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Abstract

This study reports the isolation and characterization of a Triton X-100-resistant membrane fraction
from homogenates of rod outer segment (ROS) disk membranes purified free of the surrounding
plasma membrane. A portion of the ROS disk membrane was found to be resistant to Triton X-100
extraction at 4 °C. This detergent-resistant fraction was isolated as a low buoyant density band on
sucrose density gradients and exhibited an increase in light scattering detected at 600 nm.
Biochemical analysis of the Triton X-100-resistant fraction showed it to be enriched in cholesterol
and sphingomyelin relative to phospholipid and in phospholipid relative to protein compared with
the soluble fraction. The Triton X-100-resistant membranes described herein did not arise simply
from partial solubilization of the ROS disk membranes because detergent-treated low buoyant
density fractions isolated from homogenates with octyl glucopyranoside had cholesterol and
sphingomyelin content indistinguishable from that of solubilized ROS disk homogenates. Analysis
of proteins associated with the Triton X-100-resistant fraction showed it to be enriched in the rim-
specific protein ROM-1 and caveolin; surprisingly, the fusion protein peripherin/rds (where rds is
retinal degeneration slow), also localized to the disk rim, was entirely absent from the membrane
raft domain. The lipid profiles of the Triton X-100-resistant membranes were virtually identical in
preparations homogenized in either the light or dark. Slightly more ROM-1 was recovered from
samples prepared in the light (23%) than from samples prepared in the dark (13%), but
peripherin/rds could not be detected in either preparation. When the Triton X-100-resistant
membranes were treated with methyl-A-cyclodextran to deplete membrane cholesterol, the
resultant membranes contained slightly lower levels of ROM-1, specifically in the dimeric form.
Cholesterol depletion also resulted in the collapse of the large caveolin complex to monomeric
caveolae. The results presented herein characterize a pool of ROM-1, a photoreceptor tetraspanin
protein, that may play a regulatory role in peripherin/rds-dependent fusion.
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Photoreceptor rod cells are responsible for vision under dim light. These unique post-mitotic
cells are made up of a rod inner segment and a rod outer segment (ROS)? region. The ROS
contains a stack of closed membranous sacs, referred to as disks, that contain the
photoreceptor rhodopsin and that provide the requisite lipid environment for the initial
events of phototransduction. There is a continual turnover of disk membranes and the
proteins contained therein. Through coordinated processes of disk renewal at the base of the
outer segment and disk shedding at the apical tip, the outer segment region is maintained at a
constant length, and the physiologic function of light transduction is maintained (1).
Interestingly, although the distribution of the major proteins within disks remains constant
during the basal-to-apical transit of disks, a process that requires 10 days in the vertebrate
rod cell, the lipid composition of the disks changes during this time. Specifically, the
cholesterol content of the disks decreases by >50% as they age (2, 3), and the content of
saturated fatty acid in the phospholipids increases (4). This same cholesterol heterogeneity is
not observed in disk membranes isolated from an animal model of retinal degeneration, the
Royal College of Surgeons rats (5). In addition to the loss of cholesterol from disks as they
are apically transported, a tremendous sorting of lipid components occurs at the base of the
ROS as new disks are formed from the surrounding ROS plasma membrane. The plasma
membrane is found to be high in cholesterol (6) and squalene (7) and relatively enriched
(compared with disks) in saturated fatty acids (4). Conversely, the mature disks are enriched
in unsaturated fatty acids species, specifically docosahexanoic acid, 22:6 (6).

The sorting at the base of the ROS is not limited to lipid components, but includes the
selective association of the cGMP channel, the GLUT-1 transporter, and the Na*-Ca2*
exchanger (Refs. 8 and references therein) with the plasma membrane, while rhodopsin,
guanylate cyclase, the ABCR protein, and two photoreceptor-specific tetraspanin proteins
(peripherin/rds (where rds is retinal degeneration slow) and ROM-1) sort to the disk
membrane (8). The unique protein complex consisting of peripherin/rds and its non-
glycosylated homolog, ROM-1 (9-11), is localized exclusively to the bulbous ends of the
disks, termed the rim region (12). Hydrodynamic evidence and mutagenesis studies have
shown that peripherin/rds forms disulfide-linked dimers that assemble into homotetramers
(13, 14). The tetramers associate into larger polymers of intermediate size, and
polymerization appears to be inhibited by ROM-1 (13, 14). The peripherin/rds dimers
complex noncovalently with ROM-1 homodimers to form heterotetrameric complexes, the
precise function of which is unknown. Peripherin/rds participates in the maintenance of
normal ROS disk membrane structure and in disk morphogenesis and shedding (Ref. 15 and
references therein) and acts as a photoreceptor-specific fusion protein (16, 17).

Both peripherin/rds and ROM-1 belong to a growing family of proteins consisting of four
transmembrane domains known collectively as tetraspanins (18). In various other cell types,
tetraspanin proteins serve as molecular adapters in the assembly of protein complexes in
membrane microdomains known as rafts (19, 20). The association between tetraspanin
proteins and protein complexes falls into three categories, loosely associated such that, in a
Triton X-100-soluble fraction, the complex is retained, or in a Triton X-100-soluble fraction,

1The abbreviations used are: ROS, rod outer segment(s); OG, octyl glucopyranoside; MOPS, 4-morpholinepropanesulfonic acid,;
mAb, monoclonal antibody; GARP, glutamic acid-rich protein.
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the complex is not retained. Furthermore, the most tightly associated complexes are Triton
X-100-resistant species that are isolated as membrane rafts (18). To understand the nature of
the noncovalent association between peripherin/rds and ROM-1, we investigated the
distribution of these two proteins in ROS disk membrane-specific membrane rafts.

The lateral organization of lipids within ROS membranes has been a subject of intense
investigation over the past 2 decades (for reviews, see Refs. 21 and 22). More recently, the
concept of lateral organization of lipids has been refined to include their role as functional
domains within membranes with the recognition of separate liquid-ordered phases
embedded in the liquid-disordered matrices in the bilayer (19). These more ordered liquid
phases, known as rafts, are described as unique assemblies of cholesterol, sphingomyelin,
and saturated lipids (23, 24). They can be readily isolated in most cells as Triton X-100-
resistant species at low temperature. A correlation between lipid organization in the context
of a membrane raft, phototransduction, and lipid and protein sorting is in the early stages of
characterization. Recent model membrane studies suggest that cholesterol is necessary for
the recruitment of polyunsaturated fatty acids by rhodopsin into membrane microdomains
(25). Similar studies also demonstrated the requirement for specific lipids in the activation
process of rhodopsin (26-28), in transducin binding (29), and in phosphodiesterase
activation (30).

Rafts are involved in a variety of transport, signaling, and differentiation processes.
Membrane rafts are characterized by a number of well defined criteria, the most essential of
which are their high cholesterol-to-phospholipid content, high sphingomyelin content, low
buoyant density, light scattering properties, and unique protein composition (19, 20, 31).
Although other investigators have isolated what appear to be low buoyant density Triton
X-100-resistant membrane fractions from ROS with unique protein compositions, their
analyses did not include all of the criteria to distinguish these as rafts (32, 33). The results
presented herein provide the first biochemical lipid analysis of ROS-specific membrane rafts
and document the selective association of ROM-1 and caveolin with this raft species. To our
surprise, membrane rafts isolated from purified ROS disk membranes appear to selectively
contain ROM-1, and not peripherin/rds.

EXPERIMENTAL PROCEDURES

Materials

Methyl-f-cyclodextran and Triton X-100 were purchased from Sigma. Octyl
glucopyranoside (OG) and anti-a-transducin antibody was purchased from Calbiochem.
Frozen dark-adapted bovine retinas were purchased from J. Lawson, Inc. (Lincoln, NE).
Cholesterol, phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and
sphingomyelin were purchased from Avanti Polar Lipids (Birmingham, AL). Monoclonal
antibodies 2B6 (against peripherin/rds), 1D5 (against ROM-1), and 4D2 (against opsin)
were generous gifts from Dr. Robert S. Molday (University of British Columbia, VVancouver,
British Columbia, Canada). Anti-GARP-1 and anti-GARP-2 antibodies were generous gifts
from Dr. U. B. Kaupp (Institut fur Biologische Informationsverarbeitung, Julich, Germany).
Anti-caveolin-1 antibody was purchased from BD Biosciences.
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Isolation of ROS Disk Membranes

ROS disk membranes were isolated free from ROS plasma membrane vesicles using ricin-
agarose and differential sucrose gradient centrifugation essentially as described in detail
previously (6). Briefly, intact ROS membranes were isolated from the 1.11-1.13 g/ml
sucrose interface and treated with neuraminidase and ricin-agarose. The ricin-agarose-bound
ROS were lysed overnight in ice-cold water. Because we did not treat with trypsin, the
peripherin/rds-GARP interaction should not have been disrupted by these conditions (34).
The disks were separated from plasma membrane bound to ricin-agarose on sucrose density
gradients. The ROS plasma membrane composes only 6-8% of the total membrane in the
ROS (Ref. 6 and references therein). Under the isolation conditions as described (6) ~7% of
the total membrane is ricin-associated plasma membrane, suggesting minimal (<1%) plasma
membrane association with the disks. The isolated ROS disk membranes were pelleted at
17,500 rpm for 25 min and resuspended in MOPS buffer (10 mw MOPS, pH 7.2, 60 mu KClI,
30 mm NaCl, 5 mm MgCl,, 1 mwu dithiothreitol, 5 pw aprotinin, and 1 uw leupeptin) and used
immediately.

Isolation of Triton X-100-resistant Membrane Rafts

Triton X-100-resistant membrane rafts were prepared from isolated disk membranes
essentially as described by Seno et al. (32). Disk membranes were suspended in MOPS
buffer to a final protein concentration of 8-10 mg/ml. Triton X-100 (2%, w/v) was added to
this suspension to a final concentration of 1% (w/v), and the suspensions were homogenized
with three passes of a glass pestle through a glass Tenboeck tissue grinder. Homogenates
were prepared in the light or dark. The homogenate was mixed with 1.23 ml of 2.4 v sucrose
to yield a final sucrose concentration of 0.9 v and transferred to an SW 41 centrifuge tube.
The sample was overlaid with sucrose solutions in MOPS buffer at decreasing sucrose
concentrations of 0.8, 0.7, 0.6, and 0.5 v and centrifuged at 46,000 rpm for 20 h at 4 °C. The
fractions were collected and analyzed for cholesterol, phosphate, and protein. In control
experiments, an equal volume of disk membranes with identical phosphate and protein
content were treated with 2% OG as described previously (35).

In some experiments, the isolated ROS disk membranes were depleted of cholesterol by
treatment with methyl-#-cyclodextran for 30 min at 37 °C (36). Following methyl-4
cyclodextran treatment, the disk membranes were recovered by centrifugation and
resuspended in MOPS buffer prior to solubilization with Triton X-100. For one study, the
isolated low buoyant density rafts were treated with methyl-/#-cyclodextran as described
above. After cyclodextran treatment, the rafts were centrifuged at 50,000 rpm for 30 min,
and the pellet was resuspended for cholesterol, phosphate, and protein assays and Western
blot analysis.

Immunoprecipitation and Western Blot Analysis

Immunoprecipitation studies were performed as described (37). The isolated fractions from
the sucrose density gradients were recovered, and 10 pl of the primary antibody (bovine
anti-peripherin/rds monoclonal antibody (mAb) 2B6 or anti-ROM-1 mAb 1D5) was added
to each of the samples and incubated overnight with rotation at 4 °C. Following
immunoprecipitation with 150 ul of protein A-Sepharose, the complexes were washed five
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times with Nonidet P-40 buffer and resuspended in 2x SDS-PAGE sample buffer containing
S-mercaptoethanol. After heating at 85 °C for 10 min, the samples were centrifuged at
14,000 rpm for 30 s, and the immunoprecipitated complexes were separated by SDS-PAGE
and transferred to nitrocellulose for Western blot analysis (17) or silver-stained (38). The
immunoreactive bands were visualized using the ECL detection system (Amersham
Biosciences). The molecular masses of the immunoreactive species were calculated using
Re measurements of molecular mass markers.

Analysis of Lipid Composition

RESULTS

Cholesterol was determined as described (39). Phosphate was measured as described (40)
and modified (41). Lipids were extracted from the low buoyant density fractions as
described (42). Prior to extraction of lipids from the solubilized membrane fractions, they
were dialyzed for 48 h against two changes of 10 mw HEPES and 0.5 v NaCl to decrease the
detergent concentration. In both cases, 90 + 1.2% of the total phospholipid was extracted,
indicating that the presence of any residual Triton X-100 in the solubilized fractions did not
interfere with the lipid extraction. The chloroform extracts were evaporated under N, and
resuspended in CHCI3/MeOH (2:1). The lipids were resolved by sequential one-dimensional
TLC on Silica Gel H chromatograms developed in chloroform/methanol/acetic acid/water
(25:15:4:2). The plates were developed in the same solvent system three times in sequence
as described (43). The spots were identified by comparison with the migration of known
standards (phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine,
sphingomyelin, and cholesterol) following specific staining using Dragendorff, ninhydrin,
and sulfuric acid charring. The spots were scraped, and total phosphate was determined as
described above.

Characterization of the Lipid Composition of a Triton X-100-resistant Membrane Species
Isolated from ROS Disk Membranes

To identify and characterize ROS disk membrane-specific detergent-resistant membranes,
purified disk membranes were homogenized with 1% Triton X-100 at 4 °C in either the dark
(designated Tp) or light (designated T, ) and fractionated by sucrose density gradient
centrifugation. Samples prepared in the dark (Tp) had two bands: a low density diffuse
white-yellow band at a sucrose density of 20.1 + 2.2% (designated F1p) and a nearly
transparent red-orange band at 26.5 + 1.4%, similar to the Triton X-100-soluble band
described by Seno et al. (32). The low buoyant density bands resolved in the sample
prepared in the light (T ) appeared to be more diffuse; and on occasion, two bands were
detected. The low density band called F1; corresponded to an average percent sucrose of
18.6 £ 1.18%; a Triton X-100-soluble band was detected at 26 + 2.2% sucrose.

To distinguish between Triton X-100-resistant membranes and simply partial solubilization
of the ROS disk membranes, disk membranes were homogenized in the nonionic detergent
OG (35) in either the dark or light (designated OGp and OG, respectively). In the OGp
samples, a very low buoyant density diffuse white-yellow band was present at 19.7 + 0.76%
sucrose. OG; samples showed a similar banding pattern with a fraction isolated at 16.5 +
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3.8%. With both the OGp and OG,_ samples, diffuse OG-soluble bands were detected at
sucrose densities of 27.0 + 0.76 and 24.5 + 3.8%, respectively. When the disk membranes
were treated with a higher concentration of OG, above the critical micelle concentration of
the detergent, these low density bands were not observed, suggesting that the majority of the
disk membrane proteins were solubilized completely.

The low density fractions isolated from the T and T samples (called F1p and F1,
respectively) exhibited peak light scattering at 600 nm (data not shown), and these samples
had higher absorbance at 600 nm than the OGp and OG, samples and the solubilized
fractions. The increased light scattering was mirrored by a substantial increase in the
phospholipid-to-protein content of F1p and F1, . The absorbance at 600 nm was lower in the
OGp and OG,_samples because the membranes were partially solubilized, thereby scattering
less light.

The results from the lipid analysis of the various fractions are shown in Table I. The low
density Triton X-100-resistant fractions F1p and F1; contained from 16 to 19% of the total
isolated phospholipid. The cholesterol/phospholipid (mole/mol) ratio in the F1p and F1.
samples was more than twice that in the OG-treated samples and in the solubilized fractions.
Similarly, the sphingomyelin content of the F1p and F1; samples was greater than that of
the OGp and OG,_fractions. Sphingomyelin represents <2% of the total phospholipid in
ROS membranes (44) and was no higher in the OGp and OG|_ samples. In contrast, the F1p
and F1,_ fractions had a 2-fold higher sphingomyelin/phospholipid ratio.

The biophysical characteristics of the F1p and F1,_ fractions from the Triton X-100-treated
samples correspond to those described previously for detergent-insoluble membrane raft-like
microdomains or detergent-resistant membranes (18, 45, 46). The designation of the F1p
and F1,_ fractions as membrane raft-like microdomains was further substantiated by the
observed high cholesterol/phospholipid ratios and the high sphingomyelin/phosphate ratio in
these fractions. In contrast, the low density fractions isolated from the OG-treated disks
showed cholesterol/phospholipid ratios analogous to that in the soluble fraction and a
sphingomyelin/phospholipid ratio consistent with incomplete solubilization of disks.
Recently, using two different techniques, Seno et al. (32) and Nair et al. (33) isolated what
they determined to be ROS disk membrane-specific rafts; however, the protein contents of
their rafts appear to differ. These investigators failed to provide lipid analysis showing
higher cholesterol/phospholipid or sphingomyelin/phospholipid ratios in their low density
fractions indicating a raft-like species, thus making it difficult to directly compare the
protein components of the ROS membrane rafts. Our results are the first to identify and
characterize both the lipid profile and the tetraspanin protein profile of disk membrane rafts.

Analysis of ROS Membrane Proteins in Membrane Raft-like Microdomains

Immunoblot analysis showed that the F1p and F1, fractions had a unique protein
composition compared with the soluble fractions, especially in contrast to the OGp and OG
samples, as shown in Fig. 1 (A-D). Both the F1p and F1_ fractions were found to contain a
protein with a molecular mass of 37 kDa that was immunoreactive with anti-ROM-1 mAb
1D5 (Fig. 1A). ROM-1 was also detected in the soluble fractions, as expected. Based on a
comparison of the intensities of the two immunoreactive bands, slightly higher levels of
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ROM-1 were detected in the samples treated in the light (23% of total ROM-1) than in those
treated in the dark (13% of ROM-1). A corresponding decrease in the intensity of the
amount of ROM-1 in the soluble dark fraction was observed. 63- and 37-kDa proteins were
also observed to be immunoreactive with anti-ROM-1 mAb 1D5 in the OG-treated samples
(OGp and OG\). These immunoreactive bands most likely correspond to a ROM-1
monomer (37 kDa) and a ROM-1 homodimer and/or a peripherin/rds heterodimer (63 kDa).
The OG-treated low buoyant density fractions contained 33 and 43% of the total ROM-1
when the samples were prepared in the dark and light, respectively. These percentages are
consistent with the phospholipid content of the OG-treated samples, suggesting partial
solubilization of these membranes, not detergent resistance.

Because ROS peripherin/rds has been shown to form a heterotetrameric complex with
ROM-1, it was initially expected that the F1p and F1; fractions would also contain
peripherin/rds. Most surprising was the observation that no immunoreactivity was detected
with anti-peripherin/rds mAb 2B6 in these fractions (Fig. 1B). In addition, no peripherin/rds
immunoreactivity was observed with polyclonal antibody to peripherin/rds (data not shown).
Peripherin/rds was, however, detected in the Triton X-100-soluble fraction and in the OG-
treated low density and soluble fractions. (Fig. 1B). The Triton X-100-resistant fractions
F1p and F1; (data not shown) were found to contain rhodopsin, as shown in Fig. 1C. In our
preparations in the light, we observed large amounts of aggregated rhodopsin in the low
buoyant density bands, leading us to question how much of that rhodopsin was truly raft-
associated.

The isolated ROS membrane raft-like microdomains were also assayed for the presence of
caveolin. As shown in Fig. 1D, both the high molecular mass 314-kDa caveolae and the low
molecular mass 22-kDa caveolin monomers were detected in the Triton X-100-treated F1p
and F1_ samples. Very little caveolin was detected in the F1; sample. In contrast, both
caveolae and the lower molecular mass (22 kDa) caveolin monomer were detected in the
Triton X-100-soluble fractions. In the presence of OG, the predominant form was the low
molecular mass (22 kDa) form of caveolin, as expected based on previous studies (47, 48).

To further substantiate the absence of detectable levels of peripherin/rds in the ROM-1-
enriched membrane raft-like species (F1p and F1, ), the samples were immunoprecipitated
with either anti-ROM-1 mAb 1D5 or anti-peripherin/rds mAb 2B6 (Fig. 2, A and B). When
the samples were immunoprecipitated with anti-peripherin/rds mAb 2B6 and probed with
anti-ROM-1 mAb 1D5, no detectable immunoreactivity was observed in the F1p (Fig. 2A)
and F1, (data not shown) fractions. However, a 36-kDa immunoreactive band
corresponding to ROM-1 was observed in disk membranes (10). In contrast, when the
samples were immunoprecipitated and probed with anti-ROM-1 mAb 1D5, a 37-kDa band
was observed in both the F1p (Fig. 2B) and F1, (data not shown) fractions as well as in the
soluble fractions. No detectable immunoreactivity was observed when the anti-ROM-1 mAb
1D5 immunoprecipitate from the F1; and F1p samples was probed with anti-peripherin/rds
mAb 2B6. As expected, disk membranes were found to be immunoreactive with both anti-
ROM-1 mAb 1D5 and anti-peripherin/rds 2B6, as shown previously (10).
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Sphingomyelin/cholesterol-enriched membrane raft-like microdomains may be depleted of
cholesterol with methyl-s-cyclodextran as described (32, 36). When the F1p and F1;.
fractions were treated with methyl-/#cyclodextran, the cholesterol/phospholipid ratio in the
membrane rafts decreased from 0.24 + 0.09 to 0.10 + 0.03. As shown in Fig. 3, lower levels
of ROM-1 in the dimeric form were detected in the cholesterol-depleted samples compared
with controls. When the cholesterol-depleted F1p samples were analyzed for caveolin, only
the lower molecular mass caveolin species was present. This result is not unexpected
because the formation of high molecular mass caveolin requires a cholesterol-enriched
membrane environment (48). Again, no detectable levels of peripherin/rds were observed.
a-Transducin was found in both untreated and methyl-/4-cyclodextran-treated samples (data
not shown), as described previously (32). Collectively, the results presented herein have
provided a reference point based on lipid analysis for subsequent characterization of ROS
membrane rafts. In addition, we have provided clear evidence showing that ROS ROM-1 is
a raft-specific protein, a portion of which does not form noncovalently linked tetramers with
peripherin/rds.

DISCUSSION

In this work, we have provided the first lipid analysis supporting the isolation of a Triton
X-100-resistant membrane fraction as a membrane raft in retinal ROS disk membranes. This
Triton X-100-resistant membrane fraction composes 15-20% of the total membrane
phospholipid and has high light scattering at 600 nm and a high characteristic cholesterol/
phospholipid ratio and a corresponding high sphingomyelin content and therefore meets the
biochemical criteria for designation as a membrane raft. Most intriguing is the observation
that the ROS disk membrane rafts contain ROM-1, but do not contain the other disk rim
protein, peripherin/rds. This result was unexpected because ROM-1 and peripherin/rds form
heterotetramers in vivo (10) such that the amount of ROM-1 available to form this complex
may be limiting. Early studies of transiently transfected COS cells showed that the
interaction between peripherin/rds and ROM-1 requires coexpression. When COS cells were
transfected individually with peripherin/rds or ROM-1, and cell extracts containing the
singly expressed protein were combined, no measurable association was observed between
peripherin/rds and ROM-1 (10). Similar results have been observed in our laboratory using
polarized Madin-Darby canine kidney cells (data not shown). In light of the current findings,
these early results may be due to the presence of ROM-1 in COS cell membrane rafts. Our
studies also found no detectable levels of GARP-1 or GARP-2 associated with the disk
membrane-specific rafts (data not shown), a result not entirely unexpected because no
peripherin/rds was detected in these samples.

Collectively, these results lend further support to the hypothesis that peripherin/rds exists in
ROS in distinct “pools” potentially with differing functions: as a large oligomeric complex
necessary for the formation of a disk rim (Ref. 15 and references therein), as a protein
tethering disk membranes to the plasma membrane through GARP (34), and as a membrane
fusion protein (16, 17). Similar multifunctional properties have been reported for a group of
tetraspanin proteins known as connexins (31). The role ROM-1 plays through its association
with peripherin/rds in a tetrameric complex remains to be determined, although we have
provided evidence suggesting that ROM-1 plays an accessory role in peripherin/rds-
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dependent fusion (49). These studies are the first to show that ROS disk membrane rafts
contain caveolae, in addition to ROM-1, and that the high molecular mass caveolin complex
is reduced to monomeric caveolae upon membrane cholesterol depletion (Fig. 4).

Investigators have suggested that some Triton X-100-resistant membrane species are due to
partial solubilization of the membranes (35) or protein oligomerization (50). To exclude this
possibility, OG was used in place of Triton X-100. When the purified disk membranes were
treated with 1% OG (a concentration below the critical micelle concentration), a low
buoyant density membrane species was isolated at a position similar to that of the Triton
X-100-resistant membrane rafts. However, this membrane species had a cholesterol/
phospholipid ratio and a sphingomyelin content similar to those of the soluble fraction, with
no preferential association of protein with the OG-treated fraction. This partially solubilized
membrane could be completely solubilized when the concentration of OG was increased
above the critical micelle concentration. Similar partially solubilized species were also
isolated from cells upon treatment with OG in contrast to the isolation of Triton X-100-
resistant membranes (35). Collectively, the comparison between fractions isolated using the
two different detergents further confirms that the Triton X-100-resistant species are most
likely membrane rafts.

The cholesterol content of the disk membrane-specific rafts is consistent with that seen in
other cell types. Although the cholesterol/phospholipid ratio in the disk rafts (0.24) (Table I)
is lower than in platelets (1.2) (51). In both cases, the membrane rafts have two times more
cholesterol than the native cell membranes. In addition, the percent of total cholesterol in
disk rafts is 10-12% of the total, identical to 10% of the total detected in erythrocytes (52)
and intestinal epithelial cells (53). Thus, although ROS membranes have a lower cholesterol/
phospholipid ratio than other cells types, the relative distribution of cholesterol in disk
membrane rafts in comparison with the non-raft membranes is similar to that observed in
other systems.

Early freeze-fracture studies of mouse, frog, and bovine photoreceptors using the fillipin
binding technique indicated the presence of cholesterol-enriched fillipin-induced pits
confined to particle-free patches within the plasma membrane and in newly formed disk
membranes (54). These pits were attributed to a temperature-induced lateral phase
separation in these membranes. In light of our present study, this definition may be
expanded, and the freeze-fracture observations appear consistent with the formation of
cholesterol-enriched membrane microdomains similar to those described herein. Assuming
that Andrews and Cohen (54) were looking at membrane raft domains in photoreceptor
cells, we can predict that the raft-like species isolated here biochemically are most likely
analogous to those observed microscopically. That being the case, these fillipin-induced pits
or rafts were localized to the plasma membrane surface and were seen most often in the
newly forming disks of mice and were only observed in frogs in these same locations when
the frogs were reared at 37 °C. Because the ability of fillipin to partition uniformly
throughout the entire length of the ROS maybe questionable, the rafts are most likely not
limited in vivo to those areas detected by these freeze-fracture studies. The work of Andrews
and Cohen (54) was used as the basis for separating ROS disk membranes based on age and
spatial distribution using digitonin (2, 3). In light of the current findings, those experiments
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should be expanded to include the isolation and characterization of membrane rafts in the
disks as a function of age. The removal of endogenous cholesterol as disks age is unique to
the ROS disk membranes. Because cholesterol is lost as disks are displaced up the length of
the ROS, this lipid provides an ideal in vivo regulatory system for the control of cellular
processes requiring membrane rafts.

When the rafts were depleted of cholesterol using methyl-/#-cyclodextran, a slight decrease
was observed in the ROM-1 levels, specifically in the amount of dimer. The phospholipid/
protein ratio of the cholesterol-depleted species was unchanged, although the total phosphate
content was less, suggesting a reduced recovery of membrane. However, the levels of a-
transducin were unchanged following cholesterol depletion. Based on the present results,
selective removal of a portion of ROM-1 upon cholesterol depletion cannot be ruled out.
Further studies using sedimentation velocity analysis are required to characterize the
oligomeric forms of both ROM-1 in the raft species and peripherin/rds in the non-raft
membranes. It is tempting to speculate that the methyl-A-cyclodextran-induced removal of
cholesterol mimics the loss of cholesterol from disk membranes that occurs naturally as
disks age and are displaced apically along the ROS (2, 3). Because caveolin-1 also binds
both sphingomyelin and cholesterol in vitro and in vivo, its localization to the ROS disk
membrane is important to the elucidation of cholesterol trafficking within the ROS. In
addition, Ghalayani et al. (55), have described the association of members of the Src family
of kinases with ROS membranes. Such Src kinases are components of the caveola signaling
machinery and are proposed to play a role in transduction processes within the disk
membranes. In follow-up studies, care must be taken to distinguish caveolae from
membrane rafts using non-detergent-based techniques (56).

It has not escaped our attention that the data presented herein may lead to a reevaluation of
the accepted stoichiometry between ROM-1 and peripherin/rds, which holds that there is a
2-fold excess of peripherin/rds over ROM-1. This stoichiometry is based upon analyses of
the protein content of Triton X-100-soluble homogenates of ROS membranes (10, 11).
Although the analyses were rigid, that portion of ROM-1 which is Triton X-100-resistant
may have been inadvertently omitted from the sedimentation velocity analyses. It remains to
be determined whether membrane raft-associated ROM-1 alters the accepted stoichiometry.

Within the context of retinal degenerative disease, no known mutations of ROM-1 have
resulted in a disease phenotype; however, digenic mutations in peripherin/rds and ROM-1
have resulted in retinitis pigmentosa. The phenotype of the peripherin/rds-ROM-1 digenic
forms of retinitis pigmentosa may depend on the association of ROM-1 with a membrane
raft, thereby compromising the ability of ROM-1 to form viable interactions with peripherin/
rds, a hypothesis presently not inconsistent with available sedimentation velocity analysis
(14). In ROM-1 knockout mice (57), although normal outer segment formation is observed,
the unusually large elongated shape of the ROS in these animals suggests a role for ROM-1
in mediating cell viability. Recent studies in our laboratory suggest that this phenotype may
be due to the role of ROM-1 as an accessory in peripherin/rds-mediated fusion events (49).
Collectively, the results presented suggest a slightly revised view of the disk rim, as shown
schematically in Fig. 4.
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Fig. 1. Analysis of tetraspanin protein composition of membrane fractionsisolated from Triton
X-100- or OG-treated disk membranes by Western blot analysis

ROS disk membranes were treated with Triton X-100 (TX-100) or OG in the light or dark as
indicated. Fractions corresponding to the low buoyant density band (F1) and to the soluble
band (Sol.) were isolated and characterized as detailed in the legend to Table I. The proteins
were separated by 10% SDS-PAGE in the presence of f/~mercaptoethanol; electroblotted
onto Immobilon-P membranes; and immunoblotted (IB) as indicated with anti-ROM-1
antibody 1D5 (A), anti-peripherin/rds (Per) antibody 2B6 (B), anti-rhodopsin (Rho) antibody
4D2 (C), and anti-caveolin-1 antibody (D).
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Fig. 2. Analysis of tetraspanin protein interactions within membrane fractionsisolated from
Triton X-100- or OG-treated disk membranes by immunopr ecipitation

ROS disk membranes were treated with Triton X-100 or OG in the light or dark. Fractions
corresponding to the low buoyant density band (F1p) and to the soluble band (Triton X-100-
soluble (Ts) and OG-soluble (OGs)) were isolated and characterized as detailed in the legend
to Table I. Membrane fractions as indicated were with immunoprecipitated (IP) with anti-
peripherin/rds (Per) antibody 2B6 and immunoblotted (IB) with anti-ROM-1 (Rom) mAb
1D5 (A) or immunoprecipitated with anti-ROM-1 mAb 1D5 and immunoblotted with anti-
ROM-1 mAb 1D5 or anti-peripherin/rds antibody 2B6 (B).
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Rom 1D5 Per 2B6 Anti-caveolin

Fig. 3. Analysis of tetraspanin protein composition of cholester ol-depleted membrane fractions
isolated from Triton X-100 by Western blot analysis

ROS disk membranes were treated with Triton X-100 in the dark. Fractions corresponding
to the low buoyant density band (F1p) were isolated and characterized as detailed in the
legend to Table I. The fractions were treated with methyl-A-cyclodextran (B-MCD) to
deplete membrane cholesterol. The cholesterol/phospholipid ratio in the treated samples was
reduced by 50%. Samples were separated by 10% SDS-PAGE, transferred to nitrocellulose,
and immunoblotted with anti-ROM-1 (Rom) mAb 1D5 or anti-peripherin/rds (Per) antibody
2B6 (A) or anti-caveolin-1 antibody (B).
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Fig. 4. Schematic representation of ROM-1 distribution in a membrane raft-like microdomain

within thedisk rim of ROS
Blue, peripherin/rds; orange, ROM-1.
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Table |
Lipid profile of detergent-treated membranes
Samples Sucrose (w/v)  Chol/PL (mol/mol) SPH/PL (mol/mol) Total phosphate
% %
Light
Triton F1, 18.6 +1.81 0.24 +0.09 0.11+0.04 16.7+24
Triton-soluble 26.0+2.20 0.105 + 0.02 0.03 £0.005 83+6.8
OG F1,. 16.5+3.80 0.13+0.02 0.0079 + 0.002 3046
OG-soluble 245+ 3.80 0.101 +0.03 0.029 + 0.001 70+£6.2
Dark
Triton Flp 20.3+2.20 0.24 +0.07 0.10 +0.02 19+3.4
Triton-soluble 26.5+1.40 0.08 +0.02 0.03 + 0.006 89+26
OG Flp 19.7 £0.76 0.12+0.03 0.009 + 0.003 26+3.8
OG-soluble 27.0+1.00 0.09 +0.01 0.031 + 0.004 74+£59

Samples were treated with Triton X-100 or OG in the dark or light as indicated. The low buoyant density bands are designated F1, and the soluble
fractions are indicated as Sol. The samples were assayed for cholesterol (Chol), phospholipid (PL), and sphingomyelin (SPH) as described under
“Experimental Procedures.” The results are the means + S.D. of nine independent preparations.
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