). Indeed, disruption of lipid rafts by depleting
cholesterol or inhibition of sphingolipid biosynthesis has been
shown to disorder a number of signaling events such as
�-adrenergic signaling (24), T-cell activation (25), and ion
channel function (15, 16, 26). Lipid rafts have also been
proposed to be involved in the sorting of proteins in the Golgi
and their delivery to the plasma membrane (19).

The role of lipid rafts in photoreceptor CNG channel
activity is unidentified. However, a recent proteomic analysis
identified the rod CNG channel as an abundant component
of detergent-resistant membranes (DRMs) derived from rod
OS membranes (27). Hampered cellular processing and
membrane localization of photoreceptor CNG channels
represent a common mechanism of channel dysfunction
(10, 11, 28), and the significance of lipid domains in these
processes is important to understand. On this basis, the
present study was designed to examine the association of
photoreceptor CNG channels with raft lipids in both the
heterologous expression system and retina. We used wild-
type mouse retina (rod-dominant) to study the native rod
CNG channel and retinas of mice deficient in the transcription
factor neural retina leucine zipper (Nrl) (cone-dominant) (29)
for the native cone CNG channel study. 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 supernormal cone
function (29). Here, we report that both cone and rod CNG
channels associate with membrane domains and that the lipid
environment of these domains modulates channel function
and membrane localization.

EXPERIMENTAL PROCEDURES

Materials and Animals. Mouse CNGA3 cDNA was
amplified from a mouse retinal cDNA library using the

forward primer 5′-CGCGGATCCGCGTGAATGTGACCT-
GTGCAGAGATGG-3′ and the reverse primer 5′-CCGCTC-
GAGCGGGGCAGAGCCACCTGCATTTTCAGTCAG-3′
and ligated into the BamHI and XhoI sites of pcDNA3.1
(Invitrogen, Carlsbad, CA). Green fluorescent protein- (GFP-)
CNGA3 was constructed through conventional cloning
procedures using the fusion protein vector pEGFP-C1 from
Clontech. DNA sequencing was carried out to confirm the
composition of all constructs. Mouse CNGB3 cDNA was
kindly provided by Dr. Martin Biel (Ludwig-Maximilians-
Universität München, München, Germany), and human
CNGA1 cDNA was kindly provided by Dr. William Zagotta
(University of Washington, Seattle, WA). Human transferrin
receptor (hTfR) cDNA was generously provided by Dr.
Michael Marks (University of Pennsylvania School of
Medicine). Rabbit polyclonal antibody against a peptide
corresponding to the sequence between residues 77 and 97
(SNAQPNPGEQKPPDGGEGRKE) of the mouse CNGA3
was generated and used for Western blotting. The rat
monoclonal antimouse CNGA3 antibody was kindly pro-
vided by Dr. Benjamin Kaupp (Institut für Biologische
Informationsverarbeitung, Forschungszentrum, Jülich, Ger-
many) and used for immunolabeling. The monoclonal
antibody against the glutamic acid-rich protein (GARP) was
generously provided by Dr. Robert Molday (University of
British Columbia, Vancouver, Canada). Polyclonal antibody
against caveolin-1 was purchased from BD Biosciences
(Lexington, KY); monoclonal anti-actin antibody was pur-
chased form Abcam, Inc. (Cambridge, MA); and the mono-
clonal anti-TfR antibody was purchased from ZYMED
Laboratories (Carlsbad, CA). Methyl-�-cyclodextrin (MCD),
cholesterol, 8-pCPT-cGMP, and potassium iodide (KI) were
from Sigma-Aldrich (St. Louis, MO). Myriocin (SPI-1) was
purchased from BIOMOL International, L.P. (Plymouth
Meeting, PA). Lipid standards were purchased from Nu-Chek
Prep (Elysian, MN) or Sigma-Aldrich. All other chemicals
were purchased from Fisher Scientific (Pittsburgh, PA),
Sigma-Aldrich (St. Louis, MO), or Invitrogen (Carlsbad,
CA).

Wild-type mice (C57BL background) were purchased from
Charles River Laboratories, Inc. (Wilmington, MA), and
Nrl-/- mice were kindly provided by Dr. Anand Swaroop
(University of Michigan, Ann Arbor, MI). Retinas from these
mice were used for membrane preparation and isolation of
detergent-resistant membranes. All experiments and animal
maintenance were approved by the local Institutional Animal
Care and Use Committee (Oklahoma City, OK) and con-
formed 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, MD).

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 70-80% confluence with mouse CNGA3 or
hTfR cDNAs (20 µg per 100 mm dish) by the calcium
phosphate method and used for experiments ∼48 h post-
transfection.

Cell Membrane Preparation and Detergent Solubilization.
To assess detergent solubility, total cellular and retinal
membranes were prepared. Cells or retinas were homog-
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enized in homogenization buffer (10 mM Tris-HCl, pH 7.4,
1 mM EDTA, 200 mM sucrose, 1 mM phenylmethanesulfo-
nyl fluoride). The nuclei and cell debris were removed from
the homogenate by centrifugation at 900g for 10 min at 4
°C. The resulting supernatant was centrifuged at 16000g for
30 min at 4 °C. The membrane pellet was solubilized in
homogenization buffer containing 1% Triton X-100 or 60
mM octyl glucoside (OG) for 4 h at 4 °C. The detergent:
membrane protein ratios for Triton X-100 and OG solubi-
lizations were 3.3:1 and 5:1 (M/M), respectively. For HEK
293 cells, the average detergent:phospholipid molar ratio was
determined to be 6:1. Given that we recover ∼90 nmol of
phospholipid/retina (no significant difference between wild-
type and Nrl-/- retina), the detergent:phospholipid molar ratio
can be estimated as 3.6–5:1 and 13:1 for the solubilization
by Triton X-100 (0.5–1.0%) and OG (60 mM), respectively.
After removal of supernatants, the pellets were resuspended
in phosphate-buffered saline (PBS), and both pellets and
supernatants were mixed with Laemmli sample buffer for
electrophoresis and immunoblotting.

Isolation of Triton X-100-Resistant, Low Buoyant Density
Membrane Domains. Isolation of low-density, Triton X-100-
insoluble complexes was performed essentially as described
previously (30, 31). Briefly, cells or retinal membrane
preparations were homogenized in buffer A [10 mM Tris-
HCl (pH 7.4), 70 mM NaCl, 2 mM MgCl2, 0.1 mM EGTA]
followed by solubilization with ice-cold 1% Triton X-100
(detergent:phospholipid ratios ) 6:1 for cell and 5:1 for
retinal membranes). The sucrose content was raised to 0.9
M by addition of 2.4 M sucrose in buffer A, and the
solubilized homogenates were layered at the bottom of
discontinuous sucrose gradients [0.8, 0.7, 0.6, and 0.5 M
sucrose in buffer B containing 10 mM Tris-HCl (pH 7.4),
70 mM NaCl, 2 mM MgCl2, and 0.5 mM EDTA]. The
gradients were centrifuged at 250000g for 20 h at 4 °C, and
0.5 mL fractions were collected from the top of the gradients
and subjected to 10% SDS-PAGE and Western blot
analysis.

Depletion and Repletion of Cellular Cholesterol and
Inhibition of Sphingolipid Biosynthesis. Cellular cholesterol
depletion was achieved by incubating cells in 2% MCD in
serum-free media at 37 °C for 1 h. For cholesterol repletion
experiments, cells were treated with 2% MCD in the presence
of cholesterol (0.5 mM, Sigma) at 37 °C for 1 h followed
by calcium assays. To inhibit biosynthesis of sphingolipids,
cells in DMEM medium were treated with SPI-1 at concen-
trations of 0.3, 1.0, and 5.0 µM at 37 °C for 72 h prior to
use in the experiments.

Lipid Analysis. Analyses of cholesterol and fatty acids were
performed essentially as described previously (31) using a
two-part extraction procedure to separate saponifiable from
nonsaponifiable lipids. Briefly, samples were supplemented
with internal standards [19-hydroxycholesterol (Steraloids,
Inc., Newport, RI) and 15:0, 17:0, and 21:0 fatty acid
standards (Nu-Chek Prep, Elysian, MN)] prior to saponifica-
tion with 2% (w/v) KOH in ethanol at 100 °C for 1 h.
Distilled H2O (3 mL) was added, the nonsaponifiable lipids
were extracted three times into hexane, and the recovered
organic phases were pooled. The aqueous phase was acidified
by addition of 200 µL of concentrated HCl and sonicated
for 10 min prior to extraction three times into hexane (this
organic phase contains saponified fatty acids). Both saponi-

fiable and nonsaponifiable lipid extracts were dried under
N2, and the nonsaponifiable lipids were resuspended in 50
µL of methanol for HPLC injection. Cholesterol was
separated on a C18 column (Supelcosil LC-18, 25 cm × 4.6
mm, 5 µm particle size) with an isocratic mobile phase of 1
mL/min methanol. Detection was at 208 nm using an Agilent
1100 series photodiode array detector; cholesterol was
quantified based upon absorbance at 208 nm, in comparison
with an authentic cholesterol standard (within the linear
response range), and corrected for recovery of the 19-
hydroxycholesterol internal standard. The fatty acid extract
was analyzed as described previously (30).

SDS-PAGE and Western Blot. The Triton X-100-solu-
bilized membrane proteins were assayed for protein con-
centration using a Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA). For Western blotting, the
protein samples were subjected to 10% SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes.
Blots were incubated with the appropriate primary antibody
at a dilution ratio of 1:250 (anti-CNGA3), 1:250 (anti-
caveolin-1), 1:5000 (anti-actin), 1:250 (anti-TfR), or 1:50
(anti-GARP) for 2 h at room temperature. After three 10
min washings with 1× TBST (Tris-buffered saline with
Tween 20), the blots were incubated with horseradish
peroxidase-conjugated anti-rabbit or anti-mouse secondary
antibody (1:12500) for 1 h at room temperature. After being
rinsed several times with 1× TBST, SuperSignal chemilu-
minescent substrate (Pierce, Rockford, IL) was applied to
detect binding of the primary antibodies to their cognate
antigens.

Assessment of the Channel ActiVity by Ratiometric Mea-
surement of [Ca2+]i. The fluorescent indicator Indo-1/AM
was used to monitor Ca2+ influx through CNGA3 channels
in cell suspensions. The assays were performed as described
by Ma et al. (32) using a PTI QuantaMaster spectrofluo-
rometer (Photon Technology International). This assay is
designed to determine CNG channel activity in cell popula-
tions (2 × 106) in response to cGMP stimulation. Briefly,
cells (36–48 h posttransfection) were harvested with cell
dissociation medium (Invitrogen), washed with the extra-
cellular solution (ECS; 140 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 1.8 mM CaCl2, 10 mM glucose, 15 mM HEPES,
pH 7.4), and loaded with 2 µM Indo-1/AM (Sigma-Aldrich)
in ECS in the presence of 0.05% Pluronic F-127 (Invitrogen)
for 40 min at room temperature. After the 40 min incubation,
cells were washed three times with ECS and resuspended in
ECS (1 × 106/mL). Ca2+ entry in response to 8-pCPT-cGMP
was determined by ratiometric measurement which represents
free intracellular Ca2+ concentrations. Changes of intracel-
lular Ca2+ concentration were expressed as a ∆340/380 ratio.
Data were analyzed and graphed using GraphPad Prism
software (GraphPad Software, San Diego, CA).

Immunofluorescence Labeling and Confocal Microscopy.
Immunofluorescence labelings were performed as described
previously (33). HEK 293 cells were grown in DMEM on
coverslips precoated with fibronectin (Sigma-Aldrich). Cells
were washed for 3 × 5 min with PBS, fixed with 4% (w/v)
paraformaldehyde for 10 min at room temperature, washed
again for 3 × 5 min with PBS, permeabilized with 0.3%
(v/v) Tween 20 (Bio-Rad Laboratories) in PBS for 15 min
at room temperature, and then blocked for 1 h at room
temperature in 5% BSA in PBS. The rat monoclonal anti-
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CNGA3 antibody (1:50) in PBS with 5% BSA was added
to the cells and incubated overnight at 4 °C. The primary
antibody was washed for 3 × 10 min with PBS. Alexa-
conjugated goat anti-rat secondary antibody (1:1000) in PBS
with 1% BSA was then added to the cells for 1 h at room
temperature and then washed for 3 × 10 min with PBS.
Vectashield containing DAPI stain (Vector Laboratories) was
used to mount the coverslips onto the slides.

The fluorescent signals were visualized using a 40× water
immersion objective lens on an Olympus IX81-FV500
confocal laser scanning microscope (Olympus, Melville, NY)
and analyzed with FluoView imaging software (Olympus).
Quantification of cellular fluorescent labeling intensity was
performed using FluoView to evaluate the cytosolic ag-
gregation of CNGA3 in cells that have been treated with
SPI-1. Multiple slices were taken at a thickness of 0.2 µm
of cells. Using the intensity mapping feature of the software,
cell slices with the highest localized fluorescent intensities
in the intracellular area were chosen for further quantification.
This measurement was achieved using the drawing tool to
select the intracellular area(s) of high intensity, following
calculation of the intensity by the software. The intensity of
the entire area of the cell (meaning both intracellular area
and plasma membrane) in that particular slice was then
measured. From these intensity values, the level of cytosolic
CNGA3 aggregation 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).

RESULTS

CNGA3 Expression, Plasma Membrane Localization, and
Functional ActiVity in HEK 293 Cells. Mouse CNGA3 was
heterologously established in HEK 293 cells, and expression,
plasma membrane localization, and functional activity of the
channel were examined by immunoblotting, immunolabeling,
and ratiometric measurements of [Ca2+]i in response to
8-pCPT-cGMP stimulation, respectively. Figure 1A shows
Western blot analysis of expression of CNGA3 protein in
transfected HEK 293 cells. The channel subunit migrated at
a position of ∼72 kDa as detected by the polyclonal anti-

CNGA3 antibody. The proper plasma membrane localization
of CNGA3 was confirmed by immunolabeling using the anti-
CNGA3 antibody and by direct fluorescent microscopic
examination of cells expressing GFP-CNGA3 (Figure 1B).
Functional activity of CNGA3 in HEK 293 cells was
demonstrated by ratiometric measurements of [Ca2+]i in
response to cGMP stimulation. Figure 1C shows representa-
tive traces of Indo-1/AM fluorescence measurements of
[Ca2+]i (shown as ∆340/380 fluorescence ratio) in response
to increasing concentrations of 8-pCPT-cGMP in a popula-
tion (2 × 106) of HEK 293 cells transfected with CNGA3
cDNA. No calcium mobilization was measured in a Ca2+-
free medium (see Supporting Information Figure 1).

Localization of CNGA3 to Low Buoyant Density, DRMs
in HEK 293 Cells. To determine the detergent solubility of
CNGA3, we solubilized membranes from CNGA3-express-
ing HEK 293 cells with Triton X-100 and OG. Figure 2A
shows a significant amount of CNGA3 present in the
detergent-insoluble pellet, following the detergent extraction
(the detergent:membrane protein ratios for Triton X-100 and
OG extraction were 3.3:1 and 5:1, respectively). Membranes
solubilized with Triton X-100 at detergent:membrane protein
ratios of 2.5:1 and 5.0:1 showed similar solubilization
efficiency.

It is possible that the observed channel present in the pellet
is due to interactions with cytoskeletal proteins. To inves-
tigate the possibility of a cytoskeletal interaction, membrane
preparations were treated with potassium iodide (KI, 0.6 M),
which is known to disrupt possible ionic interactions with
the cytoskeleton (34). As shown in Figure 2B, pretreatment
with KI did not increase the solubility of CNGA3 to Triton
X-100, suggesting that the observed insolubility is not likely
due to cytoskeletal association.

Proteins interacting with membrane microdomains have
been shown to fractionate with low buoyant density mem-
brane fractions following ice-cold Triton X-100 extraction
while solubilized proteins and those linked to the cytoskel-
eton are recovered in higher density fractions (18). To
determine whether insoluble CNGA3 is localized to such
membranes, we isolated DRMs by sucrose density gradient
ultracentrifugation as described in Experimental Procedures.

FIGURE 1: Functional expression of mouse CNGA3 in HEK 293 cells. (A) Western blot analysis of mouse CNGA3 expression. Membrane
preparations from cells transfected with mouse CNGA3 were resolved by 10% SDS-PAGE followed by Western blot analysis using the
polyclonal anti-CNGA3 antibody. Loading control (actin) was included. (B) Expression of GFP-CNGA3 in HEK 293 cells detected by
direct fluorescence microscopy (left panel) and immunostaining using the anti-CNGA3 antibody (right panel). Scale bar ) 50 µm. (C)
Intracellular calcium response to cGMP stimulation in HEK 293 cells transfected with CNGA3 cDNA. Cells (2 × 106) loaded with Indo-
1/AM were stimulated with 8-pCPT-cGMP at various concentrations, and the signals were recorded using a PTI QuantaMaster
spectrofluorometer (Photon Technology International).
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Immunoblotting of gradient fractions revealed two peaks of
CNGA3 immunoreactivity (Figure 2C, upper panel). A
significant portion of CNGA3 was found in the low buoyant
density, detergent-resistant fractions (fractions 1–4) and was
also present in the high-density, detergent-soluble fractions
(fractions 7 and 8). This is consistent with the data in Figure
2A showing the presence of CNGA3 in both supernatant and
pellets following detergent solubilization, and it may indicate
that the cone channel is present in both detergent-soluble
and detergent-resistant membrane domains. Of note, there
is a second heavier band of CNGA3 in the higher density
fractions (Figure 2C) [as well as in the detergent-soluble
fraction (see Figure 2A,B)]. It was seen only in the
heterologous expression system but not in retinas (see Figure
3). This band may be related to the glycosylation status of
the CNGA3 subunit in a heterologous expression system.
Under such experimental conditions, CNGA3 cofractionated
with the lipid raft marker protein caveolin-1 in the low
buoyant density fractions (peak at fraction 2) and in fractions
7–8 as well (Figure 2C, middle panel). The observation that
a considerable amount of caveolin-1 was present in the high-
density fractions may be related to the relatively high
stringency of our detergent solubilization conditions used for
DRM isolation. The detergent:lipid molar ratio used to isolate
DRMs was 6:1 for HEK 293 cells (5:1 for retinas) when
1% Triton X-100 was used; this perhaps resulted in the
solubilization of some DRM components which may con-
tribute to the observed heavy proportion of caveolin-1 in
fractions 7 and 8. This assumption is in agreement to the

findings of Babiychuk and Draeger, who showed that
increasing the concentration of Triton X-100 results in partial
solubilization of caveolin-1 (35). To assess the purity of the
DRMs isolated and ensure that they are not contaminated
with non-DRM proteins, we examined the distribution of a
known non-DRM-associated protein transferrin receptor
(TfR) at both endogenous and overexpressed (from trans-
fection) levels. The left panel of Figure 2D shows Western
blot detection of TfR (monomer and dimer) in HEK 293
cells with or without transfection of TfR cDNA. These
experiments showed that both endogenously expressed
(Figure 2C) and overexpressed (Figure 2D, right panel) TfRs
were absent from DRM fractions and were only detectable
in high-density fractions.

Localization of CNGA3 and CNGB1 to Low Buoyant
Density, DRMs in Mouse Retinas. To determine that the
association of CNG channels to DRMs is not a function of
expression in cell culture, we examined the fractionation of
native CNG channels to DRMs isolated from the mouse
retina. Retinas of Nrl-/- mice (cone-dominant) and wild-
type mice (rod-dominant) were used to study the fractionation
of cone and rod CNG channels, respectively. The polyclonal
anti-CNGA3 antibody was used to detect CNGA3, and the
monoclonal anti-GARP antibody was used to detect the
modulatory subunit of the rod CNG channel (CNGB1).
GARPs exist as two soluble forms, GARP1 and GARP2,
and as an N-terminal large cytoplasmic domain (GARP-part)
of CNGB1 and are known to be present in rods but not in
cones. GARP2 is the most abundant splice form and is
associated strongly with the membrane signaling proteins
involved in phototransduction (such as phosphodiesterase and

FIGURE 2: Localization of CNGA3 in low buoyant density, DRMs
in HEK 293 cells. (A) Association of CNGA3 with detergent-
resistant fractions of HEK 293 cell membranes. Membrane prepara-
tions from HEK 293 cells transfected with CNGA3 were solubilized
by 1% Triton X-100 or 60 mM OG, and resultant supernatants (S)
and pellets (P) were resolved by 10% SDS-PAGE, followed by
Western blot analysis using the anti-CNGA3 antibody. (B) Effects
of KI treatment on solubilization of CNGA3 by Triton X-100.
Membrane preparations from transfected cells were solubilized by
1% Triton X-100 in the presence or absence of 0.6 M KI, and
solubilized proteins were subjected to Western blot analysis. (C)
Localization of CNGA3 in low buoyant density, DRMs in HEK
293 cells. The Triton X-100-solubilized cell lysates were fraction-
ated on sucrose gradients, and the resulting fractions were analyzed
by Western blot analysis using antibodies against CNGA3 (upper
panel), caveolin-1 (Cav-1) (middle panel), and TfR (lower panel).
(D) Absence of TfR in low buoyant density, DRMs prepared from
HEK 293 cells that have been transfected with TfR cDNA. The
left panel shows expression levels of TfR in cells with or without
transfection of TfR cDNA. The right panel shows the gradient
fractions analyzed by Western blotting using antibodies against TfR
(upper panel) and Cav-1 (lower panel).

FIGURE 3: Localization of CNGA3 and CNGB1 in low buoyant
density, DRMs in the mouse retina. (A) Expression of CNGA3
and CNGB1 in the mouse retina. Retinal membrane preparations
from wild-type and Nrl-/- mice were resolved by 10% SDS-PAGE,
followed by immunoblotting using the polyclonal anti-CNGA3
antibody (upper panel) and the monoclonal anti-GARP antibody
(middle panel). Anti-GARP antibody detected CNGB1 (240 kDa
band) and GARP2 (75 kDa band) in the wild-type but not Nrl-/-

retina. Actin detection was performed as a loading control. (B)
Association of CNGA3 with detergent-resistant fractions of Nrl-/-

retina. Membrane preparations (M) from Nrl-/- retinas were
solubilized by 1% Triton X-100 or 60 mM OG, and resultant
supernatants (S) and pellets (P) were resolved by 10% SDS-PAGE,
followed by Western blot analysis using the polyclonal anti-CNGA3
antibody. (C, D) Localization of CNGA3 (C) and CNGB1 (D) in
low buoyant density, detergent-resistant membranes prepared from
Nrl-/- and wild-type retinas, respectively. The Triton X-100-
solubilized retinal membranes were fractionated on sucrose gradi-
ents, and the resulting fractions were analyzed by Western blot
analysis using antibodies against CNGA3, GARP, caveolin-1, and
TfR, respectively.
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guanylate cyclase) (36). Figure 3A shows Western blotting
detected by anti-CNGA3 and anti-GARP antibodies. A single
band of CNGA3 corresponding to an Mr of ∼73 kDa
(equivalent to the predicted size of 72.2 kDa) was detected
in both Nrl-/- retina and wild-type retina, with the signal
being more abundant in Nrl-/- retina than that in the wild
type (Figure 3A, upper panel). This is consistent with the
rod-dominant feature of wild-type mouse retina (cones
comprise only 3–5% of the total photoreceptor population
in wild-type mouse retina). Expression of CNGB1 (240 kDa
band) and GARP2 (75 kDa band) was detected by the anti-
GARP antibody in the wild-type but not Nrl-/- retina (Figure
3A, middle panel). Solubility of CNGA3 to Triton X-100
and OG extraction in Nrl-/- retinas was also examined.
Membranes of Nrl-/- retinas were isolated and subjected to
1% Triton X-100 or 60 mM OG solubilization as described
in Experimental Procedures. As observed in cultured cells,
CNGA3 was poorly solubilized from the retinal membrane
(Figure 3B), suggesting an association with DRMs.

Retinal membrane preparations from Nrl-/- (Figure 3C)
and wild-type (Figure 3D) mice were then subjected to Triton
X-100 solubilization, followed by sucrose gradient fraction-
ation to prepare DRMs. As shown in Figure 3C,D, CNGA3
and CNGB1 cofractionated with caveolin-1 in both low
(fractions 1–3) and high (fractions 7 and 8) density fractions.
Similar to the results from HEK 293 cells, TfR was not
detected in the DRMs fractionated from the mouse retinas
(Figure 3C,D). Thus, the results using native channel
preparations are consistent with the findings from the
heterologous expression system, indicating that a pool of
photoreceptor CNG channels is associated with detergent-
resistant, caveolin-enriched membranes. This is in agreement
with our recent proteomic analysis indicating the presence
of CNGB1 and CNGA1 in DRMs isolated from bovine rod
OS (27).

Effect of Cellular Cholesterol Depletion on the Solubility
and ActiVity of CNGA3. It is known that cholesterol is
enriched in lipid rafts and is required for their formation and
structural integrity. To investigate the functional role of raft
lipids on channel activity, we examined the effects of
cholesterol depletion on the solubility and activity of
CNGA3. Cholesterol depletion was achieved by incubating
CNGA3-expressing HEK 293 with 2% MCD at 37 °C for
1 h before solubilization with 1% Triton X-100 and Western
blot analysis. As shown in Figure 4, treatment with MCD
increased the detergent solubilities of both CNGA3 (upper
panel) and caveolin-1 (lower panel), suggesting that the
membrane domains where these proteins reside were dis-
rupted. It is worthy noting that the complete disappearance

of CNGA3 from the pellet fraction and the presence of
caveolin-1 in the pellet fraction after MCD treatment may
suggest that the two proteins could reside in different types
of membrane domains having different sensitivities to
cholesterol depletion.

We then examined the effects of cholesterol depletion on
channel activity. CNGA3-expressing HEK 293 cells were
incubated with MCD as described and then harvested for
intracellular calcium assays. As shown in the left panel of
Figure 5A, MCD treatment significantly decreased the
intracellular calcium response of these cells to cGMP
stimulation. Similar results were also observed in cells
expressing the rod CNGA1 subunit (Figure 5A, middle
panel). The right panel shows quantitative analyses of
calcium measurements at 500 s (CNGA3) and 400 s
(CNGA1) after cGMP stimulation for the experiments shown
in the left and middle panels, respectively.

To examine whether there is a difference in lipid raft
association between homo- and heterochannel complexes,
we examined the effects of MCD treatment on channel
activity in cells cotransfected with CNGA3 and CNGB3 (the
modulatory subunit of cone CNG channel) cDNAs. As
shown in Figure 5B, treatment with MCD reduced the
calcium response in the cotransfected cells as well, suggesting
that both homo- and heterochannel complexes are modulated
by raft lipids in this heterologous expression system. The
right panel is a quantitative analysis of calcium measurements
at 500 s after cGMP stimulation for the experiments shown
in the left panel. Effects of MCD treatment were also
examined in HeLa cells transfected with the mouse CNGA3
cDNA, and calcium responses were dramatically affected
as well (see Supporting Information Figure 2), indicating that
this modulation of channel activity was independent of the
cell type chosen for heterologous expression. To further
evaluate the specificity of the MCD treatment, cholesterol
replacement experiments were performed. This was achieved
by incubating CNGA3-bearing cells with 2% MCD in the
presence of 0.5 mM cholesterol prior to calcium measure-
ment. Figure 5C shows that cholesterol replacement almost
completely reversed the effect of MCD treatment on the
CNGA3 activation. The right panel is a quantitative analysis
of calcium measurements at 400 s after cGMP stimulation
for the experiments shown in the left panel.

Cellular cholesterol content and fatty acid profiles after
MCD treatment were examined to demonstrate the effective-
ness of cholesterol depletion and to determine whether the
observed channel malfunction following MCD treatment is
due to an overall alteration of membrane lipids. As shown
in Figure 6, cellular cholesterol level was reduced by ∼45%
in cells following MCD treatment (Figure 6A) without
altering the fatty acid profile (Figure 6B). Thus, MCD
treatment does not result in gross changes in membrane lipid
composition. These results indicate that the effect of MCD
on channel activity most likely results from depletion of
cholesterol in localized, cholesterol-enriched membrane
microdomains.

Effects of Inhibition of Sphingolipid Biosynthesis on CNG
Channel ActiVity and Plasma Membrane Localization. The
effect of cholesterol depletion on channel function and the
association of channel subunits with DRMs suggest that
localization to membrane domains may be important in
modulating channel activity. To further strengthen this

FIGURE 4: Effects of cholesterol depletion on solubility of CNGA3.
HEK 293 cells transfected with CNGA3 cDNA were treated with
2% MCD at 37 °C for 1 h before they were harvested for Triton
X-100 solubilization. The resultant supernatants (S) and pellets (P)
were resolved by 10% SDS-PAGE, followed by immunoblotting
using the respective antibodies.

3682 Biochemistry, Vol. 47, No. 12, 2008 Ding et al.



hypothesis, we examined the effect of a second class of raft
lipids, sphingolipids, on CNGA3 function and plasma
membrane localization. Myriocin (SPI-1) is a metabolic
inhibitor for the synthesis of ceramide, which is a common
precursor of all complex sphingolipids, including glycosph-
ingolipids (GSLs) and sphingomyelin (SM) (both known to

be present in membrane microdomains). Treatment with
SPI-1 can exclude the possibility that metabolic intermediates
affect the protein function as it blocks the initial step of
sphingolipid biosynthesis. As shown in Figure 7A, treatment
of CNGA3-expressing cells with SPI-1 significantly inhibited
calcium influx in response to 8-pCPT-cGM stimulation. The
response to 100 µM 8-pCPT-cGMP stimulation was signifi-
cantly decreased while the response to 30 µM 8-pCPT-cGMP
was almost completely abolished (Figure 7A, left panel). The
right panel shows quantitative analysis of the calcium
measurement at 400 s after stimulation with 100 µM 8-pCPT-
cGMP. To explore whether the observed reduction in the
calcium influx rate is attributed to a reduced number of active
channels in the plasma membrane, we incubated CNGA3-
bearing cells (that had been pretreated with SPI-1 for 72 h)
with a supersaturating level (1.0 mM) of 8-pCPT-cGMP in
the absence of Ca2+ and then measured the calcium influx
upon readdition of Ca2+ (200 µM). Figure 7B shows that,
under these experimental conditions, the calcium influx rate
was significantly lowered (∼40% reduction) in cells that had
been treated with SPI-1 compared to the untreated cells (left
and middle panels). A small calcium influx was observed in
the untransfected cells that had been incubated in 8-pCPT-
cGMP under the same conditions, both with and without

FIGURE 5: Effects of cholesterol depletion on the activity of the photoreceptor CNG channel. (A) MCD treatment impairs activation of the
photoreceptor CNG channel evoked by cGMP stimulation. HEK 293 cells transfected with CNGA3 (left panel) and CNGA1 (middle panel)
cDNAs, respectively, were treated with 2% MCD at 37 °C for 1 h and then subjected to ratiometric measurement of [Ca2+]i in response
to 8-pCPT-cGMP stimulation. The bar graph shows the quantitative analysis of the calcium measurement at 500 s (CNGA3) and 400 s
(CNGA1) after 8-pCPT-cGMP stimulation in the experiments shown in the left and middle panels. (B) Effects of MCD treatment on the
cGMP-evoked calcium response of HEK 293 cells transfected with CNGA3 and CNGB3 cDNAs. The right panel is a bar graph showing
the quantitative analysis at 500 s after 8-pCPT-cGMP stimulation in the experiments shown in the left panel. (C) Cholesterol replacement
reversed the effect of MCD treatment. Cells transfected with CNGA3 cDNA were treated with 2% MCD in the presence and absence of
cholesterol (0.5 mM; Sigma) at 37 °C for 1 h followed by calcium assays. The bar graph shows the quantitative analysis at 400 s after
8-pCPT-cGMP stimulation in the experiments shown in the left panel. Bars represent the means ( SEM of assays of eight (CNGA3) and
three (CNGA1) independently performed experiments in (A), three in (B), and four in (C). Unpaired Student’s t test was used for determination
of the significance. *, p < 0.05.

FIGURE 6: Effects of MCD treatment on levels of membrane
cholesterol and fatty acids. HEK 293 cells were treated with 2%
MCD at 37 °C for 1 h and then harvested for analysis of membrane
cholesterol (A) and fatty acid (B) levels, using a two-part extraction
procedure to separate saponifiable from nonsaponifiable lipids. Bars
represent the means ( SEM of assays of seven independently
preformed experiments. Unpaired Student’s t test was used for
determination of the significance. *, p < 0.05.
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SPI-1 pretreatment (right panel). These results support the
hypothesis that perturbation of the membrane domains by
SPI-1 treatment likely results in reduced numbers of active
channels in the plasma membrane.

We next examined the effects of SPI-1 treatment on the
CNGA3 plasma membrane localization. The cellular distri-
bution of CNGA3 was examined in cells treated with and
without SPI-1 (5 µM) for 72 h by immunofluoresecence
labeling and confocal microscopy. As shown in Figure 8,
mislocalization and cellular aggregation of CNGA3 was
observed in cells that had been treated with SPI-1. Quantita-

tive analysis of the confocal images indicates that the
fluorescence intensity of the cytosolic aggregates (expressed
as percent of total cellular fluorescence intensity) in cells
treated with SPI-1 is 55%, which is significantly higher than
that in the untreated cells (31%) (Figure 8, right panel). Thus,
it appears that inhibition of sphingolipid biosynthesis leads
to impaired cellular processing and plasma membrane
localization of CNGA3, which may contribute to the
observed perturbation of channel function.

DISCUSSION

Membrane microdomains rich in tightly packed sphin-
golipids and cholesterol are present in both excitable and
nonexcitable cells and in species ranging from yeast to
humans (19, 37). A variety of membrane signaling molecules
including G protein-coupled receptors (21, 38), ion channels
(17), and protein kinases (20) are found in these specialized
membranes. This work shows localization of photoreceptor
CNG channels to DRMs. Due to the following observations
this is less likely a function of overexpression but rather has
biological significance. (1) CNGA3 was targeted to DRMs
equally well in HEK 293 cells, when expressed at both low
and high levels, as determined by transfection of different
amounts of cDNA into the cells (20 µg of cDNA per 100
mm dish vs 10 µg of cDNA per 100 mm dish) (see
Supporting Information Figure 3 for results from 10 µg of
cDNA transfection). (2) TfR at both the endogenously
expressed level (in HEK 293 cells as well as in retinas) and
overexpressed level was absent in the DRMs but present in
the high-density fractions. (3) Localization of the CNG
channel in the DRMs was also observed in the mouse retinal
preparations. (4) Our later results demonstrated a functional
significance to levels of the two DRM-enriched lipid species,

FIGURE 7: Effects of inhibition of sphingolipid biosynthesis on CNGA3 activity. Cells were treated with the sphingolipid biosynthesis
inhibitor SPI-1 (5 µM) for 72 h before they were harvested for calcium assay. (A) Treatment with SPI-1 inhibited calcium response to
8-pCPT-cGMP stimulation. The bar graph shows the quantitative analysis of the calcium measurement at 400 s after 8-pCPT-cGMP (100
µM) stimulation in the experiments shown in the left panel. (B) Treatment with SPI-1 (5 µM, 72 h) inhibited the calcium influx in cells that
have been preincubated in supersaturating (1.0 mM) 8-pCPT-cGMP for 1 h in the absence of Ca2+, followed by the addition of 200 µM
Ca2+ (left panel). The bar graph shows the quantitative analysis of the calcium measurement at 300 s after addition of Ca2+ in the experiments
shown in the left panel. A small calcium influx was observed in transfected cells that have been incubated in 8-pCPT-cGMP (1 mM) after
addition of 200 µM Ca2+, both with and without SPI-1 pretreatment (right panel). Bars represent the means ( SEM of assays of three
independently performed experiments. Unpaired Student’s t test was used for determination of the significance. *, p < 0.05.

FIGURE 8: Effects of inhibition of sphingolipid biosynthesis on
membrane localization in HEK 293 cells. Cells were treated with
the sphingolipid biosynthesis inhibitor SPI-1 (5 µM) for 72 h before
the immunofluorescence labeling. The images were taken by
confocal microscopy and analyzed using the FluoView imaging
software. (A) Representative images of immunofluorescence label-
ing of CNGA3 in HEK 293 cells that have been treated with SPI-
1. Scale bar ) 10 µm. (B) The bar graph shows the quantitative
analysis results of the cellular fluorescence labeling intensity. Bars
represent the means ( SEM of the number of cells (19 for SPI-
1-treated cells and 13 for the untreated cells) from three indepen-
dently performed experiments. Unpaired Student’s t test was used
for determination of the significance. *, p < 0.05.
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cholesterol and sphingolipids, showing preferential partition-
ing to DRMs. The observation of inhibition of photoreceptor
CNG channel function by depletion of cellular cholesterol
is consistent with studies on the analogous olfactory CNG
channel described by Brady et al. (15) In this study the A
subunit of the olfactory CNG channel (CNGA2) was found
to associate with DRMs in heterologous expression systems
and in rat olfactory epithelium, and cholesterol depletion
abolished prostaglandin-stimulated CNGA2 channel activity
in intact cells. In the present study, the role of raft lipids on
photoreceptor CNG channel modulation was further dem-
onstrated by inhibition of sphingolipid biosynthesis. Such
treatment resulted in an inhibition of channel function and
cytosolic aggregation of the channel. Thus, this work
demonstrates for the first time a modulatory role of choles-
terol- and sphingolipid-enriched membrane domains on
photoreceptor CNG channel function.

Lipid rafts are proposed to serve as scaffolding regions
where signal transduction pathways interface (20), and
association of signaling proteins with membrane domains
may facilitate their coassembly into signaling complexes. In
addition, microdomains might have unique biophysical
properties that directly affect the functions of signaling
proteins. Some of these parameters include lateral pressure
profile, bilayer fluidity, bilayer thickness, and surface charge
(39). Specifically the involvement of lipid rafts in cell sur-
face compartmentation appears to be a mechanism for the
polarized sorting of some neuronal proteins (19). Cholesterol
depletion or deprivation of membrane sphingolipids almost
certainly disrupts interactions between the membrane signal-
ing molecules and the lipid bilayer, either in the form of
specific protein–lipid interactions or through changes in the
physical properties of the bilayer itself (40). Such alterations
might bring about mislocalization of the protein or directly
affect allosteric conformational changes involved in activa-
tion (or channel opening) and/or affinity of the ligand
binding, which in turn lead to protein malfunction. Blasquez
et al. (41) previously found that depletion of sphingolipids
resulted in missorting of prohormone convertase 2 (a protease
of the regulated secretory pathway involved in the intracel-
lular maturation of prohormones). Impaired membrane
localization of CNGA3 following deprivation of sphingolip-
ids was shown in this study while a negative effect of
cholesterol depletion on cAMP binding affinity was described
previously for the olfactory CNGA2 channel (15). Blockade
of Trp1 channel opening (42) and impaired inactivation but
not activation of the shaker-like potassium channel (23)
following depletion of cellular cholesterol have been previ-
ously described as well. Thus, mechanisms behind the
functional dependence of ion channel activity on constituent
membrane lipids may vary for different channels. The present
study shows a mislocalization of CNGA3 following inhibi-
tion of sphingolipid biosynthesis, suggesting that cell surface
compartmentation and membrane targeting may represent a
role of lipid rafts in photoreceptor CNG channel function
and signaling.

Association of membrane proteins with lipid rafts may
involve different mechanisms. It has been suggested that
membrane proteins are targeted to lipid raft domains either
by interaction with raft proteins (such as caveolin-1 and
PSD-95) (17, 42, 43) or with raft lipids (39, 44, 45).
Posttranslational modifications (including acylation, palmi-

toylation, and myristoylation) of peripheral membrane
proteins or glycophosphatidylinositol (GPI) membrane an-
chors are thought to be involved in such associations (46).
This has been observed mainly for monotopic proteins, and
much less is known about the molecular mechanisms that
target polytopic proteins to lipid rafts. Questions about how
photoreceptor CNG channels are targeted to or associate with
lipid rafts and whether posttranslational modification of
channel subunits are involved remain to be addressed.
Although immunoprecipitation experiments in this study did
not show evidence of direct interaction between CNGA3 and
caveolin-1 (data not shown), the role of caveolin-1 in the
association of the channel with the membrane microdomain
cannot be excluded. It is also possible that such association
is via other raft-associating proteins or with raft lipids.

Impaired membrane localization of cell surface functional
proteins represents a common mechanism of protein dys-
function, and this phenomenon has been observed in a variety
of disease-causing mutations (10, 11, 47, 48). There are a
number of mechanisms involved in peripheral protein
membrane surface sorting and targeting, and association with
lipid rafts might be one of them. Mutations in CNG channels
may interfere with their interactions with membrane micro-
domains which may, in turn, interfere with protein membrane
surface sorting. A number of mutations have been found to
result in mislocalization of the rod and cone photoreceptor
CNG channel (10, 11). It is important to examine whether
these residues are involved in membrane microdomain
association.

Although the present study supports the importance of the
integrity of cholesterol- and sphingolipid-rich membranes in
photoreceptor CNG channel activity, it appears that not all
CNG channels are localized to DRMs. A considerable
amount of the channel was identified in the high-density,
soluble fractions of a sucrose gradient, suggesting the
existence of the channel protein in both DRMs and non-
DRMs. Whether the channels are homogeneously distributed
in these different domains or enriched in DRMs remains to
be addressed. The biochemical isolation of DRMs is a
qualitative, not a quantitative, assessment of protein affinity
for caveolin-1- and cholesterol-rich, detergent-insoluble
membranes (49). For this reason, it is difficult to calculate
the fraction of CNGA3 channels that resides in DRMs and
non-DRMs based on our biochemical data. However, the
functional association of the integrity of the cholesterol- and
sphingolipid-enriched membrane domains with the channel’s
activity suggests that localization of the photoreceptor CNG
channel to the DRMs is less likely a random event but has
biological significance. It seems that a proportion of the
channel has preference for an ordered, cholesterol-rich
environment. Whether the channels that reside in DRMs and
non-DRMs are all functional is not known, and the dynamic
relationship of the channel between the two different
membrane microdomains remains to be addressed.

This study demonstrates that cone and rod photoreceptor
CNG channels are associated with DRMs and that depletion
of DRM-rich lipids dramatically impairs the channel’s
activity. Cytosolic aggregation of the channel was observed
when cells were treated with the sphingolipid biosynthesis
inhibitor, implicating a role of raft lipids in the channel
cellular processing. These findings establish the importance
of the local lipid environment on photoreceptor CNG channel
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cellular processing and function. It remains to be determined
whether disease-causing mutations affect the localization of
cone and rod CNG channels to the membrane microdomains.
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