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Examining the proteins of functional retinal lipofuscin using
proteomic analysisas a guide for understanding itsorigin
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Purpose: To elucidate the origins of biologically active retinal lipofuscin (RLF) by examining its protein composition.
Methods: Total protein and total lipid were extracted and quantified. Proteins in this lipoprotein granule were identified

by limited-scale proteomic analysis using both two-dimensional (2D) gel electrophoresis and SDS-PAGE coupled with
MALDI-QqToF MSMS and automated LCMSMS, respectively.

Results: RLF granules were 44% protein and 50% lipid. Proteomic analyses identified 41 constituent proteins. Hydro-
phobic proteins and several proteins specific to photoreceptors, including rhodopsin, that have not previously been re-
ported, were identified. Extensive protein modification, especially oxidative damage, was observed.

Conclusions: Proteins identified support the model that RLF accumulates in RPE cells as a result of the buildup of
undigested material from the phagocytosis of photoreceptor outer segments. Perhaps oxidative damage renders some of
these proteins indigestible and thus leads to the accumulation of RLF granules.

Several retinal diseases including age-related macular disle with 2D gel electrophoresis, and the inability to focus
generation (AMD), Stargardt's disease, and Best's macular dysicroheterogeneous proteins into observable spots, this
trophy result from the degeneration of cells in the retina. Thesmethod may limit the proteins amenable to identification.
diseases have also been associated with the accumulation of The origin of RLF has not been completely established,
autofluorescent lipofuscin granules in the retinal pigment epibut the granules are thought to result from the accumulation
thelium (RPE) [1,2]. Many tissues accumulate lipofuscin granef undigested material from the phagocytosis of photorecep-
ules, also called age pigments, but the retinal lipofuscin (RLRpr discs in RPE lysosomes. The material is thought to be
that accumulates in RPE cells is probably unique. RPE cellsndegradable by the cell, perhaps because of modifications
are reported to begin accumulating RLF granules around agleat inhibit degradation. Knowledge of the composition and
20; and by age 80 these granules may constitute up to 20%arfigin of lipofuscin granules could be useful for designing
the cell volume [3]. RLF may relate to the onset of these ocutherapies to prevent lipofuscin accumulation and the onset of
lar diseases because it has been shown to generate reaciéD. Elucidating the protein constituents of RLF could pro-
oxygen species via photosensitization with blue light [4-7]yvide significant insight into the origin of these granules.
which may cause damage and death of the RPE and surround- In this study we employed both one-dimensional (1D)
ing cells. and 2D gel electrophoresis to provide a view of the proteins in

RLF is known to be a heterogeneous material composed®LF, and demonstrated the presence of modifications on these
of a mixture of proteins and lipids, including several differentproteins. Our results are compared to a recent publication [11]
fluorescent compounds. More than ten different fluorophoreseporting the identification of proteins in RLF granules in
from RLF have been observed by thin layer chromatographyhich only 2D electrophoresis was employed. Our findings
[8,9] but the only fully characterized fluorophore is the bis-provide strong evidence for the model that retinal lipofuscin
retinoid, A2E [10]. One would expect to find an abundance ofesults from an accumulation of undigested material from the
hydrophobic and highly modified, microheterogenous, prophagocytosis of photoreceptor discs in RPE lysosomes, and
teins in RLF granules because of their lipophilic nature andlso suggest a possible mechanism for the inhibition of
the inability of RPE cells to degrade them. Recently anothgsthagosomal/lysosomal digestion.
publication reported the identification of proteins in RLF gran-
ules using two-dimensional (2D) gel electrophoresis [11]. Due METHODS
to the limitations of 2D electrophoresis including the lack ofLipofuscin isolation and fluorescence: Lipofuscin granules
solubility of hydrophobic proteins in buffer systems compatwere isolated from human RPE from donor eyes, provided by
Dr. Paul Bernstein of the Moran Eye Institute, (University of
Correspondence to: Craig D. Thulin, Department of Chemistry ani/tah, Salt Lake City, UT). We use RPE from human donor
Biochemistry, Benson Building, Room C-100, Brigham Young Uni-eyes provided by the Utah Lions Eye Bank, after they have
versity, Provo, UT, 84602; Phone: (801) 422-2795; FAX: (801) 422been released for research use. Any unused tissue is returned
0153; email: craig_thulin@byu.edu to the Eye Bank for proper disposal. No identifying informa-
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tion beyond age, gender, brief ocular history, and cause of dedtie granules onto a mica slide. Images were taken with a Mul-
is supplied to our laboratory. All specimens are accepted withtimode Illa AFM instrument with microfabricated Si cantile-
out regard to gender, race, or ethnic origin. No formal humaner tips (Nanoscience Instruments, Phoenix, AZ). Vibrational
subjects approval is required by the University for researchoise was dampened using an active isolation system (MOD1-
studies on donated human tissue (E4 exemption). The tind, Halcyonics, Goettingen, Germany). Typical imaging pa-
between donor death and enucleation was 1-4 h after whichmeters were: tip resonance frequency, 55-65 kHz; ampli-
the donor eyes were stored at@ until dissection. Dissec- tude setpoint, 2.0-2.5 V, scan rate, 2.0 Hz. Images were pro-
tions were carried out 6-24 h after donor death in a dim lightessed offline to remove the background slope using software
environment by Dr. Bernstein's lab at the Moran Eye Instibundled with the AFM instrument.
tute. RPE’s were shipped to BYU on dry ice and stored at-75 Total lipid determination in lipofuscin: Lipofuscin gran-
°C until use. RPE’s from twenty randomly selected individu-ules were collected by centrifugation and dried in an evapora-
als between 20 and 80 years of age, were used for each prefige centrifugal concentrator. The granules were weighed us-
ration of isolated lipofuscin. The lipofuscin granules were isoing a Mettler UMT2 microbalance (Columbus, OH) to deter-
lated using a sucrose gradient as described by Boulton et aline the total mass of the granules. After weighing the dried
[12]. Fluorescence spectra of isolated lipofuscin granules weiggranules, lipids in lipofuscin samples were extracted in
acquired as described by Boulton et al. [12] using a Jobin Yvochloroform:methanol (2:1, v/v). The lipid extract was dried in
Fluoromax-3 Spectrofluorometer (Edison, NJ). an evaporative centrifugal concentrator and weighed using the
Bioactivity assay: ARPE-19 (human retinal pigment epi- microbalance to determine the total mass of lipids.
thelial cells-ATCC-CRL-2302) were grown in 96 well tissue Total protein determination in lipofuscin: After weigh-
culture plates and were maintained in RPMI 1640 mediing samples of lipofuscin granules as above, the protein in
supplemented with 10% fetal bovine serum (FBS). Cells werthese lipofuscin samples was quantified by solubilizing 150
differentiated by transferring them to Matrigel Basement Memug of lipofuscin protein (about 380y lipofucin) in 30ul of
brane Matrix (BD Biosciences, Bedford, MA) and reducing1% (w/v) SDS followed by the BCA Protein Assay (Pierce,
the FBS in the media to 1% for two weeks. Upon differentiaRockford, IL).
tion, cells were either maintained in RPMI 1640 media supple- 2D Gels: RLF granules containing 3@@ of protein were
mented with 1% FBS or incubated in the same media whicbollected by centrifugation at 6000x g and solubilized in
also contained about 90 lipofuscin granules/cell for 24 h teeswelling buffer (7 M urea, 2 M thiourea, 15 mM dithiothreitol
allow for ingestion of the granules. After the 24 h incubation(DTT), and 1% pharmalites) with either 4% Triton X-100 or
the lipofuscin-fed RPE cells were transferred back to RPM0.5% Triton X-100 and 2% ASB-14 (Calbiochem, San Diego,
1640 media supplemented with 1% FBS and maintained for CA). Both cuploading and reswelling procedures were used
days before use in bioactivity assay. To verify the bioactivityo analyze the proteins. Isoelectric focusing was performed
of the RLF, differentiated ARPE-19 cells that were fed RLFusing a 7 cm immobilized pH gradient (IPG) pH 4-7 on a
or maintained as control cells were either subjected to blugultiphor Il Electrophoresis System (Amersham Pharmacia
light (390-550 nm) for 24-48 h at an intensity of about 2.8iotech, Piscataway, NJ). A programmed voltage gradient was
mW/cm or maintained in the dark. Blue light was introducedused consisting of 200 V for 1 min, linearly increasing to 3500
into a humidified cell incubator using a Mille Luce M1000 V over 1.5 h, and held at 3500 V for 1.5 h to reach a total of
Fiber Optic llluminator with a 150 W quartz halogen bulb, aapproximately 8 kVh. Following isoelectric focusing, IPG
25 mm dichroic blue light filter, and a 48 inch fiber optic cablestrips were washed in equilibration buffer (0.05 M Tris, 6 M
(Edmund Optics, Barrington, NJ). Photocytotoxicity of theurea, 30% glycerol, and 1% SDS) containing 32 mM
lipofuscin granules was assessed using the MTT Colorimetridithiothreitol for 15 min followed by a 15 min wash in equili-
Assay (Chemicon International, Temecula, CA). MTT (3-(4,5-bration buffer containing 216 mM iodoacetamide. The pro-
dimehtylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide) in teins were then separated according to their molecular weight
PBS (pH 7.4) was added to each well and then incubated at 8@ a 10% gel (8.3x6.4x0.1 cm) using standard SDS-PAGE
°C for 4 h. After incubation, developing solution containingconditions. Gels were stained with colloidal coomassie
0.04 N HCI in isopropanol was added to each well and théPierce), and were analyzed using Melanie 4 software
absorbance was read at 570 nm on a CERES UV900 HDi plaigeneBio, Geneva, Switzerland [13]). Internal pl and molecu-
reading spectrophotometer (Bio-Tek Instruments). lar weight standards were used to assist in alignment of gels.
Microscopy: RLF granules were prepared for scanningExcised spots were trypsinized in-gel [14], desalted using a
electron microscopy (SEM) analysis by drying the granule€ipTip .,, (Millipore, Bedford, MA), and analyzed by
on a silicon wafer and sputter coating them with gold. Th@MALDI Qg-ToF (orthogonal matrix-assisted laser desorp-
granules were analyzed on a Phillips XL30 ESEM FEG usingion ionization quadrupole time-of-flight) mass spectrometry
a 5 kV accelerating potential. For transmission electron mien an Applied Biosystems QSTAR Pulsar i instrument (Fos-
croscopy (TEM) analysis RLF granules were fixed in glut-ter City, CA). Sample spots ofiil were allowed to co-crys-
araldehyde, postfixed in osmic acid, dehydrated, and embethllize on the MALDI plate with 1ul of a-cyano 4-
ded in epoxy resin. Slices of the sample (100 nm) were imydroxycinnamic acid as the matrix.
aged and photographed on a JEOL JEM 2000 FX. RLF samples 1D Gel and mass spectrometry: Lipofuscin granules con-
for atomic force microscopy (AFM) were prepared by dryingtaining 100ug of protein were collected by centrifugation,
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solubilized in 2Qul 4X Laemmli buffer (3% SDS, 0.17 M Tris  collected on formvar-coated gold grids. Grids were incubated
pH 6.8, 35% glycerol, 3.5% 2-mercaptoethanol) and separatdidst in 4% bovine serum albumin (BSA) for 15 min at room
on a 10% SDS-polyacrylamide gel (8.3x6.4x0.1 cm). The pratemperature to block nonspecific binding sites, then in either
teins were in-gel digested as described by Shevchenko et al1:1000 dilution of anti-rhodopsin 1gG (R4, polyclonal anti-
[14], injected onto a Jupiter C18 reversed-phase resin captbody Takemoto et al. [15]) or anti-phosducin IgG [16] (nega-
lary column (15Qum IDx20 cm, made in-house) and elutedtive control) overnight at 4C, and finally a 1:100 dilution of
using a gradient of 5 to 95% acetonitrile in 0.1% formic acidanti-rabbit IgG gold-conjugate (10 nm, Sigma, St. Louis, MO)
at a flow rate of mul/min. On-line mass spectrometric analy- for 2 h at 37°C. Between each incubation period the grids
sis was performed on an Applied Biosystems QSTAR Pulsanvere washed four times for 2 min each in either Tris Buffer A
using an atmospheric pressure ionization (API) source. Autg@H 8.2 (200 mM NaCl, 20 mM Tris, 1% NP40, 0.05% Tween
mated tandem mass spectrometry using information-depe@0) or Tris Buffer B pH 8.2 (200 mM NacCl, 20 mM Tris). The
dent acquisition was run, collecting collision induced dissogrids were stained with uranyl acetate and lead citrate prior to
ciation (CID) spectra for the three most intense ions from eagtxamining them on a FEI Tecnai 12 (Hillsborough, OR) trans-
survey scan excluding peaks chosen in the preceding 2 mimission electron microscope. Micrographs from two samples
Fragmentation spectra were chosen by hand for submissionwere used in the analysis, one sample was fixed with paraform-
the Mascot (Matrix Science) website for peptide identifica-aldehyde and washed with Tris Buffer A and the other sample
tion. The ProlD extension of BioAnalyst (Applied Biosystems,was fixed with glutaraldehyde and washed with Tris Buffer
Foster City, CA) was also used to identify modifications orB. Because fixation of the sample requires alteration of pro-
RLF proteins. tein constituents, this process can block or impede antigen
Immunoelectron microscopy: Granules were collected by labeling. Therefore, different fixation procedures were ex-
centrifugation and fixed with either 2% glutaraldehyde or 2%plored to ensure appropriate labeling of the sample. The gold
paraformaldehyde. The granule pellets were dehydrated articles, associated with the RLF granules and the resin (non-
ethanol and embedded in LR White resin, one of the mospecific binding), in the micrographs were counted in a total
infiltratable resins specifically designed for immunocy- area of about 120m? containing about 100 granules. Adobe
tochemical techniques. Slices of the samples (100 nm) weRhotoshop was used to determine the area occupied by gran-
ules and resin in the micrographs. The area occupied by gran-
ules and resin was normalized to half of the total area. That

m Control-Light normalization was applied to the gold particle count to accu-
B RLF fed-Light rately determine the fraction of gold particles bound to RLF
B Control-Dark granules.
140.00 Flow cytometric analysis. To determine the size distri-
ORLF fed-Dark bution and concentration (granules/unit volume), suspensions
120.00 - of RLF granules were diluted 1:100, and 1:1000 with PBS,
and 200,000 Flow Check High Intensity Green Alignment
100.00 . Beads (Polysciences, Inc., Warrington, PA), 5:2875um
> ’ in diameter, were added to each sample to serve as an internal
= standard. The samples were excited with an argon laser at 488
- 80.00 - nm on a Beckman Coulter (Beckman, Fullerton, CA) EPICS-
= XL Flow Cytometer with EXPO 32 ADC software for flow
S 60.00 cytometric analysis. The samples were analyzed for light scat-
‘-g ter and autofluorescence by collection of data for 300 s, which
S 40.00 allowed visualization of at least 5,000 beads and at least 49,000
RLF granules.
20.00- Immunoblots: Human retinas were obtained from Dr. Paul
: Bernstein from the Moran Eye Institute to provide a positive
0.00 control for rhodopsin. Aretina was gently triturated in 0.75 M

sucrose, 0.68 mM CagR0 mM Tris and 1 mM DTT, pH 7.4

to rupture the cells. The suspension was poured over 4 thick-
nesses of cheesecloth to remove cellular debris. The sample
Figure 1 Bioa(_:tivity of RLF granules. _Isolated RLF granules wergyas centrifuged at 1475x g for 20 min and the pellet was re-
fed to differentiated ARPE-19 cells which were then allowed to resyspended in 1% SDS. Total protein was determined using
cover for 7 days. Cells that were not fed RLF were used as controlﬁ.Ie BCA assay.

Cells were then subjected to blue light irradiation (black or red), or Anti-rhodopsin antibody (R4) was used at 1:1000 dilu-
left in the dark (blue or white), for 24-48 h as described in the text., . . . o )

Cell viability was determined using the MTT assay. Values represer“on_ in Tris buffereq saline with 0.05% (w/v) Tweep (TBS'T)'
means of 8-12 independent measurements, error bars representigti-CRALBP antibody (Dr. John C. Saari, University of
standard deviation. The light dependent cell death of arpe-19 cel@ashington, Seattle, WA) was used at a 1:1000 dilution in

fed RLF granules indicates that our RLF is biologically active. ~ TBS-T. RLF protein (3Qug) was separated on a 1D gel and
1124
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analyzed for malondialdehyde (MDA)-modified proteins us-
ing a rabbit antibody to MDA (Calbiochem, San Diego, CA)
diluted 1:1000 in TBS-T.

Oxidized BSA standards were made by incubating BSA
in hypochlorous acid at 37C for 30 min. RLF and BSA
samples were derivatized by incubating them in 5% sodium
dodecyl sulfate and 10 mM 2,4-dinitrophenylhydrazine (DNP)
in 10% (v/v) trifluoroacetic acid for 30 min at room tempera-
ture [17]. Laemmli buffer and 2 M Tris base was added to the
samples until they turned from yellow to blue, indicating that
the pH was neutral, before loading the samples onto a gel.
Anti-DNP antibody from rabbit was used at a 1:1000 dilution
(Sigma, St. Louis, MO).

=1
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Figure 2. Microscopy of RLF granule®\: Transmission electron
micrograph of RLF, showing granules of homogeneous deBsity. 7
Scanning electron micrograph of RLF, showing nearly spherical grar
ules with some surface featur€s Atomic force micrographs (phase
images) showing RLF granules to be aggregates of about 200 n
(upper panel) and about 50 nm (both panels) substructures. AF
images were processed offline to remove the background slope t
ing software bundled with the AFM instrument. Then granule siz¢
was more quantitatively determined using flow cytometric analysit
(FC). Forward light scatter in FC instruments is directly proportiona
to the size of the objects passing through the beam. The RLF gra
ules were _found to be distributed into tv_vo population_s by size, on 300 nm 500 nm 700 nm
(representing 99% of the granules) having a mean diameter of 0.by
um with a Gaussian distribution and a broad standard deviation of
0.63um, and the other population (representing only 1% of the granFigure 3. Fluorescence of RLF granules. Fluorescence spectroscopy
ules) having a mean diameter of 4@ with standard deviation of of RLF from our preparations (top panel) compared with RLF from
0.3um. The larger granules are not melanosomes because their fluBeulton et al. [12] (middle panel) and Schutt et al. [11] (lower panel).
rescence properties (measured by flow cytometry) match RLF, ndthe spectra from their published papers were simply traced. Excita-
melanosomes. Flow cytometry also enabled a quantitative deterntion (gray) monitored with emission at 570 nm, and emission (black)
nation of the concentration of granules in our suspensions. Havingraonitored with excitation at 364 nm. Our evidence that supports the
quantitative count of the RLF granules we were able to determineongruence of our preparations with those studied by Boulton et al.
their average weight, which proved to be+D.2 pg/granule. [12].
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RESULTS larity to those published by Boulton et al. [12] (Figure 3, middle

RLF granules, isolated as previously described [12], werpanel), with a broad excitation maximum between 350 and
found to be biologically active in retinal pigment epithelial 450 nm and a broad emission maximum near 600 nm. Figure
(RPE) cells in culture (Figure 1). Several physical measure3 also shows a comparison to excitation and emission spectra
ments of RLF granules were made, including electron microgecently reported from Schutt et al. [11], which show a nar-
copy, atomic force microscopy, and size distribution using flowow excitation peak at 350 nm and a narrow emission peak at
cytometric analysis (Figure 2). Fluorescence spectra from od50 nm.
RLF preparations (Figure 3, top panel) showed extensive simi-

A

(kDa)

195

c
D1
D2 Figure 4. Electrophoresis of RLF proteind. 2D electrophoresis
E1 gel from 300ug of RLF protein. This gel is representative of gels
Taime | from four separate RLF preparations. Spots found in at least three of
E2 the four gels are indicated by their identifying spot number (Table
T 1). Spots lacking a label were unique to this particular preparation.
F Spots from standard proteins used to align gels are indicated as “std
A" and “std B". B: Representative lane of SDS-PAGE of & of
G RLF protein. Mobilities of molecular weight markers are indicated
H to the left. On the right, gel slices taken for subsequent in-gel diges-
tion are shown. The 1D gel shows relatively few well-resolved bands
A with much diffuse protein staining; thus 6 fold more total protein is
| needed in the 2D gel in order to observe a surprisingly small number
B of well-focused protein spots. Taken together, these observations
J suggest that the proteins of RLF are notably heterogeneous.
K
L
19.5 — M
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Transmission and scanning electron microscopy (TEMf fairly uniform density that have accreted together to form
and SEM) as well as atomic force microscopy (AFM) werethe granules themselves. Granule size was more quantitatively
employed to examine the structure of RLF. TEM (Figure 2Bdetermined using flow cytometric analysis (FC). Forward light
shows granules of approximately @un in diameter of fairly  scatter in FC instruments is directly proportional to the size of
uniform density, as has been previously reported [8,18,191he objects passing through the beam. The RLF granules were
Despite this apparent uniform density and rather simple cifound to be distributed into two populations by size, one (rep-
cular cross-section, SEM (Figure 2C) shows that these gramresenting 99% of the granules) having a mean diameter of
ules are mostly spherical but appear to have some globul@r69unm with a Gaussian distribution and a broad standard
surface features that suggest aggregation. The aggregate daviation of 0.63um, and the other population (representing
ture of RLF is best illustrated by AFM. Figure 2D shows AFMonly 1% of the granules) having a mean diameter ofith8
phase images of two granules. In one (top panel), surface glolith standard deviation of 0i8m. Flow cytometry also en-
ules of about 200 nm diameter, noted in SEM, are seen amdbled a quantitative determination of the concentration of gran-
would seem to suggest growth by accretion. In both this piaidles in our suspensions. Having a quantitative count of the
ture and the other AFM view (Figure 2D lower panel), RLFRLF granules we were able to determine their average weight,
appears to be made of smaller (about 50 nm) structures thahich proved to be 1.2 pg/granule.
are aggregated together. Taken together, the microscopic analy- To determine the composition of the granules, first the
ses show RLF granules to be composed of smaller structurlysids from a weighed quantity of granules were extracted in

A 23012116

—=

401 Figure 5. Mass spectrometry of peptides from
159.0756 RLF proteins. A: CID spectrum from
351 LCMSMS of the peptide identified as

SAAIYNPVIYIMO2MONK (where MO rep-
resents Met sulfoxide and MO2 represents Met
sulfone) from rhodopsin. Indicated in bold are

[
=

‘%25- six y ions that make identification of these
S modified sites unequivocal. Another spectrum
= : . -

2 301 showed the same peptide with Met sulfoxide
= _BB.0958 at the first Met position, and a third spectrum

AH7123T

showed Met sulfone at the first Met without

Met sulfoxide at the second Met position (data

not shown)B: Representative CID spectrum
10925236 from oMALDI MSMS. This peptide was iden-
tified as LVDQNIFSFYLSR from cathepsin D.
The spectrum i\ allows the conclusive iden-
tification of the modified methionines at posi-

o~ 1200 tions 308 and 309 of rhodopsin. These spectra
B show that the fragmentation data obtained by
. 2501 45T both LCMSMS and oMALDI MSMS are of
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TABLE 1. PROTEINS IDENTIFIED IN RETINAL LIPOFUSCIN

Gel areal
Protein NCBI spot nunber Ti ssue specificity Subcel I ul ar | ocation Al ternate names Gene ont ol ogy
1D gel system
4F2 antigen heavy chain 177207 D2 type Il nenbrane protein CD98 antigen cal ciumion/anino acid transport
11-cis retinol 2492753 | retinal pigment epithelium nmenbr ane- associ at ed retinol dehydrogenase vi sual perception
dehydr ogenase
acyl - CoA dehydr ogenase 3273228 F nitochondrial inner fatty acid beta-oxidation
menbr ane
al pha 1-antitrypsin 24438 H pl asma extracel | ul ar al pha- 1- anti prot ei nase endopepti dase inhibitor activity
al pha-tubulin 4 32015 A D2 protein binding
al pha-tubulin 1* 37492 F protein binding
anion transport protein 28714 D1 erythrocytes integral nenbrane AE 1, CD233 antigen cell ion honeostasis
protein
annexi n A2* 18645167 A nmenbrane associ at ed lipocortin Il cal ciumion binding
bet a- gl obi n* 29446 B erythrocytes hemogl obi n beta chain oxygen transport activity
cal nexin 2134858 E1 type | nenbrane protein cal ciumion binding
cat hepsin D* 494296 B | ysosonal | ysosone
ceroid-1ipofuscinosis 5729770 H | ysosonal tripeptidyl-peptidase | tripeptidyl-peptidase |
cytochrone c oxidase || 14016 L integral nenmbrane cytochrone ¢ oxidase cytochrone-c oxidase activity
subuni t protein, nitochondrial
inner menbrane
i nter phot or ecept or 33961 D1 interphotoreceptor matrix interstitial l'ipid metabolism visual peception
retinoi d- bi ndi ng retinol -binding protein
protein
keratin 30154839 B, F, M cytoskel eton organi zation
| ysosonal integral 1362856 E1 type Il nenbrane LIMP I, CD36 antigen integral to plasnma nenbrane
nmenbrane protein |1l protein, |ysosonal like 2
nyelin protein zero 127721 A B, Dl/2, peripheral nervous system type | nenmbrane protein structural nolecule activity,
El/2, F, 1, J, schwann cell's synaptic transnission
L
NADH- ubi qui none 128826 E1 m trochondrial inner NADH dehydr ogenase electron carrier activity
oxi dor educt ase nmenbr ane
Na+/ K+- exchangi ng 88214 D1 integral nenbrane sodi um punp 3 ATP hydrol ysis, proton transport
ATPase protein
peripherin 4506465 A photoreceptor rod rimregion integral nembrane retinal degeneration vi sual perception
protein slow protein
phosphol i pase C-al pha 303618 F endopl asmic reticul um protein disul fide signal transduction
i somerase A3
rhodopsi n 4506527 D1/2, El/2, phot oreceptor rod integral nenbrane Opsin 2 phot ot ransducti on,
F, G H 1 protein G protein coupled receptor activity
rod outer segnent 4506575 A D2, H | photoreceptor rod rimregion integral nenmbrane ROSP1 vi sual perception
nmenbrane protein | protein
retinal pignent 4506591 D2, El/2 retinal pignent epithelium RPE65 visual perception
epitheliumspecific
protein
retinal S-antigen* 4506781 F, G retina and pineal gland rod photor ecept or signal transduction
arrestin
serum al bumi n* 28592 A pl asma secreted body fluid osnoregul ation
transducin 31865 A phot oreceptor rod nmenbrane associ at ed vi sual perception
trypsin 136429 A, D1/2, extracel | ul ar prot ease
El/2, F, G H
I, M
2D gel system
ATP synthase, beta 32189394 19, 47, 71 m tochondria, menbrane tranpsorter activity
subuni t* protein
cal nexin 2134858 3 type | nenbrane protein, cal cium i on binding
ER
calreticulin* 4757900 6 endopl asnmic reticul um protein fol ding
| umen
cal umeni n 2809324 16 ubi qui tously expressed endopl asmc retic. crocal bin cal ciumion binding
I unen/ secret ed
creatine kinase/ 180570 74 cytopl asnic creatine kinase activity
ar gi ni ne ki nase*#
cat hepsin D* 494296 37,38 | ysosonal
ceroid-1ipofuscinosis, 5729770 21,24 I'ysosonal
neuronal 2
dnaK-type nol ecul ar 87528 4,5,52 endopl asmi ¢ reticul um
chaper one HSPA5 | unen
heat shock protein 15010550 7 endopl asnic reticul um GRP94, tunor rejection response to unfolded protein
gp96a | umen antigen
KI AAD908 4240305 57 ubi qui t ous | ysosonal prenyl cyst ei ne oxi dase | ysosone, |yase activity
KI AA0617 40788303 30 wi del y expressed nucl ear and gol gi cell cycle arrest
notor protein* 516764 74 m tochondrial inner nito. inner nenb. m tochondrial inner nmenbrane
nmenbr ane protein, mitofilin
nmutant p-actin 28336 27 cytoplasm c acetyl transferase conpl ex
NADH- ubi qui none 128826 1, 2, 32, 33, mitrochondrial inner NADH dehydrogenase electron carrier activity
oxi dor educt ase 41, 54 menbr ane
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TABLE 1, CONTINUED.

Gel areal
Protein NCBI spot nunmber Tissue specificity Subcel | ul ar | ocation Al ternate nanes Gene ont ol ogy

phosphol i pase c-a 303618 11 endopl asnic reticul um signal transduction

pre-nmRNA splicing 338043 32 m tochondrial matrix hyal ur onan- bi ndi ng i mune response
factor SF2p32 protein 1

prohi bi tin* 4505773 39 wi del y expressed cytoplasnic regul ation of cell cycle

protein disulfide 5031973 7,12,19 endopl asmi ¢ reticul um
i somer ase | umen

vi mentin* 4507895 17 hi ghly expressed in structural constituent
fibrobl asts

These proteins were identified from in-gel digestion followed by mass spectrometry from the respective SDS-PAGE gel 2&yigels or
spots. These proteins demonstrate that RLF contains components of photoreceptor disks and of lysosomes. FurthermorepaBedind 2D
protein identification is complementary, with 1D-based methods identifying significantly more of the heterogeneous andblig/gropho
teins that are found in RLF. We could not differentiate between creatine kinase and arginine kinase because of idemtisatjpeptds.
KIAA0617 was only identified from one peptide with relatively low confidence. ltems marked with an asterisk (*) were prepasid in
Schutt et al. [11].

methanol:chloroform, transferred, evaporated to dryness arsgten in Figure 4B was qualitatively reproducible from one
weighed. This revealed that RLF was 49:8%% extract- preparation of RLF granules to another. Regions of the 1D gel
able lipid by weight. These percentages represent the meanveére cut out and trypsinized for subsequent analysis and pro-
three independent measurements and indicate the stand&ih identification using HPLC with on-line ESI-QqToF tan-
deviation. Next, the protein in a known quantity of RLF wasdem mass spectrometry (LCMSMS) techniques (Figure 5A).
solubilized in 1% SDS and quantified by BCA assay. RLFThese protein identifications were compared with those for
consisted of 43.5%2.6% total protein. Thus, these granulesproteins from spots in the 2D gels, which were excised,
were composed nearly entirely of lipid and protein. Thesérypsinized, and identified using MALDI-QgqToF mass spec-
percentages represent the mean of three independent meastn@metry (Figure 5B).
ments and indicate the standard deviation. Twenty-seven proteins were identified in 1D gel regions
In order to analyze the protein component of RLF, thegTable 1), including five that were also found in the 2D spots.
granules were subjected to 2D gel electrophoresis. Initial afrhus, 22 proteins were identified in 1D gel regions that were
tempts yielded very few protein spots. Only after loading signot identified in the 2D gels. Notably, though 27 proteins were
nificantly more protein (30Qwg) than would typically be identified, many good quality CID spectra (defined as spectra
needed to examine an entire cell extract (aboututPtbtal  that have at least four fragment peaks of signal:noise >5 be-
protein) were significant numbers of spots visible (Figure 4A)tween 500 and 1300 m/z) did not yield credible protein iden-
2D gel electrophoresis of RLF proteins using a commottification.
isoelectric focusing buffer that contained 4% Triton X-100  Among the proteins identified in 1D gel regions but not
resulted in 37% fewer spots than when the same sample wiasthe 2D gels was rhodopsin. Because of its importance and
run in buffer with 0.5% Triton X-100 and 2% ASB-14 (dataabundance in the photoreceptor cells which are phagocytosed
not shown). ASB-14 is a zwitterionic detergent known to fa-by the RPE, we examined the rhodopsin in RLF further. Fig-
cilitate the entry of transmembrane and other hydrophobic praxe 6 shows immunoblot analyses of both 1D and 2D separa-
teins into 2D gels [20]. The results reported were obtainetions of RLF proteins, probed with an antibody raised against
using ASB-14 in the reswelling buffer. rhodopsin. In both of these blots, the microheterogeneity of
2D gels were run analyzing proteins from four indepenthe rhodopsin population in RLF was evident. The 2D
dent preparations of RLF granules. These gels showed sorimmunoblot explains why no rhodopsin was identified from
variation in number of spots, ranging from 53 to 121 (with arthe 2D gel, since no well-focused spots were observed. This is
average of 78.5 spots per gel). The image processing progrataspite the apparent abundance of RLF rhodopsin, based on
Melanie 4 was used to compare and match spots from the dtfie 1D immunoblot. Some of the modification responsible for
ferent gels. A “synthetic gel” was constructed in silico usinghe observed heterogeneity of RLF rhodopsin was determined
this software, where each spot in the synthetic gel representtalbe oxidative damage. The tryptic peptide containing Met308
a spot present in at least three of the four 2D gels. Forty-fo@nd Met309 was found by mass spectrometry bearing one,
spots were found in the synthetic gel, including the five intertwo, and three extra oxygen atoms which MSMS localized to
nal pl standards that had been added before electrophoresi®e tripeptide IMM, residues 307-309 of rhodopsin, indicat-
Nineteen proteins were identified from the 2D gels, corresponitg oxidation of one or both of these Met residues to the Met
to “37 of the 39 spots (some proteins run as more than orsellfoxide or even the Met sulfone (Figure 5A). Rhodopsin
spot due to posttranslational modifications)”. was further confirmed to be a component of RLF granules by
Because of the limitations of 2D electrophoresis, we alsonmunocytochemistry. Electron micrographs of RLF showed
analyzed RLF proteins that had been solubilized in 1% SDgold-conjugated protein A bound to anti-rhodopsin antibodies
using 1D SDS-PAGE (Figure 4B). The overall pattern of banden the RLF granules (Figure 7). Over two-thirds of the gold
1129



Molecular Vision 2005; 11:1122-34 <http://www.molvis.org/molvis/v11/a130/> ©2005 Molecular Vision

particles in these micrographs were found on RLF granulegative modifications using DNP, which derivatizes protein car-
when corrections were made for the total area within and béonyls [22]. Figure 9A shows an immunoblot of DNP-
tween granules. derivatized RLF proteins using an anti-DNP antibody which

Another protein of significant interest was the cellularbinds to the hydrazones formed by derivatization of the oxi-
retinoid binding protein CRALBP, which can be used as a modatively formed carbonyls. Additional immunoblots revealed
lecular marker for RPE cells [21]. CRALBP was not identi-RLF proteins containing lipid peroxidation- or glucoxidation-
fied in 1D gel slices of RLF proteins, but was identified byinduced damage, specifically malondialdehyde (MDA, Fig-
mass spectrometry from a lower abundance spot seen in one 9B), and advanced glycation end products (AGE), respec-
of the four 2D gels. 1D immunoblots showed that whiletively. Protein oxidation was seen to be extensive (proteins
CRALBP was present in RLF protein extracts, it was not veracross the molecular weight range of the 1D gel were seen to
abundant (Figure 8). be modified) in the anti-DNP immunoblot. Notably, no well-

In light of the oxidation seen on rhodopsin, and in viewfocused spots of DNP-labeled proteins were detected in 2D
of the hypothesis that oxidative damage may be involved irmmunoblots (data not shown). This suggests that many pro-
the generation of RLF, we examined the RLF proteins for oxiteins that were oxidatively damaged were too heterogeneous
to be observed in 2D gels, and therefore cannot be identified
using this kind of separation.

A retina RLF RLF RLF retina
standard  1pg 3ug 10ug standard DISCUSSION
2ug - _ 219 | Detecting membrane and microheterogeneous proteins. We
TG kDS | report the identification of proteins in retinal lipofuscin (RLF)

86 kDa granules. Because of the lipophilic nature of RLF granules
oumn '™ H - —— and the apparent inability of RPE cells to degrade them, one
would expect to find an abundance of hydrophobic and highly
modified, microheterogenous proteins in RLF granules. Due
to the limitations of 2D electrophoresis, including the lack of
kDI — - - WS Solubility of hydrophobic proteins in buffer systems compat-
26 kDa— ible with 2D electrophoresis and the inability to focus
microheterogeneous proteins into observable spots, 1D elec-
trophoresis was also used to identify proteins in RLF. The pre-
vious report [11] employed only 2D electrophoresis, which
limited the proteins amenable to identification. We have iden-
B RLF tified 41 total proteins, only five of which were found in both

10ug
g

47 kDa —

19 kDa —

i

Figure 6. Rhodopsin immunoblots of RLA: Immunoblot follow-
ing SDS-PAGE of 1, 3, and 1y of total RLF protein. Shown for
comparison is 2ug of protein from photoreceptor cell membranes
enriched from human retina. Rhodopsin runs on SDS-PAGE as Eigure 7. Immunocyctochemistry of RLF. RLF granules were fixed
mixture of the monomer (about 30 kDa), dimer (about 60 kDa), andnd embedded in resin. Thin sections were collected on gold grids,
trimer (about 90 kDaB: Immunoblot following 2D electrophoresis incubated with an anti-rhodopsin antibody, washed, incubated with
of 10ug of total RLF protein. For comparison, 1@ of RLF protein  gold-conjugated protein A, washed, and examined using transmis-
was loaded in the standards lane of the second dimension gel. Téien electron microscopy (TEM). TEM showed gold-conjugated pro-
diffusion (band broadening, due to modifications) of the rhodopsiriein A bound to anti-rhodopsin antibodies on the RLF granules as
in RLF as compared with that in photoreceptor cells indicates thatark black dots, which have been pseudocolored red. Rhodopsin is
the rhodopsin in RLF is remarkably heterogeneous. an integral part of the RLF granules.
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1D and 2D gels. Of the 41 proteins that we identified and thied (CRALBP as an example, Figure 8). For this reason, we
65 nonredundant proteins identified by Schutt et al. [11], onlalso employed complementary protein identification from 1D
12 (11%) were common to both studies. gels. We are aware that the methods we have used do not iden-
An aspect influencing the discrepancy between proteitify every protein in the preparations we have studied. Attempt-
identifications from the two types of gels is the ability to de-ing to exhaustively identify all of the proteins in an enriched
tect highly hydrophobic proteins, which we expected to be

abundant in RLF granules. We found 17 integral membran A BSA BSA BSA RLF RLF RLF RLF
and membrane-associated proteins (about 50% of all RLI 02pg DNP HOCI 14ug 4ug DNP DNP
specific proteins we identified). The previous report of RLF 02pg DNP 14 g 4pg
proteins [11], which used 2D electrophoresis, found fewe 0.2ug

membrane proteins. Of the 17 membrane associated protei
that we identified, 13 were found exclusively in our 1D gel118 kDa _
slices, again testifying to the limitations of 2D electrophoresi: 86 kDa
in analyzing lipophilic proteins. =]
Another cause of the inconsistency in proteins identifiec
from 1D and 2D gels may be from contaminants of RLF prepe (38 ]
rations. Contaminants of RLF preparations are likely to bt 47 .\ _
greatly exacerbated in 2D electrophoresis because they mic .
run as well focused spots, whereas many of the authentic Rl
proteins are microheterogeneous and therefore do not foc 34 kDa
on 2D gels (rhodopsin being a notable example, Figure 6
Whenever preparations of subcellular structures are made t
ing centrifugation for separation based on density, some co 26 kDa _
tamination is inevitable. Indeed, as several others have note
such preparations are not truly purifications but are enrict
ments [23]. While these are nonetheless valuable preparatiol 1g kpa
caution should be exercised in drawing conclusions when an
lyzing them. We found that we had to load significantly more

material onto the 2D gels than we would have expected for ¢ UgBﬂDA
enriched subcellular granule. This may have resulted in & RLll;g

overloading of the focusable protein contaminants, such th
they became visible as spots that were subsequently iden

118 kDa —
standard RLF RLF RLF  RLF standard 86 kDa —
15269  1ug  3pg  10pg  50pg 1525 ug
118 kDa 47 kDa —
86 kDa
34 kDa —
47 kDa ___ —
26 kDa —
34 kDa

Figure 9. Immunoblots of oxidatively damaged RLF proteiAs.
26 kDa _ RLF proteins, 1.4 and 4g, that had been derivatized with
dinitrophenyl hydrazine (right two lanes) or that were untreated
(middle two lanes) were run on SDS-PAGE and blotted with an anti-
19 kDa DNP antibody to show the derivatized protein carbonyls, a common
T product of protein oxidative damage. Shown for comparison and to
demonstrate specificity are lanes of BSA, BSA treated with DNPH,
Figure 8. CRALBP immunoblot of RLF. Doses of 1, 3, 10, and 50and BSA oxidized with hypochlorite then treated with DNBH30
ug total RLF protein were run on SDS-PAGE and blotted with arand 150ug of RLF proteins were separated using SDS-PAGE and
anti-CRALBP antibody. Shown for comparison are 158 ®f total blotted with an anti-MDA antibody to show RLF proteins containing
protein extracted from human RPE. CRALBP is nearly absent frontipid peroxidation-induced damage. There is extensive oxidative dam-
RLF. age to RLF proteins.
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preparation such as lipofuscin granules would be misleadingpofuscinosis protein and cathepsin D. Ceroid lipofuscinosis
because many contaminating proteins would be identifiecproteins are found to be mutated in Batten’s disease, a condi-
Nonetheless, the proteins we have identified give us a useftipn in which there is significant accumulation of lipofuscin
even if somewhat incomplete, view of the protein constituin neuronal tissue [27]. The ceroid lipofuscinosis proteins ac-
ents of RLF. cumulate in the lipofuscin granules, along with ATP synthase,
We have shown that these granules exhibit the fluoressther proteins, and lipids [27,28]. Finding cathepsin D in RLF
cence characteristics and microscopic structure previouslyas not surprising. This lysosomal protease is highly expressed
reported [12]. We also show that the granules that we have RPE lysosomes, and is employed by these cells in degrad-
isolated and characterized physically are biologically activeing rhodopsin [29].
causing blue-light-dependent cell death to RPE cells in cul-  Another protein of interest in these studies is the cellular
ture (Figure 1), as others have previously reported [5]. Theetinoid binding protein CRALBP, a protein sometimes used
only physical characterization of the granules offered by Schuéts a molecular marker for RPE cells (but also found in the
et al. [11] of their RLF preparation was fluorescence spectrodvtiller cells of the neural retina [30]). Schutt et al. [11] found
copy. As shown in Figure 3, the excitation and particularly th€ RALBP to be one of the most abundant proteins in their
emission spectra reported by these authors were significantyeparations (approximately the fifth most intense spot on the
dissimilar from our fluorescence spectra and from spectra pr@D gel, though two proteins were identified from this spot).
viously reported in the literature. In contrast, we find CRALBP to be the 69th most abundant of
Identifying phagosomal, lysosomal, and photoreceptor 121 spots in one gel, and absent from the other three 2D gels
proteins: Our protein identifications are supportive of the hy-(data not shown). We did not identify CRALBP from our 1D
pothesis that RLF has a lysosomal/phagosomal origin. Fogels, presumably because it was lost among more abundant
proteins that are lysosomal in subcellular localization wer@roteins. As seen in Figure 8, immunoblotting shows that while
found in our RLF preparations. The proteome of macrophagéRALBP is present in gels of RLF, it is not very abundant. It
phagosomes has recently been published [24], and 10 of tieeprobable that CRALBP is a contaminant of these prepara-
41 proteins in our RLF preparations, which presumably havgons.
a phagosomal origin, are shared with the phagosomal proteome Detecting protein modifications: A notable observation
as reported [24]. from this work is the nature and extent of modifications seen
The prevailing model of RLF origin is that there is a breakin RLF proteins. Derivatization using DNPH followed by
down in the lysosomal machinery responsible for the degrammunoblot analyses with the anti-DNP antibody shows the
dation of the photoreceptor outer segments that are phagogyesence of abundant protein carbonyl groups in RLF, indi-
tosed diurnally by the RPE, leading to an accumulation of ineating extensive oxidative damage to proteins. While protein
digestible material that becomes RLF. Our protein identificacarbonyls are diagnostic of oxidative damage to proteins
tions strongly support such a model. Six of the RLF proteinf22,31], they are certainly not the only covalent modification
that we identified are specific to photoreceptors and their outéhat occurs to proteins as a result of such damage. Neither
segments. Only one of these was previously reported as a cdvet-sulfoxide nor Met-sulfone are derivatized with DNPH. A
stituent of RLF [11]. notable modification to proteins under oxidative stress is their
Identifying rhodopsin: One of the most significant pro- fragmentation into smaller polypeptides by the breakage of
teins that we observed in RLF, not observed previously, ibackbone bonds [31]. Such damage would result in peptides
rhodopsin, one of the most abundant proteins of photoreceppon trypsinization that have amino or carboxy termini that
tor outer segments. We did not observe rhodopsin among owould not be predicted from the sequence databases, and may
2D gel spots. Immunoblotting of our 2D gels showed that thibe further modified in terms of covalent structure. Addition-
was due to the lack of focusing of the microheterogeneoualy, covalent modifications of proteins due to oxidative dam-
rhodopsin population in RLF (Figure 6). It is significant thatage are not yet completely understood, and many unknown
the rhodopsin observed is rather extensively modified, at leastodifications could be present, further complicating the
in part due to oxidative damage. Though we were not able faroteomic analyses of the in-gel digest mass spectrometry data.
qguantify RLF rhodopsin precisely, our immunoblot evidencedndeed, we observed a remarkably high fraction (about 75%)
suggests that this protein is fairly abundant in RLF. Althougtof our “good” CID spectra (criteria given in Results) that did
Feeney-Burns et al. [25] were unable to observe rhodopsin imot yield peptide identification, possibly because many of the
RLF granules, we believe that this was due to the antibodyeptides in question are modified in unknown ways. The only
they used. As shown in Figure 7 our anti-rhodopsin antibodgnodification that we were able to identify precisely was oxi-
(R4) specifically bound to RLF granules confirming that thedation of two methionine residues on rhodopsin, including the
rhodopsin observed is a component of the granules and normation of the sulfone and the sulfoxide (Figure 5A). Ryan
merely a contaminant. The opsin we identified was exclusivelgt al. [28] showed oxidation of methionine in ceroid
rhodopsin, and no evidence was found that cone opsins wdipofuscinosis protein in lipofuscin of neural tissue. We men-
present in RLF. It has been previously noted that the cond&on their findings, because we find the parallel between RLF
rich fovea is not as high in RLF as the rest of the macula [26and neural lipofuscin suggestive. We find that both the ceroid
Other specific proteins of interest: Two RLF proteins of  lipofuscinosis protein itself and methionine oxidation are found
interest, found in both 1D and 2D gels, are the ceroiih RLF. Though we believe that there are significant differ-
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