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Proteomics of Photoreceptor Outer Segments
Identifies a Subset of SNARE and Rab Proteins
Implicated in Membrane Vesicle Trafficking

and Fusion*s

Michael C. M. Kwokt§, Juha M. Holopainent§1|, Laurie L. Moldayz§,
Leonard J. Fostert|**, and Robert S. Molday1§1$§§

The outer segment is a specialized compartment of ver-
tebrate rod and cone photoreceptor cells where photo-
transduction takes place. In rod cells it consists of an
organized stack of disks enclosed by a separate plasma
membrane. Although most proteins involved in photo-
transduction have been identified and characterized, little
is known about the proteins that are responsible for outer
segment structure and renewal. In this study we used a
tandem mass spectrometry-based proteomics approach
to identify proteins in rod outer segment preparations as
an initial step in defining their roles in photoreceptor
structure, function, renewal, and degeneration. Five hun-
dred and sixteen proteins were identified including 41
proteins that function in rod and cone phototransduction
and the visual cycle and most proteins previously shown
to be involved in outer segment structure and metabolic
pathways. In addition, numerous proteins were detected
that have not been previously reported to be present in
outer segments including a subset of Rab and SNARE pro-
teins implicated in vesicle trafficking and membrane fusion.
Western blotting and immunofluorescence microscopy
confirmed the presence of Rab 11b, Rab 18, Rab 1b, and
Rab GDP dissociation inhibitor in outer segments. The
SNARE proteins, VAMP2/3, syntaxin 3, N-ethylmaleimide-
sensitive factor, and Munc 18 detected in outer segment
preparations by mass spectrometry and Western blotting
were also observed in outer segments by immunofluores-
cence microscopy. Syntaxin 3 and N-ethylmaleimide-
sensitive factor had a restricted localization at the base of
the outer segments, whereas VAMP2/3 and Munc 18 were
distributed throughout the outer segments. These results
suggest that Rab and SNARE proteins play a role in vesicle
trafficking and membrane fusion as part of the outer seg-
ment renewal process. The data set generated in this study
is a valuable resource for further analysis of photoreceptor
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Vertebrate photoreceptor cells are highly specialized, pho-
tosensitive neurons that function in the transduction of light
into an electrical signal and the transmission of this signal to
other neurons in the retina as the initial steps in vision. Rod
and cone photoreceptor cells consist of five principle regions:
the outer segment where the process of phototransduction
takes place, a thin connecting cilium that joins the outer
segment to the inner segment and allows for the passage of
proteins and other molecules between the inner and outer
segments, the inner segment that contains the biosynthetic
and metabolic machinery of the cell, the cell body harboring
the nucleus, and the synaptic region containing the synaptic
vesicles and the ribbon synapse for transmission of electrical
signals to secondary neurons of the retina.

The rod outer segment (ROS)" consists of an ordered stack
of over 1000 closed disks surrounded by a separate plasma
membrane. Cone outer segments (COSs) have a similar
stacked membrane organization, although the disk mem-
branes are continuous with the plasma membrane. Outer
segments undergo a continual renewal process in which new
disk membrane is added at the base of the outer segment
while packets of aged disks are shed from the distal end and
removed by a phagocytic process mediated by adjacent ret-
inal pigment epithelial (RPE) cells (1, 2). This enables the outer
segment to be completely renewed over a period of 10 days.

Studies over the past several decades have led to a com-
prehensive understanding of phototransduction (3-5). In rod
cells photoexcitation of rhodopsin in disk membranes acti-

" The abbreviations used are: ROS, rod outer segment; COS, cone
outer segment; RPE, retinal pigment epithelium, pAb, polyclonal an-
tibody; mAb, monoclonal antibody, ER, endoplasmic reticulum, NSF,
N-ethylmaleimide-sensitive factor; VAMP, vesicle-associated mem-
brane protein; SNARE, soluble NSF attachment protein receptor; GDI,
GDP dissociation inhibitor; ABC, ATP-binding cassette; IPI, Interna-
tional Protein Index; APEX, absolute protein expression measure-
ment(s); DAPI, 4’,6-diamidino-2-phenylindole; LTQ, linear trapping
quadrupole.
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vates the G-protein (transducin)-mediated visual cascade re-
sulting in the stimulation of phosphodiesterase, hydrolysis of
cGMP, closure of cGMP-gated channels in the plasma mem-
brane, and hyperpolarization of the cell. Following photoexci-
tation, the rod cell returns to its dark state through a series of
reactions involving inactivation of rhodopsin and other protein
components of the visual cascade, resynthesis of cGMP, and
regeneration of rhodopsin from 11-cis-retinal and opsin. Sim-
ilar photoexcitation and recovery mechanisms take place in
COSs although in many cases the proteins involved are en-
coded by different although related genes.

Photoreceptor outer segments also contain proteins that
function in other essential cellular processes. Retinol dehy-
drogenase (RDH8) and the photoreceptor-specific ABC trans-
porter ABCA4 (also known as the rim protein or ABCR) play
important roles in the removal of all-trans-retinal from disk
membranes following the photobleaching of rhodopsin as
part of the visual cycle (6-9). The GLUT-1 glucose transporter
and enzymes of the glycolytic and creatine phosphate shuttle
pathways function in the production of energy in the form of
ATP for phototransduction and other energy-dependent
processes, whereas hexose monophosphate shunt and nu-
cleotide-processing enzymes play essential roles in the gen-
eration of NADPH and interconversion of adenosine and gua-
nine nucleotides (10-12). Finally a number of membrane and
soluble proteins including peripherin-2 (peripherin/rds),
rom-1, prominin-1, glutamic acid rich proteins, and RP1 have
been implicated in outer segment structure and morphogen-
esis, but their exact roles remain to be determined (13-17).

To date, over 135 genes have been linked to various
retinal diseases including retinitis pigmentosa, macular de-
generation, congenital stationary night blindness, and re-
lated disorders (RetNet™ retinal information network). A
significant number of these genes encode proteins that play
key roles in phototransduction, the visual cycle, and outer
segment structure and morphogenesis (18). However, re-
cent genetics analysis of autosomal dominant retinitis pig-
mentosa suggests that less than 50% of the cases can be
traced to mutations in genes known to be associated with
this disease (19). This suggests that mutations in genes en-
coding other unidentified ROS proteins may be responsible for
at least some retinal degenerative diseases for which the de-
fective gene is unknown.

To determine the molecular and cellular mechanisms un-
derlying outer segment structure, function, and renewal and
to extend our knowledge about the genetics and molecular
basis underlying retinal degenerative diseases, it is essential
to identify and characterize all proteins in photoreceptor outer
segments. Mass spectrometry has proven to be a powerful
tool for determining the protein composition of cells and
subcellular organelles (20, 21). Here we used a tandem mass
spectrometry-based proteomics approach to identify proteins
present in highly pure ROS preparations. Our studies indicate
that, in addition to previously documented proteins, outer

segments contain numerous proteins not previously known to
reside in this photoreceptor organelle. Using biochemical and
immunocytochemical techniques, we showed that photore-
ceptor outer segments contain a subset of Rab and SNARE
proteins that may play a role in photoreceptor outer segment
membrane trafficking and fusion as part of the outer segment
renewal process.

EXPERIMENTAL PROCEDURES

Materials—Monoclonal antibodies (mAbs) to ABCA4 (Rim3F4), the
cGMP-gated channel (PMc 2G11), peripherin-2 (Per3B6), rom-1
(Rom1D5), glyceraldehyde-3-phosphate dehydrogenase (Gph 3E12),
and the rod Na/Ca-K-exchanger (PMe2D9) have been described pre-
viously (6, 11, 13, 22-24). Polyclonal antibody (pAb) to syntaxin 3 was
a generous gift from Dr. Vesa Olkkonen (National Public Health Insti-
tute, Helsinki, Finland), and Rab 11a and Rab 11b antibodies were
generously provided by Dr. Lynne Lapierre (Vanderbilt University).
Other antibodies were obtained from the following sources: synapto-
physin mAb, Santa Cruz Biotechnology; Munc 18 (syntaxin-binding
protein 1) pAb and Rab GDP dissociation inhibitor (RabGDI) (o) mAb,
Synaptic Systems; vesicle-associated membrane protein 2 (VAMP2)
pAb that cross-reacts with VAMP3 and calnexin pAb, Stressgen;
N-ethylmaleimide-sensitive factor (NSF) pAb and mAb and prohibitin
pAb, Abcam; and Na/K-ATPase a3 mAb, Affinity BioReagents. All
antibodies labeled a single band (or a doublet in the case of syntaxin
3) of the predicted protein molecular weight in retinal extracts as
analyzed by Western blotting.

Retinal Membranes and ROS Preparations—Crude retina mem-
branes were prepared by placing a bovine retina in 0.5 ml of homog-
enizing buffer (20 mm Tris-HCI, pH 7.4, 0.15 m NaCl, 1 mm MgCl,, 1
mwm CaCl,, Complete protease inhibitor). The retina was first disrupted
by repeatedly pipetting the suspension through a 1-ml Gilson pipette
on ice for 20 min and subsequently further homogenized by passing
the suspension through a 22-gauge needle 12 times. The homoge-
nate was applied on top of a 50% (w/w) sucrose/TBS cushion and
centrifuged in a TLS55 rotor (Beckman) at 25,000 rpm for 30 min.
Retinal membranes were collected at the top of the 50% sucrose and
washed one time in TBS by centrifugation. Protein concentration was
determined using the BCA assay (Pierce).

ROSs were isolated on a continuous sucrose gradient from fresh or
previously frozen, dark-adapted bovine retinas and fractionated into
ROS membrane and soluble (cytoplasmic) fractions by hypotonic
lysis of ROSs followed by centrifugation (25). The soluble fraction was
concentrated on a Nanosep 10,000 spin column (Pall Corp., East
Hills, NY) to 1 mg/ml protein. The ROS membrane pellet was washed
twice in Tris-EDTA buffer (10 mm Tris-HCI, pH 7.4, 1 mm EDTA) and
stored in the same buffer. ROS membranes were further separated
into a highly pure disk fraction and enriched plasma membrane frac-
tion by a modification of the immunogold density perturbation method
(25). Briefly the extracellular surface of ROSs was labeled for 2 h at
4 °C with the PMe 2D9 mAb conjugated to 10-nm gold-dextran
particles (22). The labeled ROSs were washed three times in Tris-
EDTA buffer by centrifugation at 12,000 rpm for 10 min and resus-
pended in 2.5 mm Tris, pH 7.4, containing 1 mm EDTA and 1 mm DTT.
Dissociation of disk membranes from the plasma membrane was
allowed to occur overnight at 4 °C. The sample was subsequently
vortexed, pelleted, and resuspended in 7% sucrose, 20 mm Tris, pH
7.4. The sample was centrifuged on a 20-40% sucrose continuous
gradient at 22,500 rpm for 2 h. Unlabeled disk membranes were
collected as a band near the top of the gradient, whereas the enriched
labeled plasma membrane was collected near the bottom of the tube.

SDS-PAGE and Western Blot Analysis —For Western blotting, sam-
ples were denatured in 10 mm Tris-HCI, pH 6.8, 4% SDS, 20%
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sucrose, 4% B-mercaptoethanol and separated on 8 or 11.5% SDS-
polyacrylamide gels. Proteins were transferred onto Immobilon-FL
membranes (Millipore, Bedford, MA). Blots were blocked in 0.5%
skim milk in PBS for 30 min and labeled with the primary antibody in
0.5% skim milk in PBS containing 0.05% Tween 20 (PBS-T) at the
recommended dilution. The blots were washed in PBS-T and labeled
with a secondary anti-mouse or anti-rabbit antibody conjugated to
Alexa Fluor 680 (1:40,000) (Molecular Probes, Eugene, OR) or LI-COR
IRDye 800 (1:10,000) (Rockland, Gilvertsville, PA) for analysis on a
LI-COR Odyssey imager (LI-COR Biosciences, Lincoln, NE). Quanti-
fication of the band intensities from three different ROS and disk
preparations were determined from the integrated peak area using
the LI-COR imaging analysis program. For MS analysis, samples (50
ng of protein) were denatured in lithium dodecyl sulfate denaturing
buffer containing 50 mm DTT and separated on 4-12% Tris/glycine
NuPAGE gels (Invitrogen).

In-solution and In-gel Digestion of Proteins for Proteomics Analy-
sis—For in-solution digests, protein samples were prepared as de-
scribed previously (26). Briefly samples (5 ng of protein) were solubi-
lized with 6 m urea, 2 m thiourea in 10 mm HEPES, pH 8.0; reduced
with 1 ug of DTT/50 ng of protein for 30 min; alkylated with 5 ug of
iodoacetamide/50 pg of protein for 30 min; digested with 1 pg of
endopeptidase Lys-C/50 ug of protein for 3 h; and diluted 4 X with 50
mm NH,HCO, The proteins were subsequently digested overnight at
37 °C with 1 pg of porcine modified trypsin (Promega, Nepean, On-
tario, Canada)/50 ug of protein.

For in-gel digests, each lane of an SDS gel was cut into 15 pieces
and digested exactly as described previously (27). Peptide mixtures
were desalted and concentrated using stop and go extraction
(STAGE) tips (28). To gain better coverage when comparing disks
versus ROS membranes, dimethylated peptides (see below) were
further resolved between pH 3 and 10 by OFFGEL in-solution iso-
electric focusing (Agilent Technologies, Mississauga, Ontario, Can-
ada) according to the manufacturer’s instructions.

Formaldehyde Labeling—Formaldehyde isotopologues (29) were
used to quantify relative abundances of proteins in disks versus total
ROS membranes. Briefly peptides purified with C,5 stop and go
extraction (STAGE) tips (28) were resuspended in 5 ul of 200 mm
formaldehyde or deuterated formaldehyde (Cambridge Isotope Lab-
oratories) and 0.5 ul of 1 M sodium cyanoborohydride and incubated
for 30 min at room temperature away from light. The reaction mixture
was then adjusted to pH 7.5, and a further 5 ul of the respective
formaldehyde isotopologue plus 1 ul of 1 M cyanoborohydride was
added. The reaction was allowed to continue for a further 30 min
before being quenched by addition of 6 ul of 2.5 m NH,CI for 10 min
at room temperature.

LC-MS/MS—Peptides were resolved by reverse phase chromatog-
raphy on 15-cm-long, 75-um-inner diameter fused silica emitters with
an 8-um-diameter opening (Polymicro, Phoenix, AZ) packed with
3-um-diameter ReproSil-Pur C,g beads (Dr. Maisch, Ammerbuch-
Entringen, Germany) with an Agilent 1100 Series nanoflow HPLC
instrument coupled on line to LTQ-FT and LTQ-Orbitrap systems
(ThermoFisher, Bremen, Germany) using nanospray ionization
sources (Proxeon Biosystems, Odense, Denmark). Running buffer A
consisted of 0.5% acetic acid, and running buffer B consisted of
0.5% acetic acid, 80% acetonitrile. Gradients were run from 6 to 30%
B over 60 min, 30 to 80% B for 10 min, held at 80% B for 5 min, and
then dropped to 6% B for 15 min to recondition the column. The
LTQ-FT system was set to acquire a full-range scan at 25,000 reso-
lution in FT from which the three most intense multiply charged ions
per cycle were isolated for fragmentation in the LTQ. Selected ion
monitoring scans in FT were also carried out on each of the three
precursor ions as described previously (30). The LTQ-Orbitrap was
set to acquire a full-range scan at 60,000 resolution from 350 to 1500

thomson in the Orbitrap and to simultaneously fragment the top five
peptide ions in each cycle in the LTQ (31). Typically LC-MS/MS was
carried out on at least three separate ROS and subcellular fraction
preparations.

MS Data Analysis—Fragment peak lists were generated by Extract-
MSN (version 3.2, ThermoFisher) using the default parameters, and
monoisotopic peak and charge state assignments were checked by
DTA Supercharge, part of the MSQuant suite of software (Source-
Forge, Inc.). Fragment spectra were searched against the bovine IPI
database (version 3.15, 33,270 sequences) using Mascot Server ver-
sion 2.2 with the following parameters: trypsin specificity allowing up
to one missed cleavage, cysteine carbamidomethylation as a fixed
modification, ESI-trap fragmentation, 5-ppm mass tolerance for pre-
cursor ion mass, and 0.8-Da mass tolerance for fragment ions. For
dimethylated samples four variable modifications were also consid-
ered (Unimod names): dimethyl:2H(4) (Lys), dimethyl:2H(4) (N termi-
nus), dimethyl (N terminus), and dimethyl (Lys). Sequences of human
keratins, trypsin, and Lys-C were added to the bovine IPI database
prior to searching. The final, non-redundant list of proteins was gen-
erated using finaList.pl, an in-house script available by request that
finds the smallest set of proteins that explains the observed peptides.
Acceptance criteria for protein identifications were set to require two
or more peptides of seven or more amino acids and each with scores
greater than 24, corresponding to a false discovery rate of less than
1% based on the number of hits observed with the same conditions
when the data were searched against the reversed IPI bovine data-
base. Multiple isoforms were included in the final list when at least
one peptide uniquely identifying each isoform was observed. Using a
fixed score cutoff when the 95% identify score calculated by Mascot
for each peptide can vary widely could potentially lead to some
individual peptides having a higher false discovery rate, but this is
balanced out overall by lower false discovery rates for those peptides
with low identity scores and anyhow is taken into account by the
reversed database searching. Quantitative ratios of dimethylated
peptides based on extracted ion chromatograms were extracted from
the raw MS data using MSQuant version 1.4.1, and peptides common
to multiple proteins contributed to the quantitative measures for each
protein. All peptides meeting the false discovery rate criteria were
used for quantification. Absolute protein expression measurement
(APEX) ratios were calculated as described previously (32) using 0.99
for the p; value for each hit and approximating the O, term as the
number of tryptic peptides (zero and one missed cleavages consid-
ered) with between 6 and 30 amino acids in each protein.

Immunofluorescence Microscopy—For tissue labeling, rat or
mouse eyes were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.0 (PB) for 4 h. Cryosections were permeabilized and
blocked in PB containing 0.2% Triton X-100 and 10% normal goat
serum for 20 min. The sections were labeled overnight with the
primary antibody diluted in PB containing 0.1% Triton X-100 and
2.5% normal goat serum according to the manufacturer’s specifica-
tions. Sections were rinsed in PB, labeled for 1 h with the secondary
antibody conjugated with Cy3, and counterstained with DAPI nuclear
stain for analysis with a Zeiss LSM510 Meta confocal microscope
equipped with a Zeiss LSM5 Image Browser.

RESULTS

Purity of ROS Preparations—ROSs isolated from bovine
retina by sucrose density centrifugation have been extensively
studied by electron microscopy and SDS gel electrophoresis
(25, 33). These preparations consist of stacks of disks enclosed
by a plasma membrane with rhodopsin estimated to make up
over 75% of the total protein content. For the current studies,
the purity of these ROS preparations was further evaluated
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FiG. 1. Subcellular markers used for
analysis of the purity of isolated bo-
vine ROSs. A, localization of subcellular
markers in rat retinal sections by confo-
cal scanning microscopy. Rat retinal
cryosections were labeled with primary
antibodies for ABCA4 (outer segment
marker), Na/K-ATPase (inner segment
plasma membrane marker), synaptophy-
sin (synaptic vesicle marker), prohibitin
(mitochondrial marker), and calnexin (en-
doplasmic reticulum marker) followed by
a secondary antibody tagged with Cy3
fluorescent dye (green). The sections
were counterstained with DAPI nuclear
stain. Retinal layers are: OS, outer seg-
ments; IS, inner segments; ONL, outer
nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plex-
iform layer; and GCL, ganglion cell layer.
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using a number of subcellular marker proteins together with
immunofluorescence and Western blotting. The photoreceptor
ABC transporter (ABCA4) and the cyclic nucleotide-gated chan-
nel a subunit (CNGA1) were used as markers for ROS disk and
plasma membrane, respectively (6, 23); synaptophysin was
used for synaptic vesicles (34), Na/K-ATPase was used for the
inner segment plasma membrane (35), prohibitin was used for
mitochondria (36), and calnexin was used for ER (37).
Immunofluorescence microscopy was first used to validate
the use of these proteins as markers for retinal subcellular
compartments (Fig. 1A). As previously reported ABCA4 and
CNGA1 (not shown) were localized to the photoreceptor outer
segment layer of the retina (6, 23, 38). In contrast, the Na/K-
ATPase, synaptophysin, and prohibitin were not detected in
the outer segment layer but were abundantly present in other
retinal layers. Na/K-ATPase was primarily localized to the
inner segment and outer plexiform layers and to a lesser
extent the outer nuclear layer, synaptophysin was present in
the outer and inner synaptic (plexiform) layers, and prohibitin
was found in the photoreceptor inner segment layer as well as
other retinal cell layers in agreement with its reported local-
ization in mitochondria. Calnexin localized primarily to the

inner segments of photoreceptors and the cell bodies of other
retinal cells consistent with its role as an ER chaperone (37).
However, more limited immunostaining was also observed in
the outer segment layer suggesting that small amounts of
calnexin translocate to this compartment.

SDS gel electrophoresis and Western blotting were used to
determine whether the various subcellular markers were de-
tectable in isolated ROS preparations as well as crude retinal
extracts (Fig. 1B). A complex Coomassie Blue-stained pro-
tein banding pattern was evident in the retinal membrane
extracts. In contrast, isolated ROSs showed a simpler pro-
tein pattern dominated by the intensely stained rhodopsin
monomer (~36 kDa) and more moderately stained rhodop-
sin dimer (~70 kDa). Western blots revealed a marked in-
crease in the level of ABCA4 and CNGAT1 in isolated ROSs
compared with the retinal membrane extracts as expected
(Fig. 1B). In contrast, synaptophysin and prohibitin were
detected in the retinal membranes but not isolated ROSs. A
relatively low amount of Na/K-ATPase was observed in
isolated ROSs suggesting that inner segment plasma mem-
brane vesicles are a minor contaminant of ROS prepara-
tions. A low level of calnexin was also observed in the ROS
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Fic. 2. A, flow diagram showing the
main steps in the purification and frac-
tionation of bovine ROSs. B, Coomassie
Blue-stained SDS-polyacrylamide gels
of the various ROS fractions used in our
proteomics studies. From left to right are
molecular weight standards (Stds), ROS,
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fraction consistent with the detection of small amounts of
calnexin in outer segments by immunofluorescence micros-
copy (Fig. 1A). Together these studies support the high
degree of purity of these preparations.

Subfractionation of ROSs—To obtain a comprehensive list
of photoreceptor outer segment proteins, purified bovine
ROSs were separated into membrane and soluble fractions
(Fig. 2A). ROS membranes were further separated into a
highly pure disk membrane fraction and an enriched plasma
membrane fraction using an immunogold density perturbation
procedure (25). The enriched plasma membrane preparations
contain some disk vesicles that remain attached to the
plasma membrane because it has been shown previously that
hypotonic treatment of ROSs does not completely dissociate
the rim regions of disk membranes from the plasma mem-
brane (25). SDS gels of the various fractions are shown in Fig.
2B. The membrane fractions were dominated by monomeric
and multimeric forms of rhodopsin (25, 33). The 250-kDa
ABCA4 transporter was readily seen in all membrane prepa-
rations (6), whereas the B subunit of the cGMP-gated channel

(CNGB1) was present in ROS membrane and plasma mem-
brane fractions but absent in the disk membrane fraction (39)
consistent with its localization to the plasma membrane of
ROSs (23). The soluble fraction showed a more complex
banding pattern. The dominant doublets at 37-39 and 89-91
kDa corresponded to the « and B subunits of transducin and
phosphodiesterase of rod photoreceptors, respectively (40,
41). Numerous less intense proteins were visible in the range
of 20-150 kDa.

Proteomics Analysis of Bovine ROSs—In-gel and in-solu-
tion tryptic digestion was carried out on five fractions: total
ROSs, ROS membranes, soluble, disk, and plasma mem-
brane. The resulting peptides were analyzed by LC-MS/MS.
Database searching of the fragmentation spectra resulted in
the identification of a combined total of 516 proteins (primary
data set) from 4335 peptides (supplemental Tables S1 and S2)
using a selection criterion of two or more peptides having a
length of seven or more amino acids (Fig. 3). Reducing the
criteria to one peptide and/or shorter peptide lengths resulted
in a secondary data set of 500 additional proteins. However,
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Fic. 3. Diagram depicting the pro-
teomics analysis of rod outer segment
fractions. MS/MS analysis of five frac-
tions (total ROSs, ROS membranes, sol-
uble proteins, disk membranes, and en-
riched plasma membranes) resulted in
4335 peptides from which 516 unique
proteins (primary data set) were identi-
fied. These proteins were classified into
seven broad categories according to
their known or predicted functions.

this data set was not included in our proteomics analysis
except where noted because these reduced criteria are
known to generate a high level of false positives (21, 42).

To facilitate our analysis, the identified proteins were sep-
arated into six broad classes based on their principal known
or predicted function (Fig. 3). A seventh class was added to
segregate “hypothetical” proteins annotated in the genomic
database for which no information on their putative function
was available. Our complete primary data set of proteins is
given in supplemental Table S3 along with the ROS fractions
in which the proteins were detected.

Rod and Cone Phototransduction Proteins—Proteins that
function in phototransduction and the visual cycle comprise a
prominent class of proteins (Table | and supplemental Table
S3). All proteins known to play a direct role in phototransduc-
tion and retinoid processing in ROSs were detected in our
primary data set with the exception of the relatively small
proteins GCAP1, GCAP2, and the phosphodiesterase y sub-
unit. However, these three proteins were present in our sec-
ondary data set generated from a single peptide or peptides
of less than seven amino acids in length. Apparently trypsin
digestion of these relatively small proteins did not yield a
sufficient number of long peptides detected by LC-MS/MS for
inclusion into our primary data set. RPE65 and cellular reti-
naldehyde-binding protein (CRABLP), two proteins known to
function in the visual cycle and retinoid binding, were found in
our proteomics studies. However, because these proteins
have been reported to reside in RPE and/or Mueller cells (43,
44), they most likely represent minor contaminants of our ROS
preparations.

In addition to rod phototransduction proteins, we also de-
tected essentially all proteins known to function in cone photo-
transduction including red and blue cone opsin, cone transdu-
cin, cone arrestin, cone opsin kinase, the cone cGMP-gated
channel « subunit (CNGA3), and the cone sodium/calcium-
potassium exchanger (Table ). One protein that was not de-
tected was the B subunit of the cone cGMP-gated channel
(CNGBRQ). These results indicate that COSs co-purify with ROSs
by the sucrose density centrifugation method used here.

Disk Membranes

Metabollsm
: -

Total ROS
ROS Membranes l Soluble Proteins
\ / Plasma Membrane

\/

l
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248

Metabolic, Structural, Transport, and Housekeeping Pro-
teins—A significant number of metabolic, transport, and
structural proteins were present in our data set as exemplified
in Table Il (see supplemental Table S3 for a complete listing).
Essentially all the glycolytic enzymes, the GLUT-1 glucose
transporter, and many enzymes that function in the hexose
monophosphate shunt and creatine phosphate shuttle path-
ways were detected confirming earlier studies (10, 11, 45).
Peripherin/rds, rom-1, prominin-1, and RP1 implicated in
outer segment structure and morphogenesis and associated
with various retinal degenerative diseases were also observed
(14-16, 46). A large fraction of the proteins were classified as
housekeeping proteins. These include chaperone proteins,
nucleotide-processing proteins, transcription factors, and
other proteins typically found in most cells.

Vesicle-trafficking and Membrane Fusion Proteins—Pro-
teins implicated in vesicle trafficking and membrane fusion
comprised a large class (Table Il and supplemental Table S3).
Of the 63 proteins in this category, 29 were members of the
Rab subclass of small GTPase proteins (47) known to function
as regulators of membrane trafficking and fusion. Both the «
and B subunits of the Rab accessory protein RabGDI were
also identified. In addition, numerous SNARE proteins impli-
cated in membrane fusion were detected (48). These included
syntaxin 3, VAMP2 or -3 (VAMP2/3 also known as synaptobre-
vin), NSF, syntaxin-binding protein (Munc 18-1), SNAP25, and
others. In agreement with Western blots of ROSs and immuno-
fluorescence studies, synaptophysin, an abundant synaptic
protein, was not detected by MS/MS confirming the absence of
synaptic vesicles in our outer segment preparations.

APEX—APEX is a recently developed method that esti-
mates protein abundance from the proportionality of the pep-
tides expected and peptides observed in an LC-MS/MS ex-
periment (32). This procedure was used to determine the 150
most abundant proteins in our isolated ROS preparation (Ta-
bles | and Il and supplemental Table S4). As expected rho-
dopsin was the most abundant ROS protein. Most other pho-
totransduction/visual cycle proteins and structural proteins
previously shown to be in outer segments were represented
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TABLE |
Selected proteins involved in phototransduction and visual cycle in rods and cones

The number of unique peptides used for the identification is given. The protein to rhodopsin ratio was estimated by APEX analysis. NF, not
found in the APEX list of 150 most abundant proteins from the primary data set.

Protein

Unique peptides Protein to rhodopsin ratio (APEX)

Phototransduction

Rods
Rhodopsin (Rho)
Transducin, a-1 subunit
Transducin, 8-1 subunit
Transducin, y-T1 subunit
Rod cGMP-specific 3',5'-cyclic phosphodiesterase a subunit
Rod cGMP-specific 3',5’-cyclic phosphodiesterase 8 subunit
cGMP-gated cation channel « subunit (CNGA1)
cGMP-gated cation channel 240-kDa B subunit (CNGB1)
Recoverin
Regulator of G protein signaling 9 (RGS9)
Guanine nucleotide-binding protein, -5 subunit
Regulator of G protein signaling 9-binding protein (R9AP)
Retinal guanylyl cyclase 1 (GC1)
Retinal guanylyl cyclase 2 (GC2)
Rhodopsin kinase
Sodium/calcium-potassium exchanger 1 (NCKX1)
Splice isoform B of S-arrestin
Calmodulin 1
Protein phosphatase 2 «

Cones
Arrestin 3 (X-arrestin)
Blue-sensitive opsin
cGMP-gated cation channel a3 (CNGA3)
Cone cGMP-specific 3',5’-cyclic phosphodiesterase a subunit
Red opsin
Retina G protein-coupled receptor kinase 7
Sodium/calcium-potassium exchanger 2
Transducin «-2 subunit
Transducin y-T2 subunit

Visual/retinoid cycle

ABCA4

All-trans-retinol dehydrogenase

Cellular retinaldehyde-binding protein

Interphotoreceptor retinoid-binding protein (IRBP)

Retinal pigment epithelium-specific 65-kDa protein

10 1
28 0.250
15 0.106
7 0.039
44 0.070
51 0.077
24 0.049
37 0.060
13 0.028
33 0.021
15 0.017
12 0.010
39 0.047
23 0.008
22 0.047
16 0.030
36 0.120
3 NF
4 0.004
4 0.007
2 0.023
6 NF
27 0.016
8 0.057
4 0.005
3 NF
16 0.054
2 NF
95 0.047
7 0.021
12 0.031
46 0.061
3 NF

within the 50 most abundant proteins. Using rhodopsin as a
reference, the 150 most abundant proteins in our ROS prep-
arations ranged from transducin at ~25% the level of rhodop-
sin to a member of the kinesin family of proteins at 0.11%
(Table | and supplemental Table S4).

Protein Profiling of ROS and Disk Membranes by LC-
MS/MS and Western Blotting— Protein profiling of isotope-
labeled formaldehyde-derivatized tryptic peptides was used
to determine the relative amounts of proteins in disks versus
ROS membranes. The data from the LC-MS/MS experiments
were first compared with results obtained by Western blotting
for a number of proteins for which antibodies were available
(Fig. 4). As summarized in Table lll, the two methods are in
close agreement. Proteins such as CNGA1, CNGB1, sodium/
potassium-calcium exchanger, and glyceraldehyde-3-phos-
phate dehydrogenase previously shown to be localized in the

plasma membrane of ROSs resulted in very high ROS:disk
ratios (>20:1). In some cases, values could not be determined
because the proteins were not detected in the disk fraction. In
contrast proteins in the disk rim such as rom-1, ABCA4,
peripherin, and GC1 had ratios just above 1, whereas rhodop-
sin, which is present in both the disk and plasma membrane
but more abundant in the former (25), had a ratio just below 1.
A complete protein profiling list obtained by LC-MS/MS is
given in supplemental Table S5.

Immunolocalization of Vesicle-trafficking Proteins— A novel
and interesting result of our proteomics analysis is the exist-
ence of Rab and SNARE vesicle-trafficking proteins in ROS
preparations (Table Il and supplemental Table S3). Rab and
SNARE proteins have been localized to the inner segments
and synaptic regions of photoreceptors (49-51), but their
presence in outer segments has not been reported. Therefore,
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TaBLE Il
Selected proteins involved in outer segment structure, metabolism, and vesicular trafficking
The number of unique peptides used for the identification is given. The protein to rhodopsin ratio was estimated by APEX analysis. NF, not
found in the APEX list of 150 most abundant proteins in the primary data set.

Protein Unique peptides Protein to rhodopsin ratio (APEX)
Structure
Peripherin/rds 14 0.141
rom-1 11 0.248
Prominin-1 18 NF
Retinitis pigmentosa 1 protein 24 0.006
Actin 2 16 0.026
Tubulin, g2 20 0.128
Metabolism/transport
Brain creatine kinase 10 0.039
Glucose transporter 1 (GLUT-1) 7 0.038
Glyceraldehyde-3-phosphate dehydrogenase 25 0.109
Hexokinase 1 19 0.012
Phosphoglycerate kinase 1 15 0.025
Sodium/potassium-transporting ATPase 34 0.029
Transketolase 5 0.004
Vesicular trafficking
NSF 16 0.008
Rab 11b 15 0.010
Rab 1b 10 0.030
Rab 18 9 0.009
Rab 3a 11 0.049
RabGDI («) 3 NF
Syntaxin 3 8 0.013
Syntaxin-binding protein 1 (Munc18-1) 22 0.017
VAMP2/3 3 NF
kDa CB G3PDH CNGA1 ABCA4 GC1 RGS9 Rom1
250 |(S— — —
150
100 [, ===
75 - P pra——
50
37 - ——
25
° ° ° ° o ° °
ngo‘\é{. ‘3‘0%0"(} ‘3‘060“"* S 0\,} ‘3‘060""* ‘3‘060"# Qpe o\é{-

Fic. 4. SDS gel and Western blots of total ROSs and isolated disks used for protein profiling. SDS gel was stained with Coomassie Blue
(CB), and Western blots were labeled with antibodies to proteins known to be present in ROSs including glyceraldehyde-3-phosphate
dehydrogenase (G3PDH), CNGA1 (cyclic nucleotide-gated channel A1 subunit, ABCA4, guanylate cyclase 1 (GC7), RGS9, and rom-1. The
labeled proteins were quantified by densitometry measurements (see “Experimental Procedures”), and the protein profiling data obtained by
Western blotting were compared with protein profiling determined by LC-MS/MS (see Table Ill and supplemental Table S5).

it was important to determine whether some of the Rab and
SNARE proteins found in our proteomics analysis are true
components of photoreceptor outer segments. This was in-
vestigated using a combination of Western blotting and con-
focal scanning microscopy.

Of the 29 Rab proteins detected in our proteomics studies,
we investigated four Rab proteins (Rab 3a, Rab 1b, Rab 11b,
and Rab 18) present in our APEX list of the 150 most abundant
ROS proteins. Western blots labeled with specific anti-Rab
antibodies confirmed the presence of these Rab proteins in

both ROSs and isolated disks (Fig. 5A), results consistent with
MS/MS protein profiling studies (supplemental Table S5). Rab
11a was not detected in ROS preparations by Western blot-
ting (data not shown) in agreement with its absence in our MS
proteomics data set.

To further determine whether these Rab proteins localize to
outer segments, rat retinal cryosections were labeled with the
Rab-specific antibodies for analysis by confocal scanning
microscopy. As shown in Fig. 5B, the Rab antibodies labeled
various layers in the retina including the inner segment and
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TasLE llI
Protein profiling in ROS versus disk membranes by mass spectrometry and Western blotting for selected proteins in the primary data set

n, number of experiments; values, +£S.D. for n = 3; av, average value for n = 2; high, >20.

ROS:disk
Protein Mass spectrometry
profiling Western blotting
Cyclic nucleotide-gated channel a1 (CNGA1) High (n = 3) High (n = 3)
Cyclic nucleotide-gated channel g1 (CNGB1) High (n = 3) High (n = 3)
Sodium/calcium-potassium exchanger 1 (NCKX1) High (n = 1) High (n = 3)
Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) High (n = 3) High (n = 3)
Rod outer segment membrane protein 1 (rom-1) 3.84 +1.31(n=23) 1.90 £ 0.53 (n = 3)
ABC transporter (ABCA4, ABCR, or rim protein) 1.52 = 0.91 (n = 3) 1.12 = 0.46 (n = 3)
Regulator of G protein signaling 9 (RGS9) 1.08 =1.05(n =3 0.99 + 0.20 (n = 3)
Retinal guanylyl cyclase 1 (GC1) 1.70 = 0.42 (n = 3) 1.90 = 0.75 (n = 3)
Rhodopsin (Rho) 0.72 £ 0.36 (n =3 1.09 = 0.095 (n = 3)
Rab 11b 0.77 av(n=2) 0.73av(n =2)
Synaptotagmin 3.25 +0.75(n = 3) 5.01 £2.03 (n = 3)
Syntaxin 3 5.42 =2.03(n = 3) 5183(n=1)
A Rab 11b
Rab 18 | wwm @
Rab 1b | e ™

Fic. 5. Detection and localization of Rab 3a | e \

Rab proteins in the ROS fractions and o"o N

retina. A, Western blots of ROSs and <& Q\g

disks labeled for Rab 11b, Rab 18, Rab B

1b, and Rab 3a. B, top panel, confocal

scanning microscopy of rat retinal cryo-

sections labeled with primary antibodies Rab 11b Rab 18 Rab 1b Rab 3a Rab GDI

to Rab 11b, Rab 18, Rab 1b, Rab 3a, and
RabGDI (a subunit) followed by a sec-
ondary antibody tagged with the Cy3 flu-
orescent dye (green) and counterstained
with the DAPI nuclear dye (blue). Bar, 20
um. Bottom panel, same as top panel
except showing a restricted region of the
outer and inner segments of photore-
ceptor cells at higher magnification. Bar,
10 um. Retinal layers are: OS, outer seg-
ments; IS, inner segments; ONL, outer
nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plex-
iform layer; and GCL, ganglion cell layer.

outer plexiform layer of photoreceptor cells and the inner
plexiform, inner nuclear, and ganglion cell layers of the inner
retina. Rab 11b and Rab 18 also displayed a relatively strong
patchy staining pattern in the outer segment layer. Rab 1b
staining was weaker, and Rab 3a staining was close to back-
ground. Retinal sections were also labeled for RabGDI, a Rab
accessory protein observed in our proteomics data set.
Strong staining was observed in the outer segment layer as

ONL

OPL
INL

IPL

2 GCL
RPE

shown in Fig. 5B. In control experiments no labeling was ob-
served when the primary antibodies were omitted (data not
shown).

Taken together, these studies provide strong evidence that
Rab 11b, Rab 18, Rab 1b, and RabGDI are present in outer
segments in significant amounts consistent with the MS re-
sults. Rab 3a detected in ROS and disk preparations by
LC-MS/MS and Western blotting but not observed in outer
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Fic. 6. Detection and localization of
SNARE proteins in the retina and
ROSs. A, Western blots of retina, ROSs,
and disks labeled with antibodies to
NSF, syntaxin 3, Munc 18-1, and
VAMP2/3. B, top panel, confocal scan-
ning microscopy of rat retinal cryosec-
tions labeled with primary antibodies to
NSF, syntaxin 3, Munc 18-1, and
VAMP2/3 followed by a secondary anti-
body tagged with the Cy3 fluorescent
dye (green) and counterstained with the
DAPI nuclear dye (blue). Bar, 20 pum.
Bottom panel, same as top panel except
showing a restricted region of the outer
and inner segments of photoreceptor
cells at higher magnification. Bar, 10 um.
Similar labeling results were obtained
with mouse retina. Retinal layers are:
OS, outer segments; IS, inner segments;
ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; and GCL, gan-
glion cell layer.

segments by immunofluorescence labeling may be a contam-
inant from other retinal layers that co-purifies with ROSs and
disks. Alternatively the limited labeling of Rab 3a observed by
confocal scanning microscopy may result from the inacces-
sibility of the Rab 3a epitope for immunofluorescence labeling
in outer segments possibly due to interaction with another
outer segment protein. Additional studies are needed to de-
termine whether Rab 3a is a true constituent of outer
segments.

The distribution of several SNARE proteins detected in our
proteomics screen was also examined by Western blotting
and immunofluorescence microscopy. VAMP2/3, Munc 18-1,
syntaxin 3, NSF, and synaptotagmin (not shown) exhibited
strong staining in both the retinal extracts and ROS fractions
but only weak staining in the disk membranes by Western
blotting (Fig. 6A). By confocal scanning microscopy,
VAMP2/3 and Munc 18-1 were observed throughout the outer
segment layer of rat and mouse retina (Fig. 6B). Syntaxin 3
and NSF showed a striking punctate pattern of labeling at the
base of the outer segment and strong labeling in the distal
region of the outer segment layer adjacent to the RPE layer.
The latter may reflect the labeling of aged disks within the
outer segments or apical processes of RPE cells that pene-
trate into the outer segment layer. SNARE proteins were also
observed in the synaptic regions consistent with their role in
neurotransmitter release at ribbon synapses (49). Synaptotag-
min exhibited strong immunostaining in the inner and outer

NSF

NSF

| m—
Syntaxin 3 |we— quugl.

Munc 18
VAMP 2/3 — —

Munc 18 VAMP 2/3

Syntaxin 3

OPL
INL

IPL

GCL

RPE
0S

IS

plexiform layers, but unlike synaptophysin, weak staining was
evident in the inner and outer segments (data not shown).

DISCUSSION

Outer Segment Proteome—In this study we used sensitive
tandem MS together with subcellular fractionation procedures
to identify proteins in highly purified photoreceptor outer seg-
ment preparations. Most ROS proteins known to function in
phototransduction, retinoid cycling, metabolic pathways, and
outer segment structure and proteins associated with retinal
degenerative diseases were detected using our LC-MS/MS
approach. Furthermore although cone photoreceptors com-
prise less than 5% of the photoreceptors in bovine retina, all
proteins known to be involved in cone phototransduction
were present in our primary data set with the exception of the
cone cGMP-gated channel B subunit (CNGB3). These results
provide strong support for the high sensitivity of the MS
approach used here. This study also shows that COSs co-
purify with ROSs on sucrose density gradients. On this basis
our primary data set most likely contains most of the resident
proteins in photoreceptor outer segments. However, a small
fraction of proteins could have been missed because of 1) the
inability of trypsin digestion to produce multiple peptides of
seven or more amino acids for inclusion into our primary data
set as in the case of GCAP1, GCAP2, and phosphodiesterase
(), 2) the failure to detect or identify hydrophobic or post-
translationally modified peptides, 3) the use of an incomplete
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bovine genomic database for mining of proteins, or 4) ex-
tremely low abundance proteins.

The 516 proteins in our primary data set most likely repre-
sent an overestimation of the number of proteins in photore-
ceptor outer segments. Although the outer segment prepara-
tions used in this study are highly pure based on electron
microscopic and biochemical analyses as reported previously
(25, 33) and further demonstrated here using subcellular
markers, low levels of contaminating subcellular membranes
are present as is typically the case in all subcellular fraction-
ations. Tissue homogenization can result in the association of
various subcellular membranes with outer segment mem-
branes. These membrane aggregates cannot be readily re-
moved because they co-sediment with isolated outer seg-
ments on sucrose gradient. Examples of protein from
contaminating subcellular compartments include: the Na/K-
ATPase, an abundantly expressed protein in the plasma
membrane of photoreceptor inner segments (35, 52, 53); RPE
65, cellular retinaldehyde-binding protein (CRABLP), and
ezrin, abundant proteins localized to subcellular organelles of
RPE and Muiller cells (43, 44); and calcium-dependent ATPase
and myosin VI, proteins associated with other photoreceptor
membranes (54, 55). In addition, hemoglobin and serum al-
bumin appear as contaminants. These abundant soluble pro-
teins most likely adsorbed nonspecifically to outer segment
membranes when the retinal tissue was subjected to freeze-
thawing and/or hypotonic lysis and as a result co-purify with
outer segments on sucrose gradients. Accordingly it is impor-
tant to validate MS proteomics results with other biochemical
and immunocytochemical techniques to more accurately de-
fine the photoreceptor outer segment proteome. Interestingly
we did not detect many photoreceptor cilium-specific com-
ponents such as retinitis pigmentosa GTPase regulator
(RPGR), retinitis pigmentosa GTPase regulator interacting
protein (RPGRIP), and intraflagellar transport proteins sug-
gesting that the connecting cilium is not a significant contam-
inant in our ROS preparations. A recent proteomics study of
mouse photoreceptor sensory cilium preparations catalogued
close to 2000 distinct proteins (56). These preparations contain
the connecting cilium, basal body, and inner segments along
with the outer segment. The larger number of proteins observed
in these photoreceptor sensory cilium preparations results in
part from proteins located in these subcellular compartments.
Use of the complete mouse genome database for mining of
proteins also may have contributed to the identification of ad-
ditional proteins not found in our studies of bovine outer
segments.

APEX analysis enabled us to identify the 150 most abundant
proteins in ROS preparations (supplemental Table S4). Over a
third of these proteins have been shown previously to be abun-
dantly expressed in photoreceptor outer segment proteins with
32 being present in the top 50 most abundant proteins. The rank
order of abundance of outer segment proteins obtained by
APEX is in very good agreement with previous quantitative

results obtained by more conventional biochemical analysis
(57). Rhodopsin stands out as the most abundant protein with
the « subunit of rod transducin as the next most abundant
protein. Other relatively abundant proteins include rom-1 and
peripherin/rds known to form homo- and heterotetrameric com-
plexes (58), tubulin, arrestin, glyceraldehyde-3-phosphate de-
hydrogenase, transducin g subunit, rod phosphodiesterase «
and B subunits known to form a 1:1 complex, interphotore-
ceptor retinoid-binding protein, cGMP-gated channel, retinal
guanylyl cyclase (RetGC1), ABCA4 (rim protein), and others.
The ability of APEX to reliably estimate the relative abundance
of proteins in our data set is further demonstrated by the
finding that red cone opsin is 6% as abundant as rhodopsin in
outer segments, a result that is in general agreement with the
known ratio of rod to cone photoreceptors in rod-dominant
mammalian retinas. There are some apparent anomalies. For
example, the level of rom-1 and peripherin/rds is higher than
determined previously (59), and the B subunit of the rod
cGMP-gated channel appears to be more abundant than the
a subunit, although the stoichiometry of the native tetrameric
channel is 3a:1B (60, 61). However, the latter can be explained
on the basis of abundant glutamic acid rich protein splice
variants of the 3 subunit that contribute to the peptide count-
ing of the B subunit (39, 62). Finally the actual abundance of
the proteins in the APEX list relative to rhodopsin may be an
overestimation by ~2-3-fold because it has been reported
that the amount of transducin in mammalian rod cells is only
10-15%, and phosphodiesterase is about 2-3% the level of
rhodopsin (57). The underestimation of rhodopsin levels may
result from a deficiency in peptide counting of this exception-
ally high abundance protein. Nonetheless the accuracy of the
APEX-derived protein abundant measurements obtained in
our studies are within the 2-3-fold range of reliability esti-
mated in APEX analysis of yeast and Escherichia coli cell
lysates by Lu et al. (32).

MS and Western blotting protein profiling studies provided
additional information on the relative abundance of proteins in
ROS versus disk membrane preparations. For the known ROS
proteins, the ROS:disk ratios ranged from very high (>20) for
plasma membrane-specific proteins (cyclic nucleotide-gated
channel, Na/Ca-K exchanger, and glyceraldehyde 3-phos-
phate dehydrogenase) to below 1 for proteins that preferen-
tially reside in the lamellar region of the disks or proteins that
are in both the disk and plasma membrane (rhodopsin, all-
trans-retinol dehydrogenase, RGS9, and R9AP). Outer seg-
ment proteins that localize to the rim region of disks typically
had ratios greater than 1 (rom-1, peripherin/rds, guanylate
cyclase 1, and ABCA4) consistent with the fact that the rim
regions are only partially dissociated from the ROS plasma
membrane by hypotonic lysis (25). Although protein profiling
provides a useful framework for defining the localization of
proteins within ROSs, the data have to be evaluated in context
to proteins conclusively shown to reside in outer segments. In
particular, high ROS:disk ratios were also obtained for con-
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taminating proteins in ROSs that do not co-purify with disk
membrane such as Na/K-ATPase.

Rab and SNARE Proteins and Their Role in Vesicle Traffick-
ing and Outer Segment Renewal— A novel aspect of this study
is the finding that outer segments contain a subset of SNARE
and Rab proteins. These proteins are known to function in
membrane trafficking and fusion in such dynamic cellular
processes as neurotransmitter release, protein secretion,
membrane recycling, phagocytosis, and membrane protein
trafficking (47, 48). Photoreceptor membrane renewal is a
highly dynamic process involving vesicle trafficking and mem-
brane fusion within the inner segment, protein transport
through the connecting cilium, formation of new disk mem-
brane at the base of the outer segment, and eventually the
removal of aged membranes at the distal end. Membrane
proteins such as rhodopsin that are destined for the outer
segments are synthesized in the ER of the inner segments and
targeted to the base of the connecting cilium on post-Golgi
vesicles, a process shown to be regulated by Rab 6 and Rab
8 proteins (50, 51, 63, 64). The post-Golgi vesicles appear to
fuse with the plasma membrane of the inner segment near the
connecting cilium enabling proteins to be transported through
the connecting cilium to the base of the outer segment by a
microtubule-based motor involving kinesin-2 (65). Our re-
sults showing the presence of SNARE proteins in the distal
region of the inner segment suggests that post-Golgi vesicle
trafficking and membrane fusion are mediated by SNARE
proteins.

Outer segments are maintained at a constant length by two
distinct processes. At the base of the outer segment new
disks are formed. This process is generally thought to occur
by evagination of the ciliary plasma membrane followed by
joining of adjacent membranes through the outgrowth of the
specialized disk rim region to generate mature, closed disks in
the ROS (66). At the distal end of the outer segment, packets
of aged disks are removed every 24 h through a process of
shedding and phagocytosis (1). Molecular mechanisms un-
derlying outer segment renewal are not well understood, but
membrane fusion must play a central role in both disk mor-
phogenesis and outer segment shedding. Our finding that
SNARE and Rab proteins are present in photoreceptor outer
segments suggests a novel mechanism by which SNARE and
Rab proteins mediate membrane fusion as part of the outer
segment renewal process. Syntaxin 3 and NSF are localized in
membrane vesicular structures at the base of the outer seg-
ment where disk morphogenesis takes place. We propose
that these proteins along with other SNARE and Rab proteins
mediate membrane vesicle targeting and fusion at the base of
the outer segment as part of disk morphogenesis. The ab-
sence of syntaxin 3 and NSF in the more distal part of the
outer segment containing mature disks is consistent with the
absence of membrane fusion in this region of the outer seg-
ment. VAMP2/3 and Munc 18 exhibit a more uniform pattern
of distribution throughout the outer segment. This suggests

that VAMP2/3 and Munc 18 are present in different mem-
branes than syntaxin 3 and NSF and are not subjected to the
restricted localization observed for syntaxin 3 and NSF. Stud-
ies are now in progress to more clearly define the cellular
distribution of these proteins at the level of electron micros-
copy. While this manuscript was under review, Chuang et al.
(67) also reported the localization of syntaxin 3 to vesicular
structures at the base of the outer segment. Our proteomics
studies are consistent with their findings and provide support
for the concept that SNARE proteins play a crucial role in disk
morphogenesis. Rab proteins cycle between their active GTP-
bound state and inactive GDP-bound state (47). RabGDI ob-
served throughout the outer segments may play a role in
regulating the functional state of Rab proteins such that Rab
proteins may be in their active state at the base of the outer
segments and an inactive state over the remainder of the
outer segment. The possible role of Rab proteins in regulating
outer segment renewal is currently under investigation.

In summary, we identified most photoreceptor proteins
known to function in phototransduction, the visual cycle,
outer segment structure, and metabolic pathways and pho-
toreceptor proteins linked to retinal degenerative diseases. In
addition a large number of proteins were detected that have
not been shown previously to be present in photoreceptor
outer segments including Rab and SNARE proteins. The lo-
calization of SNARE proteins to the base of the outer segment
provides novel mechanistic insight into their potential role in
membrane vesicle trafficking and fusion events critical for
outer segment renewal. Finally the data set of proteins gen-
erated in this study should serve as a valuable resource not
only to further define the molecular and cellular basis of outer
segment structure, function, and renewal but also for the
identification and characterization of proteins linked to various
inherited retinal degenerative diseases including retinitis pig-
mentosa and macular degeneration.
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