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Abstract
Membrane heterogeneity plays a significant role in regulating signal transduction and other cellular
activities. We examined the protein and lipid components associated with the detergent-resistant
membrane (DRM) fractions from retinal rod outer segment (ROS) disk and plasma membrane-
enriched preparations. Proteomics and correlative western blot analysis revealed the presence of α
and β subunits of the rod cGMP-gated ion channel and glucose transporter type 1, among other
proteins. The glucose transporter was present exclusively in ROS plasma membrane (not disks) and
was highly enriched in DRMs, as was the cGMP-gated channel β-subunit. In contrast, the majority
of rod opsin and ATP-binding cassette transporter A4 was localized to detergent-soluble domains in
disks. As expected, the cholesterol: fatty acid mole ratio was higher in DRMs than in the
corresponding parent membranes (disk and plasma membranes, respectively) and was also higher in
disks compared to plasma membranes. Furthermore, the ratio of saturated: polyunsaturated fatty
acids was also higher in DRMs compared to their respective parent membranes (disk and plasma
membranes). These results confirm that DRMs prepared from both disks and plasma membranes are
enriched in cholesterol and in saturated fatty acids compared to their parent membranes. The
dominant fatty acids in DRMs were 16: 0 and 18: 0; 22: 6n3 and 18: 1 levels were threefold higher
and twofold lower, respectively, in disk-derived DRMs compared to plasma membrane-derived
DRMs. We estimate, based on fatty acid recovery that DRMs account for only ~ 8% of disks and ~
12% of ROS plasma membrane.
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Cellular membranes display lateral heterogeneity within the two-dimensional plane of the
bilayer and contain specific lipid species organized into discrete membrane microdomains
[reviewed in (Simons and Ikonen 1997; Pike 2003; Laude and Prior 2004; Jacobson et al.
2007)]. These microdomains are of relatively low fluidity and high order and are enriched in
cholesterol, sphingolipids, and lipids with saturated fatty acyl chains, relative to bulk phase
membrane lipids [reviewed in (Brown and London 2000; Pike 2004; Simons and Vaz 2004;
Brown 2006)]. Presumably because of tight fatty acyl chain packing, these membrane domains
are relatively resistant to extraction with cold non-ionic detergents (e.g., Triton X-100) and
exhibit low buoyant density upon density-gradient ultracentrifugation (Brown and Rose
1992; Brown and London 2000; Pike et al. 2002; Pike 2003; Schuck et al. 2003; Simons and
Vaz 2004). Proteins differentially associate with lipid microdomains depending upon various
factors, including the specific lipid composition of rafts and the nature of lipid moieties attached
to the proteins (Resh 1999; Zacharias et al. 2002; Kusumi and Suzuki 2005). Thus, membrane
domains may act as organizing centers to transiently compartmentalize membrane components
with specific cohorts of other molecules (e.g., signaling proteins) to facilitate their function
within specific regions of the plasma membrane (PM) [reviewed in (Simons and Ikonen
1997; Isshiki and Anderson 2003; Pike 2006; Allen et al. 2007)].

Vertebrate phototransduction involves a prototypical G protein-coupled cascade in which the
photo-activated receptor, rhodopsin, promotes guanine nucleotide exchange by the
heterotrimeric G protein, transducin (Tαβγ), resulting in activation of the effector, cGMP-
phosphodiesterase (PDE6), thereby modulating cyclic nucleotide-gated (CNG) ion channel
conductance by reducing cGMP concentration [reviewed in (Arshavsky et al. 2002; Ridge et
al. 2003; Chen 2005; Zhang and Cote 2005)]. In rod cells, photo-transduction occurs within
the rod outer segment (ROS), an organelle containing two separate membrane systems: (i)
densely packed stacks of disk membranes enriched in rhodopsin, and (ii) a surrounding PM
containing the CNG ion channel (Molday and Molday 1987; Molday 1998). The existence of
cholesterol-enriched membrane microdomains in photoreceptor PM and disks was proposed
over 25 years ago following the observation, in freeze fracture replicas, of particle-free patches
(PFPs) that preferentially localized the cholesterol-binding antibiotic, filipin, in ROS PM and
in the basal disks of both frogs and mice (Andrews and Cohen 1979). More recently, raft-like
domains have also been reported in native, unfixed disks by atomic force microscopy (Liang
et al. 2003; Fotiadis et al. 2004). Further support for the presence of membrane domains in
ROS was provided when Seno et al. (Seno et al. 2001) first prepared detergent-resistant
membrane (DRMs) from bovine ROS. Subsequent studies of ROS-derived DRMs indicate the
association of several proteins involved in phototransduction (Seno et al. 2001; Nair et al.
2002, 2004; Elliott et al. 2003; Liu et al. 2003; Senin et al. 2004) and in the maintenance of
ROS structure (Maw et al. 2000; Roper et al. 2000; Boesze-Battaglia et al. 2002) with DRM
fractions.

Interestingly, most of the proteins identified in ROS-derived DRMs are either integrally or
functionally associated with disk membranes [e.g., rod opsin, transducin (Seno et al. 2001),
guanylate cyclase, arrestin, (Nair et al. 2002), Rom-1 (Boesze-Battaglia et al. 2002), and
rhodopsin kinase (Senin et al. 2004)]. Although prior studies have not employed proteomics
to identify DRM-associated candidate proteins in ROS membranes, this approach has been
used by others to determine the proteome of DRMs in other cells and tissues (Foster et al.
2003; Keller et al. 2004; Li et al. 2004; Wollscheid et al. 2004; Yu et al. 2005; Gupta et al.
2006; Le Naour et al. 2006).

To gain insight into the potential role of raft domains in photoreceptors, we employed
proteomic analysis to identify ROS-derived, DRM-associated proteins. Using this approach in
conjunction with western blot analysis, several proteins heretofore not known to be DRM-
associated were identified and their relative distributions within DRM fractions were evaluated.
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From this analysis, we report the dramatic enrichment of CNGβ-1 and Glut-1 in DRM fractions,
two proteins that are integral to the ROS PM (Cook et al. 1989; Hsu and Molday 1991). In
contrast, rod opsin and ATP-binding cassette protein A4 [ABCA4, or ABCR; (Sun and Nathans
2001; Kaminski et al. 2006)] are preferentially associated with the detergent-soluble bulk phase
fraction of the disks. Our analysis of DRMs obtained from disk- and PM-enriched fractions
indicates that the overwhelming majority of DRM-localized rod opsin in ROS membranes is
derived from disks, not the PM. In addition, we present the first detailed fatty acid
compositional analysis of DRMs derived from ROS disk- and PM-enriched membrane
fractions, from which we have calculated the relative contributions of each membrane
compartment to total ROS-derived DRMs. The results of this study provide direct evidence
that DRMs are present in slightly greater amounts in the ROS PM than in the disks (~12% vs.
~8%, respectively). However, as PM represents only ~3% of the total ROS membranes, disks
represent the major source of DRMs found in the ROS. Contrary to the prevailing concept that
DRMs act as platforms for the organization of signal transduction machinery in cells, our
findings are more consistent with a model wherein phototransduction takes place in the non-
DRM domains of retinal ROS, whereas DRMs represent a transiently sequestered reservoir of
‘transductionally silent’ proteins.

Materials and methods
Materials

Polyclonal antibodies to transducin-alpha subunit (Tα) and Glut-1 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). A polyclonal antibody to Cav-1 was obtained
from BD Biosciences (San Jose, CA, USA). Monoclonal antibodies against the vertebrate rod
visual pigment rhodopsin (1D4; which also recognizes opsin, the protein moiety without the
retinoid chromophore attached), Rom-1 (1C6), ABCA4 (Rim 3F4), CNGβ-1 (PMs5E11), and
glutamic acid-rich protein (GARP) (Garp 4B1) were generously provided by Dr. Robert
Molday, University of British Columbia. Rabbit polyclonal antibody against residues 331–346
of mouse Rds (Rds-CT) was generated by immunizing rabbits with the corresponding peptides
coupled to keyhole limpet hemocyanin (Nour et al. 2004). A bicinchonic acid protein assay
kit was obtained from Pierce (Rockford, IL, USA). Unless otherwise stated, all other reagents
were obtained from Sigma–Aldrich (St Louis, MO, USA).

Preparation of ROS, disk and PM-enriched fractions and DRMs
Rod outer segment membranes were prepared from either fresh (Mikkelson Beef, Inc.,
Oklahoma City, OK, USA) or frozen (Animal Technologies Inc., Tyler, TX, USA) bovine
retinas by discontinuous sucrose density-gradient centrifugation as previously described
(Martin et al. 2005). In some experiments to isolate disks and PM-enriched fractions, ROS
were prepared by continuous sucrose density-gradient centrifugation as previously described
(Zimmerman and Godchaux 1982; Elliott et al. 2003). In the case of fresh retinas, eyes were
refrigerated immediately after slaughter and transported on ice to the laboratory; retinas were
then dissected within 6 h of slaughter and ROS were immediately prepared there from.
Commercially obtained frozen retinas (harvested by the supplier, individually flash frozen in
liquid nitrogen) were shipped to the laboratory on dry ice. Following ROS isolation or disk/
PM fractionation by hypotonic lysis and Ficoll flotation, protein content was determined by
bicinchonic acid protein assay, using bovine serum albumin (BSA) as a standard. DRMs were
either prepared immediately or from previously frozen ROS, disks or PM preparations. We
have observed no significant differences in the fractionation of DRM constituents from frozen
vs. ‘fresh’ starting materials (whole retinas or membranes). It should be noted that, in some
ROS preparations from frozen retinas, the relative mol% of DHA was significantly reduced
(e.g., by up to ~20 mol%) and a concomitant increase in the relative mol% of 22: 5n-6 was
observed (data not shown). Based upon previous studies on rodents fed n-3 deficient diets
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(Wiegand et al. 1991) and after discussion with representatives from Animal Technologies
Inc., we suspected that this deviation occurred as a result of dietary changes in cattle (i.e., grass-
vs. feed lot-fed). This observation highlights the potential heterogeneity of bovine retina
samples. As a result, we excluded such samples from the analyses presented herein.

Disk- and PM-enriched fractions were prepared by hypotonic lysis and centrifugation (80 000
g) on 5% (w/v) Ficoll by the method of Smith and Litman (Smith and Litman 1982), with one
exception. The original Smith/Litman protocol was designed to isolate osmotically intact disks
and the starting material was crude ROS. In our studies, the starting material used was purified
ROS (Zimmerman and Godchaux 1982). These ‘sealed’ (osmotically intact) ROS are well-
characterized and contain little contamination from inner segments, RPE, or synaptic vesicles
(Elliott et al. 2003). Therefore, centrifugation in 5% Ficoll results in a buoyant fraction
(accumulating at the Ficoll/water interface) enriched in osmotically intact disks and a pellet
enriched in ROS-derived PM.

Detergent-resistant membranes were prepared from intact ROS and from disk- and PM-
enriched membranes as previously described (Seno et al. 2001; Elliott et al. 2003). In brief,
purified membrane fractions (3 mg/mL for intact ROS, 2.5 mg/mL for disk and PM fractions,
final protein concentration) were solubilized in ice-cold 1% (by vol.) Triton X-100,
homogenized by three passes through a 20-guage needle and allowed to incubate for 10 min
on ice. As in a previous study (Martin et al. 2005), the detergent: lipid molar ratio was
determined to be 3: 1 for intact ROS and 3.6: 1 for disk and PM preparations, respectively. We
found no significant difference between disk and PM parent membranes with respect to their
fatty acids: protein ratio. The solubilized membranes were adjusted to a final sucrose
concentration of 0.9 mol/L by the addition of 2.4 mol/L sucrose in Buffer A (10 mmol/L Tris–
HCl, pH 7.4, 100 mmol/L NaCl, and 1 mmol/L EDTA), and then overlaid sequentially with
0.75 mol/L, 0.6 mol/L and 0.5 mol/L sucrose (all in buffer A) and centrifuged at 200 000 g for
18–20 h at 4°C (Beckman Optima L-80 XP Ultracentrifuge, using a SW60Ti rotor; Beckman
Coulter, Inc., Fullerton, CA, USA). Gradient fractions (0.49 mL each) were collected manually
from the top to bottom of the gradients. The DRMs were visible as an opaque band at the 0.5–
0.6 mol/L sucrose interface. The yield of DRMs based on the recovery of fatty acids compared
to parent membranes was 8% and 12% for disk and PM fractions, respectively. We recovered
4.8% and 5.2% of the total protein in DRM fractions from disk and PM, respectively. These
recoveries are similar to those we previously reported for DRMs derived from intact ROS
(Martin et al. 2005).

Proteomic analysis
The DRM-enriched fractions were identified based upon the enrichment of Cav-1 in low-
buoyant density fractions on western blots. Cav-1 was used as a raft-associated ‘marker’ as it
is known to be present in ROS-derived DRMs (Boesze-Battaglia et al. 2002; Nair et al.
2002; Elliott et al. 2003; Senin et al. 2004; Martin et al. 2005). These fractions (fractions 1–
4) were pooled and diluted fourfold with Buffer A and centrifuged at 150 000 g for 2 h at 4°C
in a Sorvall Discovery M150 rotor (S150AT-0148). The resulting pellet, containing the pooled
DRM fractions, was solubilized in Laemmli sample buffer (Laemmli 1970) and DRM proteins
were separated by 12% reducing sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) (Nour et al. 2004). The gel was stained with 0.25% Coomassie brilliant blue in
50% (v/v) methanol/10% (v/v) acetic acid for 30 min and destained with 25% (v/v) isopropanol/
10% (v/v) acetic acid until the background was completely clear. The gel was subsequently
dried using cellophane sheets (Bio-Rad Lab., Hercules, CA, USA) and scanned prior to
selecting and excising bands for in-gel digestion. Eleven distinguishable Coomassie brilliant
blue-stained bands (Fig. 1c) were excised from the gel and prepared from mass spectrometric
analysis as described below.
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In-gel digestion of protein bands was performed as described previously (Matsumoto and
Komori 2000). Briefly, protein bands excised from gels were destained with 50% (v/v)
acetonitrile/100 mmol/L ammonium bicarbonate (pH 8.9). In-gel digestion of each protein was
performed with sequence-grade modified trypsin (Promega, Madison, WI, USA). Tryptic
peptides were extracted from gels with 50% (v/v) acetonitrile/5% (v/v) trifluoroacetic acid,
and concentrated using a Savant Speed-Vac concentrator. The tryptic peptides were dissolved
in 0.2% trifluoroacetic acid, mixed with a matrix solution [10 mg/mL α-cyano-4-
hydroxycinnamic acid in 50% (v/v) acetonitrile/0.1% (v/v) trifluoroacetic acid], and then
applied to a target plate. Mass spectra were obtained using a matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometer (Voyager Elite; PerSeptive
Biosystems, Framingham, USA) and analyzed with the MASCOT peptide mass fingerprinting
program (Matrix Science, London, UK; http://www.matrixscience.com). Database searches
were performed against the National Center for Biotechnology Information (NCBI) non-
redundant database using the following parameters: (i) the protein database under
Mammalia; (ii) unlimited protein molecular weight and pI ranges; (iii) presence of protein
modifications including acrylamide modification of cysteine, methionine oxidation, protein N-
terminus acetylation, and pyroglutamic acid; and (iv) peptide mass tolerance of ±0.25 or 0.5
Da. MASCOT calculates the probability based MOWSE score that corresponds to the statistical
significance of the peptide matching between an experimental protein and its candidate protein.
In the current study, scores ≥69 correspond to p < 0.05. In order to confirm the identity of a
protein candidate, MS/MS analysis of tryptic peptides was performed using a MALDI-
quadrupole ion trap-TOF MS (Axima QIT; Shimadzu/Kratos, Manchester, UK). MS/MS data
for each protein were analyzed using the MASCOT MS/MS ion search program (Matrix
Science, London, UK). We considered the confirmation to be positive when the peptides that
we analyzed for confirmation obtained, either individually or together, a significant MASCOT
score (≥40, p < 0.05).

Lipid analyses of disk- and PM-derived DRMs
Disk- and PM-derived DRM fractions were collected and concentrated by centrifugation as
described for the proteomic analyses. DRMs and the respective starting membranes (either
disk or PM fractions) were subjected to a two-part extraction procedure to separate saponifiable
from non-saponifiable lipids. Briefly, samples were supplemented with internal standards [19-
hydroxycholesterol (Steraloids, Inc.; Newport, RI, USA) and 15: 0, 17: 0, and 21: 0 fatty acid
standards (Nu-Chek Prep; Elysian, MN, USA)] prior to saponification with 2% (w/v) KOH at
100°C for 1 h. Distilled H2O (0.5 mL) was added, the non-saponifiable lipids were extracted
five 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
five times into hexane (this organic phase contains saponified fatty acids). Both saponifiable
and non-saponifiable lipid extracts were dried under N2 and the non-saponifiable lipids are
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 (Agilent Technologies, Inc., Santa Clara, CA, USA); 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 (Martin et al. 2005).

Western blot analysis
Western blot analyses were performed as previously described (Nour et al. 2004). For all
western blots, proteins were initially separated by reducing SDS–PAGE on 10% gels. Blots
were probed with various primary antibodies at the following dilutions: anti-rod opsin (1D4),
1: 2000; anti-ABCA4 (Rim 3F4), 1: 10; anti-bovine Rom-1 (1C6), 1: 1000; anti-GARP (Garp
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4B1), 1: 250; anti-Cav-1, 1: 250; and anti-Glut-1, 1: 200 in 1–5% BSA in Tris-buffered saline
containing 0.1% Tween 20. Immunoreactivity was detected using horseradish peroxidase-
conjugated secondary antibodies (1: 5000) and chemiluminescent detection (SuperSignal®
West Dura Extended Duration Substrate; Pierce), followed by densitometric analysis using a
Kodak IS2000R Imaging Station. Care was taken to ensure that all signals were within the
linear range of the camera (i.e., below pixel saturation threshold). For the semiquantitative
analysis of rod opsin in DRMs derived from disk- and PM-enriched fractions, blots were probed
with secondary antibodies (1: 15 000) conjugated to IRDye 800CW and imaged using a Li-
Cor Odyssey Infrared Imaging system (Li-Cor Biosciences, Lincoln, NE, USA). To determine
the relative distribution of each protein throughout the gradient, the sums of signal intensities
for each protein in all lanes of the blot was determined yielding a ‘total’ signal for the entire
gradient. From this, a value for percent of total was calculated for each fraction by dividing
the signal in each lane by the total. When separated by reducing SDS–PAGE, rod opsin
typically forms a ‘ladder’ pattern comprised of the monomer (Mr ~ 39 kDa) and higher
molecular weight aggregates (dimers, trimers, etc.). To estimate the quantity of rod opsin in
DRM fractions, each band of the ladder in each lane was detected using Kodak Image Station
4000R software and the density values were combined, yielding a composite rod opsin content
for each lane. These values (individual bands or composite rod opsin density) were plotted
using GraphPad Prism® 4.03. At least three independent samples were analyzed and the mean
and standard deviations were determined and plotted.

Immunohistochemistry
Light microscopic immunohistochemistry was performed essentially as described in detail
previously for mouse retinas (Tan et al. 2001), with some modifications. Here we used freshly
harvested bovine eyes refrigerated immediately after slaughter and transported from the
abattoir to the lab on ice within 2 h. After dissection, retinas were fixed either in buffered mixed
aldehydes (freshly prepared 2% paraformaldehyde and 0.1% glutaraldehyde in 0.1 mol/L
sodium phosphate, pH 7.4) or in phosphate-buffered 4% paraformaldehyde (overnight, 4°C).
Following rinses with ice-chilled 50 mmol/L glycine in 0.1 mol/L sodium phosphate, pH 7.4
(once) and 0.1 mol/L sodium phosphate, pH 7.4 (three times), specimens of retina (with and
without RPE-choroid attached) were obtained using a 7-mm trephine, and were then processed
for LR White resin embedment and sectioned as described previously (cited above). Tissue
sections (0.75 μm thickness, on glass microscope slides) were incubated for 1 h at 25°C in a
humidified chamber with ‘blocking buffer’ (phosphate-buffered saline containing 1% (w/v)
radioimmunoassay-grade BSA and 5% (by vol.) normal goat serum). Primary antibody (or
non-immune control serum) was then applied at the desired dilution (e.g., 1: 100 (by vol.) for
anti-Cav-1, 1: 20 for anti-Glut-1, in blocking buffer) and incubation was carried out for 36 h
at 4°C. After rinsing briefly with phosphate-buffered saline, sections were treated for 2 h at
25°C with 1 nm colloidal gold-conjugated goat anti-rabbit IgG secondary antibody
(AuroProbe® One GAR, Amersham, Arlington Heights, IL, USA; diluted 1: 50 (by vol.) with
blocking buffer). Silver intensification was performed with an IntenSE® M Silver
Enhancement Kit (Amersham), per the directions of the manufacturer. Sections were then
rinsed with distilled water, lightly counterstained with 1% (w/v) toluidine blue in 1% (w/v)
sodium borate, rinsed again with distilled water, air dried, and coverslipped using
Permount® (Fisher Scientific, Hampton, NH, USA). Sections were viewed and photographed
with an Olympus BH-2 photomicroscope (Olympus America, Inc., Center Valley, PA, USA)
in the auto-expose mode, using a DPlanApo 20UV objective (0.70 NA) for bright-field
exposures and a SPlanApo 60 (1.40 NA) oil immersion objective with an Olympus BH-2 DCA
dark-field condenser for dark-field exposures. Images were captured with a Nikon DXM1200
digital camera (Nikon Instruments, Inc., Melville, NY, USA), stored on a PC hard drive, and
annotated using Adobe PhotoShop®.
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Statistical analyses
Multivariate analysis of variance (ANOVA) with post hoc Newman–Keuls tests was used to
assess statistical differences between comparison groups, with significance limit set at p < 0.05.
All groups contained at least three independent samples.

Results
Peptide mass fingerprinting analysis of DRM proteins

ROS-derived DRM fractions were isolated by as described in Materials and methods and
equivalent volumes (35 μL) of each fraction were subjected to SDS–PAGE (Fig. 1a). The
relative distribution of Cav-1 from three independent preparations was plotted as a percent of
the total Cav-1 on the gradients (Fig. 1b) and we found ~85% of it in the low buoyant density
fractions 1–4. DRM fractions 1–4 were pooled and subjected to mass spectrometric analysis
as described (see Materials and methods). From this analysis, we identified several ROS
proteins not previously reported in DRM fractions (see Table 1), including ABCA4 (also
known as ABCR), CNGα-1, CNGβ-1, and Glut-1. A representative MALDI-TOF MS spectrum
of tryptic peptides from the CNGα-1 subunit is shown in Fig. 2a. Rod opsin and PDE6 subunits,
two proteins previously reported in ROS-derived DRMs (Seno et al. 2001;Nair et al.
2002;Senin et al. 2004;Martin et al. 2005) were also identified (Table 1). The detection of
Na+/K+ ATPase α3 suggests minor cross-contamination from photoreceptor inner segment PM
within the DRM fractions. However, in a previous study of similarly-prepared bovine ROS-
derived DRMs (Elliott et al. 2003), this protein was not detectable in the ROS starting material
by immunoblotting. Peptide mass fingerprinting also identified a subunit of the vacuolar proton
ATPase in ROS-derived DRMs although this was not confirmed by MS/MS or immunoblot
analysis. Candidate proteins of interest were further confirmed by MALDI-QIT-TOF MS (MS/
MS) and/or western blot analyses.

Confirmation of DRM Protein Candidates by MS/MS
Candidate proteins initially identified by peptide mass fingerprinting were subsequently
analyzed by MS/MS to confirm their identities (Table 1). As indicated, Glut-1, ABCA4,
CNGα-1, and CNGβ-1 were all confirmed by significant MOWSE scores in MS/MS analyses
of three different peptides. The presence of these proteins in bovine ROS DRMs was further
confirmed by western blotting, as shown below. The presence of the CNGα-1 subunit in bovine
ROS DRM was determined by MS/MS of tryptic peptides derived from the CNGα-1 subunit
(Fig. 2), but was not investigated further by western analysis.

Semi-Quantitative Densitometric Analysis of DRM Proteins
Although informative, the mass spectrometric data do not provide an indication of the relative
quantities of the identified proteins in DRMs. Also, because of the sensitivity of such analytical
methods, some identified proteins could conceivably represent only a relatively minor
component of DRMs. Therefore, we set out to determine the relative proportion of these
proteins in ROS-derived DRM fractions by semi-quantitative densitometric analysis of western
blots of equivalent fractions from at least three independent DRM preparations (see Materials
and methods). The relative distribution of each protein was plotted as a percent of the total in
all fractions and compared to the distribution of Cav-1 (Fig. 3). Although care was taken to
ensure that all detected bands were within the linear range of the CCD camera, it should be
noted that experiments using pure recombinant proteins indicate that the chemiluminescent
enzymatic reaction is saturable with relatively small amounts of purified proteins (1–5 pmol;
data not shown). As a result, the immunoblot signals from extremely abundant proteins (e.g.,
rod opsin) would be outside the linear range of the chemiluminescent enzymatic reaction.
Therefore, for semi-quantitative analysis of rod opsin, we used an infrared imaging system that
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affords a 16-fold wider dynamic range (Li-Cor Biosciences) than the conventional detection
systems.

Mass spectrometric analyses indicated the presence of the integral disk membrane protein
ABCA4, as well as rod opsin, which is abundant in disks, but is also present in ROS PM
(Molday and Molday 1987). Although identified and confirmed by MS/MS, our immunoblot
analysis indicated that only ~3% of total ABCA4 localized to DRM fractions (Fig. 3a) thus, it
is unclear whether it is a bona fide DRM protein or a contaminant arising during DRM
fractionation. As shown in Fig. 3b, the majority (~85%) of rod opsin was found in non-DRM
fractions; however, ~15% of the total rod opsin (based upon densitometric analysis of western
blots) was associated with DRM fractions, in agreement with previous reports (Seno et al.
2001; Elliott et al. 2003; Senin et al. 2004).

As shown in Fig. 3c, the majority of Glut-1 fractionated with the ROS-derived DRMs (>80%
of total ROS-associated Glut-1). The DRM fractions isolated likely consist of a heterogeneous
population of raft domains (Pike 2004); thus, co-fractionation of Glut-1 with Cav-1 does not
necessarily indicate that the two proteins coexist within the same membrane domain. To
determine whether Glut-1 and Cav-1 interact with one another, co-immunoprecipitation
experiments were performed using monospecific antibodies against each protein; however,
each antibody only effected immunoprecipitation of its cognate antigen (data not shown),
suggesting a lack of interaction between Glut-1 and Cav-1.

Our analysis also demonstrated an enrichment of the CNGβ-1 subunit (~70 % of total) in DRM
fractions (Fig. 3d). Unfortunately, because of species specificity issues with the CNGα-1
antibody, we were unable to determine the relative distribution of this subunit on DRM
gradients. However, given that MS/MS data confirmed the presence of CNGα-1 in the DRM
fractions, one might predict a distribution pattern similar to that observed for the CNG β-1
subunit (Fig. 3d).

Immunogold Labeling of Cav-1 and Glut-1 in Bovine Retina
Given the dramatic co-fractionation of Glut-1 and Cav-1 in DRMs we sought to assess their
localizations in bovine retina tissue sections and to determine whether these proteins were
present in the same cellular locations. The immunogold labeling pattern obtained with Cav-1
antibodies (gold-conjugated secondary, with silver enhancement) is shown in Fig. 4a. The
photoreceptor inner segment (IS) layer was most prominently labeled, as were the endothelial
cells that line the lumen of retinal blood vessels. The inner and outer plexiform layers also were
more moderately immunopositive for Cav-1, whereas the outer and inner nuclear layers,
ganglion cell layer, and photoreceptor OS layer were minimally and diffusely labeled. The
localization of Cav-1 in the outer retina is similar to that observed in isolated bovine
photoreceptors (Elliott et al. 2003). In contrast, the ONL and inner plexiform layer exhibited
the most robust immunolabeling with anti-Glut-1 antibodies (Fig. 4b), with comparatively
more moderate labeling of the outer plexiform layer, inner nuclear layer and ganglion cell layer,
and only extremely sparse, diffuse labeling of the IS and OS layers. Thus, although both Cav-1
and Glut-1 co-localize to OS membranes, only a very minor fraction of the retina’s total
compliment of these proteins is localized to the OS layer. The lack of robust labeling of the
ROS membranes with these two raft markers suggests that DRMs represent only a small
fraction of the total ROS membrane surface area. This finding is consistent with the fact that
ROS membranes are cholesterol-deficient, relative to typical PMs (Boesze-Battaglia and
Albert 1992) and is also consistent with previous biochemical estimates that DRMs represent
~8% of the total ROS fatty acid (Martin et al. 2005). This finding is expanded upon in the
current study where we provide lipid analytical data on DRMs derived from isolated ROS disk-
and PM-enriched fractions.
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Subfractionation and Analysis of ROS Disks and PM
Given the dramatic enrichment of two PM proteins to ROS-derived DRMs, we sought to
examine the relative contributions and compositions of the distinct constituent membranes
(disks vs. PM) of the ROS. Therefore, disk- and PM-enriched fractions were isolated by Ficoll
flotation as described in Materials and methods. This ‘modified Smith/Litman method’ (Smith
and Litman 1982) was chosen over an alternative, well-characterized disk/PM isolation
procedure [‘Molday method’ (Molday and Molday 1987)] for reasons indicated below. The
purity of our disk and PM fractions is indicated in Figs 5a and 8a. The modified Smith/Litman
method is optimized for the isolation of osmotically intact disks, which float to the Ficoll-air
interface upon ultracentrifugation; in contrast, following osmotic shock, the PM, the basal-
most (so-called ‘open’) disks, and also the osmotically fragile disks tend to trap Ficoll upon
resealing and subsequently pellet when subjected to ultracentrifugation. In turn, any PM
adherent to osmotically-intact disks [e.g., via association between the CNGβ-1 GARP domain
and Rds (Poetsch et al. 2001)] would be predicted to fractionate in the buoyant disk fraction.
The detection of small amounts of Rds and the association of CNGβ-1 with the PM and disk
fractions, respectively, is consistent with this. Although trypsin treatment has been shown to
eliminate this association by removing the GARP portion of CNGβ-1 (Poetsch et al. 2001),
we avoided this treatment because it potentially could affect partitioning of proteins to DRM
domains. At least some of the membranes in our PM-enriched fraction may represent the basal-
most population of ROS disks. However, the cross-contamination of these membranes is
expected to be relatively low given: (i) the nearly quantitative fractionation of Glut-1 in PM-
enriched fractions (Fig. 5a); (ii) the dramatic enrichment of Rds in disk-enriched fractions (Fig.
5a); and (iii) the marked and predictable differences in cholesterol (Fig. 7a) and fatty
composition (Fig. 8a). In fact, the results of our cholesterol and fatty acid analyses of disk-and
PM-enriched fractions are quite similar to those reported previously (Boesze-Battaglia and
Albert 1989, 1990) using highly purified ROS disks and PM prepared by the Molday method.

While both disks and PM share some protein components (e.g., rod opsin), they also have
distinct proteins unique to each fraction. As previously observed (Smith and Litman 1982), a
protein having the apparent relative molecular weight (Mr) of rod opsin accounts for ~90% of
the total stained protein in our disk-enriched fraction (Fig. 5a, upper panel). CNGβ-1 and Rds
exhibited preferential enrichment in ROS disks, compared to PM, while Glut-1 showed an
absolute preference for PM, compared to disks (Fig. 5a (lower panel). Cav-1 was present both
in PM and disks, but exhibited a 2.8-fold enrichment in the PM fraction based on densitometric
analysis of 4 independent preparations.

Having obtained PM- and disk membrane-enriched fractions, we then proceeded to
subfractionate each to obtain DRM and non-DRM fractions (Fig. 5b and c). Very little rod
opsin was detectable in PM-derived DRMs (Fig. 5b; see also semi-quantitative analysis, Fig.
6). However, Glut-1 exhibited marked enrichment in these fractions; hence, the overwhelming
majority of Glut-1 found in ROS PM is DRM-associated. Note that, in both cases, the
distribution of protein is approximately equal in fractions 4 and 5. In contrast, while only about
30% of the total CNGβ-1 coincides with these DRM fractions, the distribution within these
fractions is decidedly unequal, with about 80% of the CNG β-1 preferentially located in fraction
5 (see Discussion). Companion analysis of disk membrane fractions (Fig. 5c) revealed
substantially different results than that obtained with the PM-enriched fraction. For one, there
was a notable shift to lighter densities for the Cav-1-containing fractions, compared to that of
PM (cf. Fig. 5b), with the majority being distributed approximately equally between fractions
3 and 4. Secondly, at least half of the total CNGβ-1 in disks was distributed in DRM fractions,
with the majority of that being localized to fractions 3 and 4 (not fraction 5, as found for PM).
Again, we believe that the presence of CNG channel in these disk preparations is artifactual
(see Discussion above), and does not represent its true localization in vivo. In contrast to the
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PM-enriched fractions, there was a significant pool of rod opsin detectable in DRM fractions
4 and 5 derived from disk-enriched membranes (Fig. 5c). The semi-quantitative analyses of
rod opsin distribution from three independent disk- and PM-enriched DRM preparations are
presented in Fig. 6a (representative blots different from those presented in Fig. 5 are shown in
Fig. 6b and c). Notably, only ~2% of the total rod opsin fractionates to DRMs (fractions 2–4)
derived from PM-enriched membranes whereas ~16% of the total rod opsin is found in DRM
fractions 2–4 isolated from disk membranes. The results observed for disk membranes are
similar to those observed for ROS membranes in general [Fig. 3b; and (Seno et al. 2001; Senin
et al. 2004)]. Notably, there was no detectable Glut-1 in any disk fraction (data not shown).
While the majority of Rom-1 in disks was distributed in the higher density sucrose gradient
zone (fractions 7 and 8), an appreciable percentage was found in the DRM fractions (Fig. 5c).
The distribution of Rds was qualitatively similar (data not shown) consistent with the results
shown for the representative starting materials (Fig. 5a). In sum, these results highlight the
heterogeneity of the DRM populations in ROS PM vs. disk membranes, which may indicate
distinct compositional differences between raft domains.

Lipid analyses of DRM fractions from disks and PM
Next, we assessed the relative concentration of cholesterol in disks vs. PM, and DRM-enriched
fractions derived there from. The results, normalizing cholesterol (chol) content to total
phospholipid (PL) content on a mole basis, are shown in Fig. 7a. As expected, there was an
enrichment of cholesterol in DRM fractions, compared to the initial membranes from which
they were derived, both in ROS disks and PM. Normalizing cholesterol content to total protein
showed a similar trend (data not shown). For disks, comparing mean values, this enrichment
was about twofold, while for PM it was about 1.5-fold. Notably, the mean chol/PL mole ratio
of PM was about threefold greater than that of disks and about twofold greater than that of disk
DRMs. Also, the mean chol/PL ratio of ROS PM-derived DRM was almost fourfold greater
than that of disk-derived DRMs. Hence, there is a trend in the relative enrichment of cholesterol
in these membranes: PM DRMs ≫ PM > disk DRMs > disks.

To further examine compositional differences between disks, PM, and DRMs derived there
from, we determined the relative distribution of saturated, monounsaturated, and
polyunsaturated fatty acid (PUFA) classes within and between these same membrane fractions.
As shown in Fig. 7b, each of these membrane fractions exhibited its own signature pattern of
fatty acid composition. For ROS disks, saturates and PUFA dominated (ca. 95% of total fatty
acids) and were approximately equal in amount, whereas monounsaturates represented only
about 5% of the total. In contrast, disk-derived DRM were enriched in saturated fatty acids (ca.
65% of total), being at least twofold higher than the amount of PUFA; again, monounsaturates
represented a minor fraction (ca. 4%). For unfractionated ROS PM, while the relative ratio of
saturated fatty acids to PUFA was approximately 2 (as for disk DRM), the relative amount of
monounsaturates was substantially increased (ca. 17.5% of total), being ca. threefold higher
than that of disks or disk DRM. The PM-derived DRM fraction exhibited yet another pattern:
saturated fatty acids (ca. 67% of total) were approximately fourfold more prevalent than either
monounsaturates or PUFA, the latter representing approximately equal percentages (ca. 16–
17%) of the total fatty acids in this fraction. If we compare the saturated: PUFA mole ratios,
the trend is as follows (ratio values given in parentheses): disks (0.98) < PM (2.04) < disk
DRMs (2.31) ≪ PM DRMs (4.38). These trends in saturated/unsaturated fatty acids are
generally consistent with the trends in the relative enrichment of cholesterol among these four
membrane fractions: DRMs represent a cholesterol-enriched fraction, relative to non-DRM
domains (Brown and London 2000;Simons and Vaz 2004), and cholesterol has a higher affinity
for (packs more tightly with) saturated vs. unsaturated fatty acids (Xu and London 2000).
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Having demonstrated dramatic variations in the fatty acid composition of ROS PM vs. disks
and their constituent DRM fractions, we then examined the detailed fatty acid composition of
each of these membrane preparations. The results are shown in Fig. 8. Overall, the fatty acid
composition of these membrane fractions is relatively simple, with only 3–4 dominant species
each representing at least 10 mol% of the total. In ROS disks (Fig. 8a), DHA (22: 6n3)
represents nearly 30 mol% of the total fatty acids, being only slightly more prevalent than
stearic acid (18: 0, ca. 27.5 mol%); palmitate (16: 0, ca. 20 mol%) is the third most prevalent
fatty acid. Together, these three comprise ~80% of the total fatty acids in disk membranes; by
comparison, oleate (18: 1), arachidonate (20: 4n6), and docosapentaenoate (22: 5n6) are
relatively minor species, each accounting for only ca. 4–6 mol% of the total fatty acids.
Comparing ROS disks vs. PM (Fig. 8a), DHA levels are nearly threefold higher in disks than
in PM, where the dominant fatty acid species are 16: 0 and 18: 0 (each ca. 27–28 mol%),
percentage-wise, 18: 1 is a significant species (>15 mol%) in PM, being nearly threefold more
prevalent than in disk membranes. These findings are in general agreement with those
previously reported by Boesze-Battaglia and Albert (Boesze-Battaglia and Albert 1989) and
provide a further indication of the purity of the disk and PM-enriched starting materials.
Comparing disks vs. their constituent DRM (Fig. 8b), these general trends tend to hold
qualitatively; however, 16: 0 and 18: 0 are each ca. 31–32 mol% of total fatty acids in disk
DRM, with 16: 0 being ca. 1.6-fold higher and DHA being ca. 1.9-fold lower in disk DRM,
relative to unfractionated disks. The levels of 18: 1, 20: 4n6, and 22: 5n6 are comparable in
disks and disk DRM (unlike the case for disks vs. PM, there is no difference in 18: 1 levels
when comparing disks vs. disk DRM). Comparing ROS PM vs. DRM derived therefrom, while
the DHA levels are low in PM compared to disks (see Fig. 8a), they were about twofold higher
than in the PM-derived DRM fraction, where 16: 0 is the dominant fatty acid (nearly 40 mol
%, ca. 1.4–fold higher than in PM). The levels of 18: 0 (ca. 26 mol%) and 18: 1 (ca. 14–15 mol
%) are comparable in PM vs. PM-derived DRMs. Finally, comparing disk- vs. PM-derived
DRM fractions, DHA levels are nearly threefold higher in disk DRMs. Also, while 16: 0 and
18: 0 are the dominant acyl species in both membrane fractions, accounting for ca. 65% of the
total fatty acids, the levels of these species are nearly equivalent in disk DRMs, whereas in PM
DRM there is ca. 1.5-fold more 16: 0 than 18: 0. In addition, 18: 1 levels are >2-fold higher in
PM DRM than in disk DRM. In total, the data shown in Fig. 8 are very consistent with the
composite fatty acid class data shown in Fig. 7b.

Discussion
A goal of the current study was to provide an analysis of the protein and lipid composition of
ROS-derived DRMs to provide a biochemical framework to facilitate further studies on
membrane microdomains in photoreceptors. Mass spectrometric analyses identified several
novel proteins in DRM fractions (e.g., CNG channel subunits, and Glut-1) and subsequent
immunoblot analyses demonstrated that the CNG channel β-subunit and Glut-1, both integral
PM membrane proteins (Cook et al. 1989; Hsu and Molday 1991) are enriched in DRMs (Fig.
3).

The functional significance of the enrichment of the CNG channel in DRMs remains to be
elucidated. Studies have shown a significant pool (~25%) of the homologous olfactory CNG
channel (CNGA2) is localized to cholesterol-rich DRM and depletion of cholesterol by
treatment with methyl-β-cyclodextrin effectively disrupted prostaglan-din-induced Ca2+

conductance (Brady et al. 2004). Membrane lipid composition may also regulate the activity
of Glut-1 (Carruthers and Melchior 1984) and cholesterol depletion resulting in raft disruption
causes increased Glut-1 transport activity (Barnes et al. 2004). Treatment of cells with azide,
an inhibitor of oxidative phosphorylation, results in increased Glut-1 activity that correlates
with a change in localization of Glut-1 from DRMs to non-DRM fractions (Rubin and Ismail-
Beigi 2003). It is tempting to speculate that the lipid composition of membrane microdomains

Elliott et al. Page 11

J Neurochem. Author manuscript; available in PMC 2010 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the ROS PM might regulate photoreceptor CNG channel and glucose transport activities in
an analogous manner.

With well-characterized disk- and PM-enriched fractions in hand, we were able to address
several outstanding issues regarding the contribution of each of these ROS membrane
compartments to ROS-derived DRMs, including the contribution of PM to DRM rod opsin
content. A portion (ca. 15%, based on immunoblot data) of the total rod opsin content of intact
ROS membranes localized to DRMs [Fig. 3b, and (Seno et al. 2001;Senin et al. 2004)].
However, it was unclear whether rod opsin in DRMs isolated from intact ROS was derived
predominantly from disks or PM. The current results demonstrate that rod opsin is relatively
absent (only ~ 2% of the total) from PM-derived DRMs (Fig. 6), while ~16% of the total of
disk-derived rod opsin fractionates to DRMs. In addition to the fact that the PM only represents
<3% of total ROS membranes, these findings clearly demonstrate that the vast majority of rod
opsin in ROS-derived DRM preparations originates from disks and provides further support
to the idea that disk membranes contain raft-like domains.

Our results clearly demonstrate that DRMs can be isolated from disks. However, the
localization of ABCA4 (ABCR), a resident protein of disk rims, deserves further discussion.
Based on the presence of ROM-1, the rim region has been suggested to be a site of membrane
heterogeneity in disks (Boesze-Battaglia et al. 2002). Although detected and identified in our
mass spectrometric analyses disk-derived DRMs (Table 1), ABCA4 was not an abundant
protein component of such membrane domains (Fig. 3a), suggesting that ROM-1 and ABCA4
reside in biophysically-distinct membrane domains. The transported ligand of ABCA4 has
been identified as the protonated Schiff’s base complex of all-trans retinaldehyde and
phosphatidylethanolamine (N-retinylidene-PE) (Sun et al. 1999; Weng et al. 1999; Ahn et
al. 2000; Sun and Nathans 2001; Beharry et al. 2004). We have previously reported that
phosphatidylethanolamine is relatively enriched in non-DRM fractions derived from intact
ROS membranes (Martin et al. 2005). Thus, although speculative, it is perhaps not surprising
that ABCA4 preferentially fractionates to non-DRM (i.e., phosphatidylethanolamine-
deficient) membrane domains. It is presently unknown whether N-retinylidene-PE is enriched
in DRMs, but this could be pursued further by comparative analysis of microdomain
composition in ABCA4-null vs. wild-type mice.

Additional features regarding compositional differences between disk and PM-derived DRMs
became evident when the fractionation of proteins to these domains was analyzed (Figs 5b, c
and 6). While PM and disks were found to contain DRMs, as evidenced by the presence of low
buoyant density fractions containing Cav-1, the relative distribution of Cav-1 in these fractions
was not identical: the majority of Cav-1 in disk DRMs was found in fractions 3 and 4 (somewhat
more in 3 than in 4), while in PM-derived DRMs the majority of Cav-1 was found distributed
approximately equally in fractions 4 and 5. This may indicate differences in the lipid/protein
ratios of DRMs from disks vs. PM. The heterogeneity of DRM populations is further indicated
by the differential distribution of certain marker proteins and also by differences in lipid
composition, including chol: PL mole ratios (Fig. 7a), fatty acid class composition (saturated/
unsaturated ratios; Fig. 7b), and detailed fatty acid species differences (Fig. 8). The cholesterol
content of disks is heterogeneous with the highest content present in newly synthesized disks
(Boesze-Battaglia et al. 1990), which are located basally (proximal to the connecting cilium
of the photoreceptor), and these results correlate with the observed distribution of PFPs on
disks (Andrews and Cohen 1979). Given the relative paucity of cholesterol in apical disks
(proximal to the retinal pigment epithelium), relative to the more basally located disks, it is
most likely that disk-derived DRMs are derived largely from basal, rather than apical, disks.

From these detailed composition analyses, it now is clear that DRMs in ROS disks are distinct
from those in ROS PM. Furthermore, lipid analyses demonstrated that PM-derived DRMs have
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nearly a threefold higher cholesterol content and a ca. 1.6-fold higher saturated/PUFA ratio
than disk DRMs. In addition, the DHA content of disk DRMs is about twofold greater than in
PM DRMs. The markedly different lipid environment of DRMs in disks vs. PM would be
predicted to significantly impact the biophysical and functional properties of membrane
proteins in these domains. Given the considerably greater enrichment of cholesterol and higher
saturated/PUFA ratio in PM compared to disks, we initially predicted that DRMs would
represent a proportionately larger percentage of the total membrane mass in PM than in disks;
however, this turns out not to be the case. Based upon the results of our fatty acid analyses,
DRMs represent ~8% of the disk membrane and ~12% of the PM. We recovered 13% and 18%
of the total cholesterol in the disk and PM-derived DRM fractions, respectively, suggesting
that the majority of cholesterol is present in the bulk phase; alternatively, Triton X-100
solubilization may have disrupted a portion of the DRMs (Schuck et al. 2003). However, the
enrichment of Cav-1 in DRMs suggests, at least, that our treatment did not solubilize Cav-1-
enriched microdomains.

The results of this study suggest that membrane microdomains may be relatively abundant in
ROS PM, consistent with previous observations on cholesterol distribution in ROS membranes
and the abundance of PFPs. The ROS PM has a cholesterol/phospholipid mole ratio of ~0.40
(Boesze-Battaglia and Albert 1989), compared to disk membranes, which average ~0.12
(Fliesler and Anderson 1983; Boesze-Battaglia et al. 1989); our present results are consistent
with these prior findings. Previous studies have shown a sixfold gradient in the cholesterol
content of ROS disks, with basal disks exhibiting a cholesterol/phospholipid ratio of ~0.30 and
the most apical disks having a ratio of ~0.05 (Boesze-Battaglia et al. 1990). Given the
requirement of cholesterol to form lipid raft microdomains (Brown and London 2000; Pike
2004), these findings correlate well with the distribution of cholesterol-rich, PFPs observed by
freeze-fracture electron microscopy, because such patches were prominent in PM and basal,
but not apical, disks (Andrews and Cohen 1979). However, it is surprising that a relatively
similar proportion of disk membranes also contain DRMs and that the majority of DRM-
associated rod opsin is disk-derived, even though the majority of disks are relatively
cholesterol-deficient. The exact correlation between DRMs (a persistent, biochemically
isolated membrane fraction) and bona fide lipid rafts (dynamic and transient membrane
domains existing in vivo) remains a matter of considerable controversy (Shogomori and Brown
2003; Silvius 2005; Brown 2006; Hancock 2006; Shaw 2006; Jacobson et al. 2007). While it
is tempting to speculate that PFPs, DRMs, and lipid rafts share the same identity, more
definitive proof is necessary to make this claim compelling. However, the current study
provides a biochemical framework to facilitate further studies on membrane microdomains in
photoreceptors.

Prior studies have shown that cholesterol can bind to rod opsin (Albert et al. 1996b) and that
a high-cholesterol membrane environment suppresses the transductional competence of rod
opsin by decreasing its ability to become activated [(Boesze-Battaglia and Albert 1990; Albert
et al. 1996a; Niu et al. 2001, 2002); reviewed in (Albert and Boesze-Battaglia 2005)]. These
facts are inconsistent with DRMs serving the function of platforms that support
phototransduction in the ROS. Instead, DRMs may represent reservoirs that dynamically and
transiently sequester phototransduction cascade components in a transductionally silent state;
upon release from the high-cholesterol DRM environment, these components may then re-
engage in phototransduction. Based upon the results presented herein, a hypothetical model of
membrane domain organization in photoreceptor disk and PM is presented in Fig. 9 and
expands upon the model presented by Boesze-Battaglia et al. (2002). Our model summarizes
the findings that the majority of disk-derived rod opsin is located in the bulk (non-DRM) phase,
with only a modest portion found in DRMs; in contrast, essentially all rod opsin in the PM is
found in the bulk phase. In addition, most of the CNG ion channel and essentially all Glut-1
transporter from the ROS PM are DRM-associated. Rom-1, Rds, and ABCA4 are exclusively
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localized to the ROS disks; within the disks, most of the Rom-1 and essentially all of the Rds
and ABCA4 are found in non-DRM domains. For simplicity, peripherally-associated proteins
that have been previously reported in DRMs (e.g., transducin, cGMP-PDE, and guanylate
cyclase) are not shown.

In conclusion, the current study provides a host of new information regarding membrane
domains in ROS. Here, we provide the first mass spectrometric analyses of ROS-derived DRMs
and identify several novel DRM-associated proteins including the CNG channel and the Glut-1
transporter. This clearly indicates that both ROS plasma and disk membranes contain DRM
domains. We also provide the first detailed fatty acid analysis of DRM domains isolated from
ROS disks and PM. We show that DRMs represent approximately 8% of disks and 12% of
ROS PM, and that the lipid environment of disk DRMs is markedly distinct from that of PM-
derived DRMs. In addition, we demonstrate that the majority of rod opsin observed in DRMs
is, rather surprisingly, derived from disks. Although the integral disk protein, ABCA4, is
present in ROS-derived DRMs (based on sensitive mass spectrometric analyses), it is relatively
less abundant than either of two integral PM proteins, CNGβ-1 or Glut-1, both of which are
enriched in DRMs, relative to non-DRM domains. The exact relationship between these
biochemically-isolated DRM fractions and the bona fide raft domains in native ROS
membranes in vivo is currently under investigation.
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Abbreviations

ABCA4 ATP-binding cassette transporter superfamily class A number 4

BSA bovine serum albumin

Cav-1 caveolin-1

chol cholesterol

CNGβ-1 cyclic nucleotide-gated channel beta-1 subunit

DHA docosahexaenoic acid

DRM detergent-resistant membrane

GARP glutamic acid-rich protein

Glut-1 glucose transporter type 1

IS inner segment

MALDI-TOF matrix-assisted laser desorption/ionization time-of-flight

PDE6 cGMP-phosphodiesterase

PFPs particle-free patches

PL phospholipid
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PM plasma membrane

PUFA polyunsaturated fatty acid

Rds retinal degeneration slow protein

Rom-1 rod outer segment membrane protein 1

ROS rod outer segment

Tα transducin alpha subunit

Tβγ transducin beta-gamma subunits
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Fig. 1.
(a) Representative Coomassie blue-stained 12% SDS–PAGE gel of bovine ROS membrane
fractions [F1–F8, and pellet (P)] obtained by Triton X-100 treatment and differential sucrose
density-gradient ultracentrifugation. (b) Semi-quantitative western (immunoblot) analysis of
the distribution of Cav-1 (upper panel) and a representative Cav-1 immunoblot (lower panel)
of these membrane fractions. Migration positions of protein molecular weight markers are
denoted by numbers on the left-hand side of the gel and blot. Cav-1 distribution was determined
by densitometric analyses of blots; the amount in each fraction is plotted as a percent of the
total Cav-1 in all the fractions (see Materials and methods). Error bars represent standard
deviation (SD) of the mean percent in each fraction (N = 4 DRM fractionations, from 4
independent ROS preparations). (c) Coomassie blue-stained 12% SDS–PAGE gel of proteins
from concentrated DRM fractions subsequently analyzed by mass spectrometry. Band numbers
of excised bands subjected to mass spectrometric analysis are indicated to the right of the gel.
These band numbers correspond to those indicated in Table 1.
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Fig. 2.
Characterization of tryptic peptides from bovine DRM proteins using MALDI-TOF mass
spectrometry. (a) MS spectrum of the tryptic digests using MALDI-TOF. The peaks with the
assigned m/z value consistent with the theoretical tryptic peptide mass of the candidate CNG-
α1 subunit are indicated by the asterisks. (b) MS/MS spectrum of an ion peak at m/z 1181.55
(see panel a) using MALDI-QIT-TOF MS. The C-terminal y-series and N-terminal b-series
ions derived from the peptide corresponded to the amino acid residues 261–269 of CNGα-1.
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Fig. 3.
Semi-quantitative analysis of the fractionation of integral membrane proteins to ROS-derived
DRMs. DRM fractions (F1–F4) contain only a small percentage of the total amount of ABCA4
(a), a somewhat higher percentage of rod opsin (b), and dramatic enrichment of Glut-1 (c) and
CNG β-1 (d). In each case, the upper panels show the percentage of each protein (solid lines)
plotted along with the distribution of Cav-1 (dashed lines, replotted from Fig. 1) to designate
DRM fractions; lower panels show corresponding western blot. Error bars represent the SD of
mean values obtained from four independent DRM preparations (from 4 separate ROS
preparations).
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Fig. 4.
Dark-field, light microscopic, silver-enhanced immunogold labeling of bovine retina with
antibodies against (a) Cav-1 and (b) Glut-1. In each, the inset panel represents a higher-
magnification image. Note the minimal, diffuse labeling of the outer segment (OS) layer with
both DRM-specific markers. Abbreviations: IS, inner segment layer; ONL, outer nuclear layer;
OPL, outer plexiform layer; OLM, outer limiting membrane; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer; BV, blood vessel. Scale bar (all panels): 25
μm.
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Fig. 5.
Isolation and characterization of DRM and non-DRM fractions from bovine ROS plasma
membranes (PM) and disks. (a) Upper panel: GelCode Blue®-stained SDS–PAGE gel of
isolated ROS PM and disk fractions. Lower panel: Corresponding western blots, probed with
antibodies to disk marker proteins (CNGβ-1 and Rds), a PM marker protein in disks (Glut-1),
and a DRM marker protein (Cav-1). (b) Western blot analysis of sucrose gradient fractions of
DRMs prepared from ROS PM, probed with antibodies against CNGβ-1, rod opsin, Glut-1,
and Cav-1. (c) Western blot analysis of sucrose gradient fractions of DRMs prepared from
ROS disk membranes probed with antibodies against CNGβ-1, rod opsin, Rom-1, and Cav-1.
Note that the DRM fraction distribution in PM is shifted to slightly heavier density (F4–F5),
compared to the DRM fractions obtained from disk membranes (F3–F4).
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Fig. 6.
Semi-quantitative analyses of rod opsin distribution in DRM fractions derived from disk and
PM-enriched membranes. (a) Distributions of rod opsin in DRM fractions from disks (filled
squares/solid line) and PM (open circles/dotted line) were determined by densitometric
analyses of blots from three independent DRM fractionations. The amount of rod opsin in each
fraction is plotted as a percent of the total rod opsin in all the fractions. Error bars represent
standard deviation (S.D.) of the mean percent in each fraction (N = 3 DRM fractionations each
from three independent disk/PM isolations). Representative immunoblots from disk (b) and
from PM (c) are also shown.
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Fig. 7.
(a) Cholesterol/phospholipid (Chol: PL) mole ratio of unfractionated ROS disk membranes,
disk DRMs, unfractionated ROS plasma membranes (PM), and PM-derived DRMs. (b)
Correlative distribution (relative mol%) of saturated (black bars), monounsaturated (shaded
bars), and polyunsaturated (open bars) fatty acids in each of the membrane fractions shown in
panel a. Data represent mean values (with SD error bars), N = 3 independent preparations each.
Asterisks (*) denoted statistically significant differences (p < 0.05).
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Fig. 8.
Comparative fatty acid composition analysis of ROS disk and PM fractions (mean values
expressed as relative mol%, with SD; N = 3). (a) Disk membranes (black bars) vs. plasma
membranes (shaded bars). (b) Unfractionated disk membranes (black bars) vs. disk DRMs
(shaded bars). (c) Unfractionated plasma membranes (black bars) vs. plasma membrane DRMs
(shaded bars). (d) Disk DRMs (black bars) vs. plasma membrane DRMs (shaded bars).
Asterisks (*) denoted statistically significant differences (p < 0.05).
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Fig. 9.
Schematic model depicting the segregation of ROS disk and PM proteins into DRM vs. non-
DRM (bulk phase) domains. DRM domains are indicated by red circles. Rod opsin is entirely
localized to the bulk phase in the ROS PM and is largely localized to the bulk phase in disk
membranes, with a small portion residing in disk DRMs. Most Rom-1 and essentially all Rds
and ABCA4 in the ROS are localized to non-DRM domains in disks; these proteins are not
present in the ROS PM. The majority of CNG ion channels and essentially all Glut-1
transporters are localized to PM-derived DRMs; neither of these proteins is found in disks.
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